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INTRODUCTION 
 
  GNSS (Global Navigation Satellite Systems) are 
evolving, new constellations will appear in the near 
future and new performances are promising. The 
GPS (Global Positioning System) constellation, 
after 30 years of experience, is improving towards 
GPS III. Galileo is under development, first 
experimental satellites has been launched (GIOVE) 
and the IOV phase with four satellites is expected 
next year. Also the GLONASS constellation is again 
in deployment and the China’s Compass is expected 
in the mid term. 

  As part of the GNSS Evolution program, ESA 
called for two parallel studies in the scope of a 
Multi-constellation Regional System (MRS), that is, 
the evolution of the EGNOS concept to cope within 
a multi-constellation environment (Galileo, GPS, 
others GNSS constellations), and a multi-frequency 
scenario (GPS L1, L5; Galileo L1, E5a, E5b, E6, 
etc..).  

  One of these studies was award by a consortium, 
leaded by Indra, in collaboration with Astrium, 
Deimos Engenharia, Novatel, GAGE/UPC and 
INECO. During this phase-A feasibility study, Indra 
performed an analysis of the proposed user services, 
the system specifications, the possible integrity 
algorithms, the ground segment architectures and an 
assessment of the expected performances. 

  With this multi-constellation scenario, and with 
multiple frequencies available for navigation, the 
wide area regional augmentation systems must 
evolve and need to be adapted to this new 
behaviour. The next generation of the regional 
augmentation systems will not only be an adaptation 
of the architecture to the current state-of-art but also 
an important change of the concept. Considering 
only the new approach to the ground segment, this 
paper presents the alternative implementations of 
the integrity concepts, the different broadcast means 



 

 

and possible architectures analysed by Indra´s 
consortium. 

CURRENT WIDE AREA AUGMENTATION 
SYSTEMS 

  Considering the performances of the GPS 
constellation in the 90´s, a set of Regional 
Augmentation systems were specified and deployed. 
At that time, also with the SA enabled, the GPS 
performances presented a low accuracy (around 
100m of error in the civil signal) and without any 
warning on integrity.  

  The navigation community defined a set of 
recommendations and standards for the 
implementation of wide area augmentation systems, 
based on a broadcast of the corrections to the users 
by a GEO satellite, the so-called SBAS (satellite 
based augmentation systems). These corrections 
provided information on who to improve the 
accuracy and also warning on the integrity of the 
solution, such as clock drifts, ephemeris errors, 
ionosphere corrections, satellite health status, etc, 
using geostationary satellites. This information 
provides enhanced capabilities for error detection on 
the GPS solution and improves significantly the 
system’s integrity, availability and continuity. 

  The latest SBAS MOPS (Minimum Operational 
Performance Standards) are defined in the RTCA-
DO229D document, which was later used for the 
other SBAS systems and approved by the ICAO in 
the Annex 10 of the Convention on International 
Civil Aviation. 

  The US Wide Area Augmentation System 
(WAAS) was the first SBAS system, together 
developed by the Department of Transportation 
(DOT) and the Federal Aviation Administration 
(FAA) with the aim to provide a radio navigation 
aid to allow Precision Approaches (PA) in airports 
with performances comparable to Category I 
Instrumental Landing System (ILS).   Later, other 
SBAS systems were deployed using the same 
principles as WAAS: MSAS (Japan), EGNOS 
(Europe) and GAGAN (India). Nowadays, the only 
commissioned systems are WAAS (since 2003) and 
MSAS (since 2007), while EGNOS available in 
open service and nowadays (2009) in the 
certification process. 

NEXT GENERATION OF WAAS 
 
  The European Geostationary Navigation Overlay 
Service (EGNOS) is augmenting the GPS civil 
service at L1 to improve its accuracy to better than 2 
meter horizontally and 4 meter vertically. 
Furthermore it provides integrity of GPS enabling 
applications for safety critical users.  

  MRS mission is a natural evolution of a regional 
system, such as EGNOS, considering the advent of 
new constellations and new frequencies in the 
GNSS panorama. As GNSS modernisation plans are 
today under definition and other studies are 
assessing possible evolutions of GNSS systems 
beyond 2015, the MRS Study shall focus on the 
2012-2015 timeframe for the start of operations. 

  As a multi-constellation, multi-frequency and 
multi-broadcast system, the MRS system shall not 
only continue providing an SBAS service to L1 
users but shall also cover GPS L5 and Galileo L1 
and L5/E5 users, and others constellations (not 
covered in the study due to the lack of information 
of these programmes). The system shall consider 
different dissemination channels, including the 
SBAS GEO (Geostationary Earth Orbit) L1 and L5 
channels, Galileo MEO (Medium Earth Orbit) ERIS 
(External Regional Integrity System) channels and 
other satellite or terrestrial means to be defined 
according to regional or user defined interests (e.g. 
SISNET, LORAN-C, etc). 

MRS SERVICES 
 
The MRS high level objectives are the following: 

·  To maximize European ‘User’ Performance 
when combining EGNOS and Galileo 
infrastructures, allowing SoL service provision. 

·  To optimize cost of operation and infrastructure 
of both systems when combined in MRS, 
keeping independence of both systems and 
ensuring robustness against GNSS failures. 

·  To provide mainly an integrity service for safety 
of life aviation or liability critical applications.  

·  To provide regional GPS and Galileo integrity 
and continuity by using MRS and Galileo. 

·  Understood as a multi-constellation (GPS/GAL) 
multi-frequency (L1/E5) and multibroadcast 
(GEO, MEO and others) system, to provide a 
service assuming all combination of mono/multi 
constellation and mono/multi frequency users. 

·  To provide better availability of SBAS integrity 
for regions of poor GEO reception (e.g. urban 
canyons) through additional Galileo ERIS MEO 
broadcast of integrity information or other 
means. 

·  To enhance ionosphere monitoring accuracy by 
adding Galileo observations or decrease number 
of RIMS. 

 
  MRS shall be defined to provide a multi-modal 
regional integrity service to different user 
communities covering: 
·  MRS Safety of Life SoL: will provide the most 

stringent level of signal-in-space performance to 



 

 

all communities of Safety of Life users over 
Europe. 

·  MRS Liability Critical Applications LCS: 
intends to provide a legal guaranteed service, 
which, however, does not have the consideration 
of a safety-of-life. Access to the MRS Liability 
Critical Service (LCS) shall be achieved through 
different means, as follows: 

o By providing GPS and Galileo integrity 
through the ERIS channel of the Galileo 
I/NAV frame. 

o Through the MRS Data Access Server 
(DAS). 

·  MRS Commercial Data Distribution Service 
CDDS: for customers who require enhanced 
performance for commercial and professional 
use. For instance, the High Accuracy Service 
(HAS) based on the WA-RTK (wide area real 
time kinematics) technology. 

 
  MRS Safety of Life Service (SoL): The MRS SoL 
is intended for most transport applications in 
different domains (e.g. aviation, maritime and rail) 
where lives could be endangered if the performance 
of the navigation system is degraded below specific 
accuracy limits without giving notice in the 
specified time to alert. 

  It consists of signals for timing and positioning, 
provided with a guarantee of service, openly 
accessible from the MRS satellites and subjected to 
the subscription of a specific Service Level 
Agreement. The Safety of Life Service is accessible 
to any user equipped with a MRS SBAS compatible 
receiver (standards under definition) within the 
European ECAC Safety of Life Service area.  

  This service is compliant with the aviation 
Category-I (CAT-I: Approach with Vertical 
Guidance) requirements.  

ECAC 

FIRs Land Masses 
Service Performance Level 

En-route and 

NPA 
APV-I APV-II CAT-I 

Accuracy (95%)  Lateral 
220 m H 

 

16 m H 

20 m V 

16 m H 

8 m V 

16 m H 

4-6 m V 

 Vertical N/A    

Integrity  10 -7 /h 
2·10-7  in any 

150 s 

2·10-7 in any 

150 s 

2 ·10- 7 in any 

150 s 

 TTA 10 s 10 s 6  s 6 s 

 Horizontal AL 0.3 NM 40 m 40 m 40 m 

 Vertical AL N/A 50 m 20 m 10 m (TBC) 

Continuity  10 -5 /h 
8·10-6  in any 

15 s 

8·10-6 in any 

15 s 

8 ·10- 6 in any 

15 s 

Global 0.999 N/A N/A N/A 
Availability  

Local N/A 0.99 0.99 0.99 

  
  For other domains than aviation, proposed 
performances can be found in the next table only for 
reference. 
 

 
 
  The MRS Safety of Life Signal in Space, being 
compatible in format to the Appendix A of MOPS 
DO229D, allows format compatibility with other 
SBAS that are also compliant with the same 
standards, in view of a seamless navigation 
capability. The MRS SoL definition will have to 
guarantee compatibility with evolving SBAS L1 
standards but also new SBAS L5 standards. 
 
  MRS Liability Critical Service (LCS):   The 
MRS LCS intends to provide a legal guaranteed 
service, which, however, does not have the 
consideration of a safety-of-life. Typical 
applications may include for example road charging 
and legal applications where a guaranteed legal 
positioning is needed.  

   The expected performances for this service is 
better than 2m for horizontal and vertical 
positioning accuracy (95% confidence level), a 
availability of 99.9%, an integrity risk less than 
5.10-5 in any 1 hour, and a continuity risk of 10-2 
per hour (fault-free receiver conditions).  

  The multipath is one of the major threats for this 
service that is basically urban oriented. The default 
operational multipath conditions are an average 
delay of 50nsec, with a linear decay slope of 10 
dB/� sec and a multipath power (relative to 
unobstructed line-of-sight path) of -5.9 dB. (Note: 
These performances are under assessment as part of 
the MRS study). 

  MRS Commercial Data Distribution Service 
(CDDS):  the MRS-CDDS consists in the provision 
to authorised customers (e.g. added value 
application providers) of the following MRS 
products for their commercial distribution: all MRS 
augmentation messages in real time (including 
satellites clock and ephemeris corrections, 
propagation corrections and integrity information in 
the SBAS format); all MRS ERIS messages in real 
time broadcast through the Galileo ERIS Channel; 
raw data from the RIMS stations in real time 
(including satellite high precision pseudorange 
measurements); corrections for the provision of a 
High-accuracy service (e.g. WARTK) through 
MDAS and others. 



 

 

  In addition, the MRS CDDS provides the 
possibility to generate MRS post-processed products 
(to be provided through specific service providers 
connected to the MRS data server) in real time 
(including high rate propagation corrections, MRS 
availability warnings, internal monitoring data, 
performance information, etc). 

  The Application Providers connect to the MRS 
Data Server, will exploit the MRS products, 
supplying services to final customers. Examples of 
potential applications which shall be possible to 
provide are the following: provision of the MRS 
information in RTCM format; provision of MRS 
services through RDS, DAB, WARTK, Internet; 
accurate ionospheric delay/TEC maps; provision of 
RIMS data; provision of performance data (e.g. 
XPL availability maps, GIVE maps, etc.); provision 
of MRS SBAS and ERIS message files; provision of 
GPS (and then GEO, Galileo and GLONASS) IGS-
based services (e.g. by post-processing the MRS 
RIMS data and MRS messages.), etc. 

  MRS products are distributed as part of the MRS 
CDDS as they are. Added Value service providers 
will be in charge of processing the MRS products 
and adapt them to final users. 

  MRS High Accuracy Service (HAS): as part of 
the CDDS, MRS will provide a HAS, with 
horizontal positioning accuracy of 0.1 m and a 
vertical positioning accuracy of 0,2 m (95% 
confidence level), with an service availability of 
99% per year. 
 
INTEGRITY APPROACH 
 
  The key concept of the new MRS definition is the 
definition of the integrity approach, considering the 
new behaviour: multi-constellation (ranging 
redundancy) and multi-frequency (different signal 
error handling), the state-of-art in the integrity 
research, etc. The approach to MRS integrity 
analysis can be synthesized as follows: 

  The overbounding “problem”:  Recently it has 
been realized that for safety critical purposes the 
Gaussian assumption might be too unrealistic to be 
used in the analysis and verification of system 
performance. The work that has been performed on 
the so-called overbounding problem have focused 
on the question what the consequences would be 
when the range error distribution are not exactly 
Gaussian, and under which conditions the SARPS 
integrity equations can still be used. 

  The SBAS integrity equation is build upon the 
following assumptions: zero mean Gaussian range 
error distributions, linear transformation from range 

to position domain, and no correlation between the 
errors of different range measurements. 

  The combination of the first two assumptions lead 
to the convenient property that the position error 
distribution follows a zero means Gaussian 
distribution as well. This property is lost when the 
range error distributions are not Gaussian (or when 
the system would be nonlinear), with the following 
adverse results: the position error distribution is no 
longer Gaussian, the simple relation between the 
position error distribution and the range error 
distribution is lost, and hence the simple relation 
between SIS performance and user performance is 
lost. 

  When the actual distribution is not zero mean 
Gaussian, the question is whether the SARPS 
integrity equation can still be used. Therefore the 
overbounding definitions have evolved and more 
recent proposals to cope with limitations have been 
proposed. Indeed, it has been recognized that there 
might be non-zero means. One of the possible ways 
to take this into account is by inflating the standard 
deviation of the overbounding distribution, which 
results in decreased integrity availability. 
Nonetheless the problem with (data based) 
verification has not been solved satisfactory as 
detailed knowledge on the tails remains required. 

  In MRS two main overbounding strategies have 
been considered in the current study: 

Paired Cumulative Density Function CDF 
overbounding: the properties of the Paired CDF 
(PCDF) overbounding functions are preserved 
during convolution of distributions guarantying 
range-to-position domain conservatism without 
restrictions about biases, symmetries and 
multimodality of the error distribution. However, in 
a real world situation, an algorithm implementing 
the PCDF overbounding concept will be working 
with finite sets of sample data, and as so a discrete 
distribution cannot be paired-CDF overbounded at 
infinity. Then the question to be raised should be: is 
acceptable to assume that error distributions are 
unbounded as usually assumed by the aeronautical 
community or an overbounding strategy based on 
Gaussian distributions coping with bounded error 
distributions is needed. 
 
Excess Mass overbounding: Excess Mass 
overbounding allows the left “cdf” function to reach 
values greater than one and the right one to reach 
negative values. It is therefore a more conservative 
solution, but brings additional difficulties: a large 
excess mass is requested to overbound the 
experimental error distribution in presence of 
“spikes”, that substantially affect integrity 



 

 

availability. Because of the excess mass, this 
technique has a strong effect on the integrity 
availability. A satellite screening technique for the 
selection of a set of satellites that reduces the risk is 
required if availability is to be increased. 
 
  Risk allocation strategy:  In SBAS, the Protection 
Level (PL) determination at user level assumes that 
satellites are always considered fault-free, and as so 
the ground segment is responsible for monitoring 
satellites and when necessary flags them as faulty in 
order not to include them in the navigation solution. 
In Galileo the Integrity Risk (IR) considers both the 
possibility that satellites are fault-free and also that 
satellites are flagged fault-free when in fact they are 
faulty. 

  The approach followed in the MRS follows the 
acknowledgement of the presence of small biases 
even in fault-free satellites and the assumption that 
the ground segment is able to monitor and flag 
potentially faulty satellites with a required 
confidence, allowing the determination of the 
protection level or integrity risk considering the 
effect of such biases only for those satellites which 
are flagged fault-free. 

  Admitting the existence of a bias in Galileo is 
equivalent to consider that all satellites used in the 
navigation solution are considered faulty and also to 
remove the fault-free branch from the Galileo 
integrity tree. There is a price to pay after removal 
of the fault-free signal concept in the Galileo 
Integrity Concept: the integrity risk equation now 
results in a much larger integrity risk at the Alarm 
Limit if the all in view satellite solution is used 
because adding a satellite will often increase the 
integrity risk. 

  Additionally, the use of dynamic allocation and 
fixed split allocation of risk should be carefully 
considered in the analysis. In the case of fixed split 
there are separate horizontal and vertical integrity 
risks and the total allocated Hazardously Misleading 
Information (HMI) risk must be split between both 
directions.  Dynamic allocation refers to the use of 
the computed horizontal and vertical risks to a 
horizontal and vertical allocation that needs to be 
determined at every epoch. 

 
GROUND INTEGRITY CHANNEL (GIC) 
 
  Several integrity algorithms have been analysed in 
MRS, corresponding to different possibilities of 
combining GPS and Galileo constellations. Such 
algorithms have been evaluated in order to provide a 
first level of confidence before more extensive 
simulations will be performed, including a first 

assessment of degraded performances and a detailed 
sensitivity analysis. The different approaches are 
summarised in the next paragraphs. 

  EBIA & GBIA: The EGNOS Based Integrity 
Algorithm (EBIA) and the Galileo Based Integrity 
Algorithm (GBIA) are two distinct algorithms for 
determination of integrity, one based on EGNOS 
and the other on Galileo. For simplification it has 
been assumed that both algorithms are considered 
for the SoL service but not for the LCS. 

  The EBIA and GBIA candidate algorithms for 
aviation consider the existing SBAS L5 ICD, while 
not augmenting Galileo in the GPS sense: instead 
EGNOS integrity data is converted into Galileo 
(GBIA) or Galileo integrity data into EGNOS 
(EBIA). These approaches have been considered 
based on the WG62 reports made available to MRS, 
where Galileo is used in conjunction with SBAS in 
either the “Operating with a merged integrity risk” 
(convergence towards Galileo) or the “Operating 
with a merged protection level PL” (convergence 
towards SBAS). In the second, the approach can be 
either “Galileo augmented by SBAS” or “Galileo 
converts risk to protection level”, where the latter 
has been selected. 

  For GBIA, in order to insert GPS satellites in the 
Galileo integrity equation it is necessary to define 
Signal In Space Accuracy (SISA)-like standard 
deviations of the signal in space error, as well as the 
equivalent standard deviation of the local error. In 
our case the UDRE is used for the signal in space. 

  For EBIA, in order to insert Galileo satellites in the 
SBAS user integrity equation it is necessary to find 
an equivalent UDRE-like standard deviation. In our 
case the SISA is used. 

   Modified EBIA/GBIA : The EBIA-EMC and 
GBIA-EMC algorithms (also called POEM or 
Paired Overbounding with Excess Mass) and a 
variation of the EMC, where the excess mass factor 
is set equal to one: the EBIA-PCDF and GBIA-
PCDF algorithms. These algorithms are based on 
already available overbounding definitions of excess 
mass and paired overbounding CDF distributions 
and for MRS have been considered applicable  to 
either SoL or LCS users having as baseline the 
similar integrity equations, where in the case of LCS 
user a variant of EBIA-EMC/PCDF concept is used, 
based on protection levels and not actual EGNOS. 

  EMC and PCDF integrity concepts differ from the 
previous ones since:  

·  paired CDF overbounding and excess mass 
strategies are used: it is allowed to consider 
particular error distributions and maintain 
important properties that from a theoretical 



 

 

point of view are key for accurate 
overbounding.  

·  the fault-free branch of the integrity risk tree is 
removed: all satellites are considered to have a 
bias and therefore contribute to the final 
protection level/integrity risk. There are two 
main reasons for this approach: 1) not having 
information about the fault-free assumptions 
behind GPS (the same applies for EGNOS, 
where small SIS biases imply UDRE inflation) 
and 2) reduced system availability as a 
consequence of the long SISA convergence 
times. 

  Based on the simulations performed, it is 
recommended that MRS integrity algorithms should 
be constructed on the basis of paired overbounding 
and not paired excess mass overbounding. The latter 
should be considered as a more conservative 
approach to the overbounding problem, involving a 
satellite screening algorithm that is not optimal (i.e. 
does not guarantee the best set of satellites for the 
minimum integrity risk).  

  The use of dynamic allocation of the probability of 
integrity risk must be used for Protection Level 
based integrity algorithms as these have been shown 
to produce far better results than with fixed split. 

   For the LCS and SOL users, performances very 
close the requirements target seem to be achievable 
under nominal conditions. In the case of degraded 
scenarios (such as loss of frequencies or satellites) 
the number of simulated states and scenarios 
significantly increases. Furthermore, detailed 
knowledge of probabilities of fault occurrence for 
GPS, Galileo and MRS for each defined system 
state is required: it is recommended that once such 
information is available, the MRS performances 
requirements would need update. 

  The concept of UDRE should be clear: EGNOS 
considers a practical realisation, where at each 
instant the UDRE is defined as the 99.9% 
confidence level value for the maximum 
pseudorange error (in the service area) due to the 
remaining ephemeris and clocks errors. � UDRE is the 
standard deviation of the corresponding zero-mean 
Gaussian distribution; so it does not relate in any 
way to an overbounding distribution. In our study, 
this particularity is acknowledged by considering 
the hypothetical modification of existing UDRE or 
the broadcast of new parameters so that the 
broadcast is understood as an estimation of the 
theoretical bound with a certain confidence level. 

  For the biases, also two approaches are possible. 
The decision for selecting either Galileo thresholds 
or the broadcast of a new bias parameter should be 

supported by more extensive analysis including CPF 
prototyping. Such approaches are described next: 

·  Retain the integrity threshold as used in Galileo. 
However, such threshold is designed to exclude 
signals with large biases and not to provide the 
user with a measure for small and medium 
biases as those we are interested to manage. In 
order to solve these issues, it would be required 
to decrease SISA and SISMA values and 
possibly reduce the kb factor. The deployment 
on MRS network would allow reducing SISA 
and SISMA figures and the reduction of kb 
would be possible if continuity requirements are 
revised for the case of new services. 

·  A different option for the biases would be the 
generation at ground segment of a less 
conservative estimation of the biases 
experimented by the SIS, with a high enough 
confidence level, both for GPS and Galileo. 
This approach would be in-line with recent GPS 
Evolutionary Architecture Study (GEAS) 
proposal. 

 
RECEIVER INTEGRITY MONITORING 
(RAIM) 
 
  For the RAIM based integrity algorithms, two 
types have been considered based on existing 
techniques and adapted in the current study for multi 
constellation.  

1) The first allows to coast to a SBAS integrity 
solution, called Relative RAIM (RRAIM) from 
several seconds to minutes.  

2) The second allows having less dependency from 
ground segment, called Absolute RAIM (ARAIM) 
and does not rely on SBAS. 

  Both solutions use dual frequency measurements, 
which do not require ionospheric corrections from 
SBAS allowing for simplification. Both algorithms 
are responsible themselves for guaranteeing the time 
to alert (TTA) at the receiver. The ground segment 
is required to guarantee Galileo and GPS SIS error 
bounding, multiple satellite fault detection and bias 
dissemination for both algorithms. 

  The number of satellites available in RAIM is key 
in the assertion of zero or close to zero probability 
in fault-free case, allowing the receiver to cope only 
with single fault failures, as multiple faults are 
warned by the ground segment in typically 45 
minutes (for GPS). The major problem in this 
approach relies on the assertion of the a priori 
probability of failure needs to be guaranteed by the 
ground segment: few studies have been performed 
on the constellation with regard to meter level 
threats.  



 

 

  MSS-RAIM is the preferred RAIM approach 
because it does not rely on SBAS allowing system 
simplification and it would provide additional 
protection to local effects when compared to SBAS 
or Galileo.  Besides, it goes towards more 
autonomous detection, traditionally the role of 
RAIM algorithms. 

  For the LCS user, RAIM presents an additional 
challenge: multipath errors could eventually be 
larger than expected in the UERE budget and this 
could be interpreted by the RAIM algorithm as one 
(or more) faulty satellite(s). Multipath mitigation, 
inertial aiding or imposing environmental 
restrictions for operation are possible solutions to 
cope with eventually higher than expected 
multipath. 

 
MRS ARCHITECTURE 
 
  The MRS architecture able to fulfil the above 
objectives and services consists in the following 
segments: 
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Figure 1: Global MRS context and segments 

 
Ground Segment:  The MRS Ground Segment is 
the Core of the MRS system. It is in charge of the 
monitoring the GNSS constellations (GPS and 
Galileo), of the corrections and integrity calculations 
and of the provision of this augmentation and 
integrity information to the users through the 
different dissemination channels. The MRS Ground 
Segment will be composed of: 

·  Reference Sensor Stations spread inside and 
outside Europe which monitor the GPS, Galileo 
and SBAS satellites. The stations will include a 
GNSS reference receiver able to receive all 
satellites-in-view from the monitored 
constellations and frequencies. 

·  The communication network, MRS Wide Area 
Network, linking all MRS system ground assets 
and allowing the communication of all mission 

data. The network will allow real-time data 
transfer separated from the less priority traffic.  

·  The control centres, MRS Mission Control 
Centres (MRS MCCs), which enclose all the 
facilities in charge of the system management 
and mission provision. There shall be two MRS 
MCCs geographically separated: an operational 
centre and an additional for redundancy and 
system robustness. Each MCC is composed, at 
least, of the following facilities: 
o MRS Central Processing (CPF) Facility 

processing the sensor stations data and 
generating the necessary correction and 
integrity products to provide the MRS SoL, 
LCS and HAS.  

o MRS Message Generation Facility 
generating the final messages to be 
broadcasted to the users. The messages are 
prepared from the products generated by the 
CPF and according to the different services 
message formats. Additionally, if external 
data (weather alarms, warnings, etc.) was to 
be inserted in the MRS messages, mainly in 
the SoL data, this facility would receive it 
and build the final L1/L5 message. 

o MRS Central Control Facility who is in 
charge of the administration, monitoring and 
control of the MRS system and assets, it is 
also in charge of the mission monitoring 
(performance analysis of system in real time 
or near real time) and the data archiving. 

o MRS Operations and Maintenance Facility 
handling the MRS system-wide 
configuration, control and maintenance for 
HW and SW assets. Preventive maintenance 
and logistic spares storage activities are also 
the objective of this facility, as well as 
simulations for problem tracking.  

·  The data server, MRS Data Access Server 
(MRS DAS), distributing the MRS products 
and messages to customers and enabling the 
MRS Commercial Data Distribution Service 
(CDDS). This data server will act as the central 
point to provide data to a range of service 
providers. 

·  The uplink stations for GEO satellites 
uplinking the SoL message and for Galileo 
MEO satellites uplink of LCS message.  

 

 
Figure 1: MRS ground segment architecture 



 

 

Space Segment:  The Space Segment is composed 
of GEO satellites broadcasting the SBAS L1 and L5 
GPS-like signals with GPS and Galileo 
augmentation and integrity information over the 
service area. Furthermore, MRS aims to provide 
services to areas without good GEO satellites 
coverage and to provide a liability service through 
the reserved Galileo channel for regional 
information dissemination. Consequently, MRS is 
intended to become a European integrity provider 
for Galileo and its MEO satellites will also 
broadcast MRS integrity in the SoL L1 and E5b 
Galileo ERIS reserved channel.  
 
External Support Segment:   The external support 
segment can be composed of Support Facilities 
which would be assets in charge of the performance 
analysis at system and user level (multi-modal), 
interoperability with other systems (SBAS, GBAS) 
and the verification & validation for the MRS 
qualification. External Data Providers are also 
considered in the Support Segment.  
 
User Segment:   The MRS user segment consists in 
the MRS compatible user terminals and service 
provider applications. The user terminals can be 
different type of receivers according to the intended 
application and the MRS targeted service:  
·  Dual-frequency dual-constellation receivers: 

receivers able to process GPS L1/L5 and 
Galileo L1/E5b and able to use the MRS 
corrections received in L1 and L5. 

·  Single-frequency dual-constellation receivers: 
as MRS will assure its performance for the 
single-frequency case by transmitting the 
necessary ionospheric information, some 
manufacturers could eventually develop GPS 
plus Galileo receivers in one single band which 
would probably be L1. 

·  Dual-frequency single-constellation receivers: 
similarly, MRS performances will also be 
assured for a single constellation scenario and 
GPS-only or Galileo-only receivers would also 
exist. 

·  Single frequency single constellation heritage 
receivers: MRS data will be backward 
compatible (GPS/SBAS L1) 

 
GIC ARCHITECTURE 
 
  The basic MRS architecture proposed in previous 
section, even including different dissemination 
means and chains, is assuming the same integrity 
architecture for all services. By integrity architecture 
it is understood the specific allocation of the 
integrity burden between the ground and the user.  

  This integrity architecture is the SBAS or Galileo 
approach, the so-called GIC where satellites are 
observed by ground monitoring stations at known 
locations, faults are detected on ground and integrity 
is disseminated before the TTA to the user either 
through GEO satellites or MEO satellites, as 
proposed for LCS service.  

  This GIC defined up to this point for MRS presents 
the following characteristics: 

·  Requires a ground segment monitoring network 
able to detect all SV faults that affect the user 
almost in real time. It has also to be able to 
continuously monitor all GNSS satellites from 
at least two locations and with a network latency 
supporting a time to alarm of 6 seconds.  

·  At user level the constellation geometry does 
not play a role as far as 4 satellites are always 
available. The user receiver is therefore 
relatively simple and no RAIM/FDE is required. 

·  The advantage of the high number of satellites 
available in a Galileo + GPS scenario is not 
fully exploited. 

·  The broadcasted message rate needs a 
considerably bandwidth if corrections and 
integrity messages are intended to be sent. For 
single frequency modes, at least the actual 
SBAS 250 bps are needed. The proposed LCS 
service with dissemination through Galileo 
constellation does not allow large messages 
being transmitted. As a consequence for MRS 
LCS service only integrity information is 
transmitted relying either in a more precise 
ground segment ephemeris broadcast (which is 
presupposed for Galileo and it will be greatly 
improved for GPS) or in dual-frequency 
measures. 

 
RAIM ARCHITECTURE 
 
  Taking into account that MRS is intended to 
operate in a very different context (multiple 
constellations and multiple frequencies) than the one 
existing when augmentation regional systems like 
EGNOS were conceived, different integrity 
architectures based on a more active user role can be 
envisaged. These architectures can be grouped in the 
Receiver Autonomous Integrity Monitoring (RAIM) 
group were the receiver is able to detect failures by 
its own and also to integrate information provided 
by the ground segment. 

  Several of these RAIM integrity architectures are 
being studied at present by the international 
community. We will introduce them and their 
applications in the MRS architecture. 

 



 

 

  Absolute RAIM (ARAIM ): ARAIM is an almost 
user autonomous model. It requires ground 
monitoring for all the same faults as in SBAS:  the 
ground system assures the a priori failure 
probabilities for the individual satellites and 
provides associated accuracy bounds that have a low 
update rate (in the order of few minutes or seconds).  

In the MRS study, the Multiple Solution Separation 
(MSSRAIM) ARAIM algorithm has been explored. 
The main impacts on the architecture are: 

·  The TTA is assured by the fault detection 
algorithm on the receiver and thus, the ground 
integrity information data latency can be 
dramatically increased. The ground monitors 
simply need to ensure that faulty satellites do 
not stay as valid in the solution for a long time 

·  No SBAS corrections are needed but integrity 
information is still required to be calculated by 
the ground segment.  

·  Requires a monitoring network capable of 
monitoring continuously all satellites from at 
least two locations but real-time links and data 
transmission requirements can be significantly 
decreased. 

·  Integrity information needing a smaller data rate 
can be transmitted by GPS/Galileo satellites 
themselves avoiding the cost of a geostationary 
satellite.  

 
  In a nutshell, the ground monitoring ensures that 
bad satellites are identified and effectively removed 
from the GNSS constellation within one or two 
hours. They also communicate more realistic a 
priori failure probabilities for satellites that are 
either recently launched or late in life. 
Consequently, the integrity data broadcast does not 
need to be fast, data latencies can be on the order of 
one hour. This relaxed latency enables the use of the 
GNSS MEO satellites spare bandwidth for the 
integrity broadcast. 

  Relative RAIM (RRAIM) : RRAIM shares the 
integrity responsibility between the receiver and the 
ground segment: the receiver detects fast occurring 
faults and the ground monitoring is responsible for 
the detection of slow onset faults. The main impacts 
on the architecture of RRAIM are:  
 
·  The provision of corrections and integrity also 

requires a monitoring network capable of 
continuous monitoring of all GNSS satellites 
from at least two locations. 

·  The integrity only needs to be broadcasted at the 
coasting time rate, so it can tolerate latencies of 
minutes. 

·  Time-to-alarm requirements for ground segment 
can be considerably relaxed (TTA from 30 to 
600 seconds) which can be directly reflected in 
a need of a less complex ground network and 
less demanding upload bandwidths. However, 
the effective TTA provided by the receiver itself 
would typically of less than 1 second.  

·  The carrier is not an absolute measure and, as 
so, a starting position with a high-level of 
confidence is needed. This confidence can be 
provided by use of information from the 
external integrity monitoring systems which 
incorporate a system of ground-based stations 
which continuously monitor the state of the 
GNSS constellations.  

 
  Summarising, the ground infrastructure in RRAIM 
performs the same functions than in GIC with a 
lower message broadcast rate. The receiver uses the 
message to obtain an initial position with a high 
level of confidence and projects the position with 
the received carrier phase measurements during a 
coasting time until a new set of data is received 
from the ground infrastructure. Latency 
requirements of this solution are intermediate 
between GIC and MSS ARAIM algorithm. 

 
GIC vs. RAIM ARCHITECTURES 
 
  The implementation of an integrity approach based 
on RAIM does not imply a dramatic change in the 
topology and most of the elements of the MRS 
architecture but in the complexity and cost.  The 
differences with respect to the MRS architecture 
presented in previous sections are listed here: 

·  Ground monitoring stations: the maintenance of 
a dense network of monitoring stations is very 
costly. In RAIM integrity architectures, fewer 
stations inside the ECAC area would be enough 
if no ionospheric model was needed due to the 
two frequencies usage. 

·  Ground wide area communication network: 
ground wide area network in MRS has very 
demanding requirements on latency for the 
system to reach the TTA, the need for dedicated 
real-time links is an important source of cost 
expenses and operations load. The network for 
RAIM integrity can be simplified. 

·  Dissemination means: the message to be 
broadcasted by the MRS system in the RAIM 
case will be smaller. This fact allows envisaging 
less expensive transmissions means than GEO 
satellites which could disappear.  

·  Galileo Uplink stations for direct ERIS 
dissemination. The uplink stations in RAIM 



 

 

integrity are no more necessary due to the TTA 
requirement relaxation. 

·  Space segment: the consequence of all previous 
considerations is that MRS system using 
RRAIM integrity will not need its own space 
segment but it can use spare bandwidth of the 
global navigation systems (Galileo ERIS 
channel in the European case). Considerations 
on the suitability of being integrated into a 
different system have to be assessed. 

·  Receiver: RAIM approach makes the receiver 
an important element of the chain. Different 
degrees of responsibility are placed on the user 
receiver depending on the RAIM integrity 
approach used increasing receiver processing 
and criticality. All current generation SBAS 
enabled GNSS receivers that are certified for 
airborne navigation implement some form of 
RAIM algorithm. These receivers would already 
have hardware and software capable of 
performing the matrix calculations to determine 
the least squares solution and calculation of the 
HPL and VPL. Some implementations may 
need to have upgraded hardware and software to 
be able to access high quality carrier phase 
measurements, since airborne receivers 
traditionally operate in the positioning domain 
and do not necessarily generate raw carrier 
phase measurements. They will also need to be 
dual frequency receivers which are not a 
challenge nowadays.  

 
  The drawback to take profit of all the advantages 
above is the need to keep the single frequency or 
single constellation degraded modes and also the 
backward compatibility with the old user receivers. 
This is an important point that should be clarified in 
the future once each user community decides their 
operating modes. Nevertheless, the dual-frequency 
assumption seems realistic because on the one side, 
SoL users (typically aviation) are currently 
focussing the evolutions on bi-frequency systems 
and on the other hand, the evolutions on user 
receiver technologies enable dual-frequency mass 
market receivers for OS or LCS with higher number 
of channels. 

   
PERFORMANCE ASSESSMENT 
 
Performance studies for the different services have 
been carried out and the relevant results are 
summarised here. 
 
  Wide Area Real Time Kinematics (WARTK):  
The WARTK technique is being contemplated as 
the baseline to provide the High Accuracy Service 

for the MRS. The main outcome of this technique is 
that any user equipped with a two or three 
frequencies receiver can achieve precise positioning 
at hundreds of kilometres from any reference 
station. For instance, EGNOS reference stations 
network allow covering most of Europe. 

  The accuracy of WARTK was mainly consolidated 
in previous projects, showing that 10/20 cm of 
Horizontal/Vertical 95% error (5/10 cm in RMS) are 
feasible for typical baselines up to 400 km, by 
constraining the carrier phase ambiguities. 

  The integrity in WARTK involves the use of the 
multi-carrier phase signals as the main observables. 
As it is known, the carrier phases are much more 
precise than the pseudoranges, but they have the 
disadvantage of the unknown ambiguities. Once 
these ambiguities are fixed or constrained, the user 
has a more precise positioning than using the 
pseudorange. Nevertheless, there are two main 
issues related with the integrity: (i) The probability 
of an ambiguity wrong fixing (ii) The use of a 
Navigation Filter, which complicates the traceability 
of the integrity due to the propagation of the errors 
through the filter.   

  In this context, three different approaches (WSLA, 
WSLB, and EWARTK), among the Original 
WARTK one, have been explored for the MRS 
High Accuracy Service, in order to provide an 
adequate answer to the compromise foreseen 
between the targets of Accuracy, Integrity and 
Service Area contemplated in the MRS 

  Results based on actual GPS data show that, when 
“using a regional network” such as EGNOS RIMS, 
the last one (Differential Navigation) is the best 
performing approach, being able to provide 
accuracies at the order of 30 cm after the filter 
convergence, which last the best part of one hour. 

 

Service 
Level 

Ambiguities Accuracy 
(95%) 

Convergence 
Time 

Typical 
baseline 

Integrity  

 
WSLA 

Fixing 
shortlane 
and 
widelane/s. 

H:5cm 
V:10cm 

2-freq:~  5 m 
3-freq:< 30 s 

 
<250km 

 
NO 

Original 
WARTK 

Constraining 
ambiguities. 

H:10cm 
V:20cm 

2-freq: ~  5 m 
3-freq:< 30 s 

 
<400km 

Under 
Study 

 
WSLB 

Fixing 
widelane/s 
only. 

H:20cm 
V:30cm 

2-freq:~  5 m 
3-freq:< 30 s 

 
<400km 

 
YES 

 
EWARTK 

Floating 
ambiguities. 

H:30cm 
V:40cm 

2-freq:~  1/2h  
3-freq:~  1/2h 

All 
service 
area 

 
Not yet 

 
  The preliminary results indicate that practically all 
the European Union can be covered with the 
WARTK High Accuracy Service (WSLA/B or the 
Original WARTK), using the EGNOS RIMS as the 
reference stations network. Only four small areas in 



 

 

The Netherlands, North West and South Balkans 
and center of Spain are not covered (by the 
WSLA/B or the Original WARTK), although being 
covered by the EWARTK (with a quite worse 
positioning error and up to one order of magnitude 
larger convergence time).  

 
Figure 3: Distribution of EGNOS RIMS-A (red stars) and WARTK 
coverage. The Original WARTK and WSLB have the same 
coverage indicated in yellow. The WSLA coverage is shown in 
green. The EWARTK covers the entire map (land and seas). 

 
  LCS Simulation results:   The simulations for the 
MRS LCS service were conducted with the EADS 
Astrium’s Performance Volume Simulator (PVG) 
and calculate the availability of integrity and 
availability of accuracy within the ECAC 96 area 
for nominal and degraded MRS system states.  
 

Number of satellites 

State probabilities 

24 GPS SV 

0.950 

23 GPS SV 

0.030 

22 GPS SV 

0.012 

27 Galileo SV 

0.853 
0.81035 0.02559 0.010236 

26 Galileo SV 

0.132 
0.1254 0.00396 0.001584 

26 Galileo SV 

0.132 
0.01235 0.00039 0.000156 

 

  The table shows that the system states include to 
the full operational constellation (no failure) also 
one and two satellites failures.  

Number of satellites 

State probabilities 

24 GPS SV 

0.950 

23 GPS SV 

0.030 

22 GPS SV 

0.012 

27 Galileo SV 

0.853 
0.81035 0.02559 0.010236 

26 Galileo SV 

0.132 
0.1254 0.00396 0.001584 

26 Galileo SV 

0.132 
0.01235 0.00039 0.000156 

 

  Thus there are 6 states, whereas the overall system 
state probability is the combination of those 6 
investigated states, resulting to a maximum 
reachable system availability of 0.9879. (In grey, the 
states not used in the simulation). 

  The simulation results for LCS integrity, using the 
GBIA-EMC integrity approach or the EBIA-EMC 
integrity approach are very similar. The simulation 
results for integrity and for each state are given in 
the following table. The values represent the 
guaranteed integrity availability and are not 
weighted with the state probabilities. 
 

Availability of integrity in the different states 

Number of 
satellites 

24 GPS SV 23 GPS SV 22 GPS SV 

27 Galileo SV 99.86% 99.65% 99.03% 

26 Galileo SV 99.27% 98.96%  

26 Galileo SV 97.92%   

 
  With the combination of all individual states and 
the weighting with the each state probability the 
overall system availability for integrity results to 
98.62%. This means a system unavailability of 
1.38%, whereas 1.211% contributes due to system 
states and 0.169% due to geometry. 

  The simulation results for LCS accuracy and for 
each state are shown in next table. The values 
represent the guaranteed accuracy availability and 
are not weighted with the state probabilities. 

Availability of accuracy in the different states 

Number of 
satellites 

24 GPS SV 23 GPS SV 22 GPS SV 

27 Galileo SV 100% 100% 100% 

26 Galileo SV 100% 100%  

26 Galileo SV 99.97%   

 
  Combining all states and including the state 
probabilities the overall availability for accuracy 
result to 98.79%. 

  The unavailability is therewith resulting to a value 
of 1.212%. There is no significant geometry 
contribution, so the unavailability results only due to 
the state probability issue.  

  As conclusion, we can see that the availability of 
99.9% for the LCS integrity and for the LCS 
accuracy can not be provided. The nominal and 
selected degraded mode states provide availabilities 
larger than 97.92%. For improvement and to reach 
at least the sum of state probabilities compatible 
with the requirements the simulations with more 



 

 

missing satellites (three or four) are necessary as 
this will increase the simulation model performance.  

  Further on, the availabilities in degraded modes are 
not sufficiently high to support the required system 
LCS availability. Either further improvement of the 
integrity algorithms for degraded modes is 
necessary or the LCS availability requirements are 
to be relaxed to reach a compliant state. 

 
  RAIM Simulation Results: The RAIM simulation 
targets on the availability of the applicability of 
certain RAIM algorithms (MSS (also called 
ARAIM) and RRAIM). The robustness with 
degraded mode scenario is not subject of the 
simulation.  

  The availability of the MSS algorithm for the 
horizontal case is between 68.96 % and 97.91 %. 
The mean value in the ECAC region is 81.80 %. 

  For the vertical case the availability of the MSS 
algorithm is between 45.66 % and 95.69 %. The 
mean value in the ECAC region is 83.14 %. 

  The availability of the MSS algorithm for the 
combined case is between 45.66 % and 81.81 %. 
The mean value in the ECAC region is 70.29 %. 

Next figure shows the combined case: 

 
Horizontal Vertical Coasting 

Time 
[sec] min mean max min mean max 

120 98,946 98,963 98,964 97,721 98,888 98,964 
300 98,703 98,956 98,965 94,795 98,547 98,965 
600 88,204 94,870 98,960 43,892 79,853 93,644 
1800 0 0 0 0 0 0 
3600 0 0 0 0 0 0 

 

Combined Coasting 
Time 
[sec] min mean max 

120 97,7219 98,8889 98,9648 
300 94,7952 98,5418 98,9651 
600 43,8929 77,419 92,4215 
1800 0 0 0 
3600 0 0 0 

 

The availability of the RRAIM algorithm differs 
with the coasting time. The shorter the coasting time 
is the better is the availability of the RRAIM 
algorithm. The availability for a coasting time of 
120 seconds is between 97.72 % and 98.96 %, for a 
coasting time of 300 seconds it is between 94.79 % 
and 98.96 % and for a coasting time of 600 seconds 
the availability is between 43.89 % and 92.42 %. 
For coasting times of 1800 seconds and 3600 
seconds the availability of the RRAIM algorithm is 
0 %. 

  So the coasting time is an important factor for the 
availability of the RRAIM algorithm. Next figure 
shows the combined case for RRAIM, with a 
coasting time of 120sec. 

 
 
FUTURE WORK 
 
  As part of this study, the industrial consortium is 
now developing a “proof of concept” prototype. The 
main objective of this prototype is validate the 
major new concepts proposed during the study 
phase, like the new integrity algorithms, at MCC 
level and at user level, both for the GIC approach 
and for the RAIM approach. 
 
  More detailed research will be performed in the 
next phases of the GNSS Evolution program, 
through the implementation of several test benchs. 
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