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and possible architectures analysed by Indra’sMRS mission is a natural evolution of a regional
consortium. system, such as EGNOS, considering the advent of
new constellations and new frequencies in the
g:(JSR.:?EEl\wg WIDE AREA AUGMENTATION GNSS panorama. As GNSS modernisation plans are
today under definition and other studies are
Considering the performances of the GPSQssessing possible evolutions of GNSS systems
constellation in the 90°s, a set of Regionabeyond 2015, the MRS Study shall focus on the
Augmentation systems were specified and deploye@012-2015 timeframe for the start of operations.
At that time, also with the SA enabled, the GPS

performances presented a low accuracy (aroun%?ti_aoarggg;osnsggﬁ“?{ﬂé hr}lq;“sl-fstegttéi?csyhaﬁnr?ot
100m of error in the civil signal) and without any y ' y

. . : only continue providing an SBAS service to L1
warning on integrity. users but shall also cover GPS L5 and Galileo L1
The navigation community defined a set ofand L5/E5 users, and others constellations (not
recommendations and standards for  theovered in the study due to the lack of information
implementation of wide area augmentation systemsf these programmes). The system shall consider
based on a broadcast of the corrections to the useli$ferent dissemination channels, including the
by a GEO satellite, the so-called SBAS (satelliteSBAS GEO (Geostationary Earth Orbit) L1 and L5
based augmentation systems). These correctionhannels, Galileo MEO (Medium Earth Orbit) ERIS
provided information on who to improve the (External Regional Integrity System) channels and
accuracy and also warning on the integrity of thether satellite or terrestrial means to be defined
solution, such as clock drifts, ephemeris errorsaccording to regional or user defined interests (e.qg.
ionosphere corrections, satellite health status, et§ISNET, LORAN-C, etc).
using geostationary satellites. This informatio
provides enhanced capabilities for error detection o RS SERVICES
the GPS solution and improves significantly the

system’s integrity, availability and continuity. The MRS high level objectives are the following:

- To maximize European ‘User’ Performance
The latest SBAS MOPS (Minimum Operational when combining EGNOS and Galileo
Performance Standards) are defined in the RTCA- infrastructures, allowing SoL service provision.

DO229D document, which was later used for the To optimize cost of operation and infrastructure

other SBAS systems and approved by the ICAO in  of both systems when combined in MRS,
the Annex 10 of the Convention on International keeping independence of both systems and

Civil Aviation. ensuring robustness against GNSS failures.

The US Wide Area Augmentation System 10 provide mainly an integrity service for safety
(WAAS) was the first SBAS system, together Of life aviation or liability critical applications.
developed by the Department of Transportation 10 provide regional GPS and Galileo integrity
(DOT) and the Federal Aviation Administration  and continuity by using MRS and Galileo.

(FAA) with the aim to provide a radio navigation - Understood as a multi-constellation (GPS/GAL)
aid to allow Precision Approaches (PA) in airports  multi-frequency (L1/E5) and multibroadcast
with performances comparable to Category | (GEO, MEO and others) system, to provide a
Instrumental Landing System (ILS). Later, other  service assuming all combination of mono/multi
SBAS systems were deployed using the same constellation and mono/multi frequency users.
principles as WAAS: MSAS (Japan), EGNOS- To provide better availability of SBAS integrity
(Europe) and GAGAN (India). Nowadays, the only  for regions of poor GEO reception (e.g. urban
commissioned systems are WAAS (since 2003) and canyons) through additional Galileo ERIS MEO
MSAS (since 2007), while EGNOS available in  broadcast of integrity information or other
open service and nowadays (2009) in the means.
certification process. - To enhance ionosphere monitoring accuracy by
NEXT GENERATION OF WAAS a;j(Fj\)ilnl\%SGalileo observations or decrease number
0 .

The European Geostationary Navigation Overlay , : .
Service (EGNOS) is augmenting the GPS civil M:?)ialshailrlngerigeﬂnsi?vfgepr?gldedi?fe?;ﬂp-muosdeil
service at L1 to improve its accuracy to better than (%)gmmuni ties c?)veyrin .
meter horizontally and 4 meter vertically. 9-

Furthermore it provides integrity of GPS enabling MRS Safiety (I)f If.ife SOIL.: will provid(? the most
applications for safety critical users. stringent level of signal-in-space performance to



all communities of Safety of Life users over Applications B RAL
Europe Ocean e rrcachee Port
) . - .. . . Accuracy (95 %) 100-10m H 3mH 10mH 4mH
MRS Liability Critical Applications LCS: _ emv
intends to provide a legal guaranteed servicg """ . - - I i
which, however, does not have the consideratio Alert Limit | 26m H 75mH 2BmH o
of a Safety'Of‘Iife. Access to the MRS L|ab|||ty Continuity TBD TBD 0:9957 per 3 81x510—ﬁin any
e . . ours S perios
Critical Service (LCS) shall be achieved througtaamsmy oS | GeEperd0 | GwEpea | ossEpm
. ays lays ays years
different means, as follows: Reliability’ 3.4.10-8h 3.4.10-8/M 3.4.10-8h

0 By providing GPS and Galileo integrity i i sienconmons o spacites period ot me. - - o1 o0 Perorme @ specifed
through the ERIS channel of the Galileo

I/NAV frame. The MRS Safety of Life Signal in Space, being
o Through the MRS Data Access Servelcompatible in format to the Appendix A of MOPS
(DAS). DO229D, allows format compatibility with other

MRS Commercial Data Distribution Service SBAS that are also Comp”ant with the same

CDDS: for customers who require enhancedtandards, in view of a seamless navigation

performance for commercial and professionatapability. The MRS SoL definition will have to

use. For instance, the High Accuracy Servicguarantee compatibility with evolving SBAS L1

(HAS) based on the WA-RTK (wide area realstandards but also new SBAS L5 standards.

time kinematics) technology.

MRS Liability Critical Service (LCS): The

MRS Safety of Life Service (SoL)The MRS SoL MRS LCS intends to provide a legal guaranteed
is intended for most transport applications inservice, which, however, does not have the
different domains (e.g. aviation, maritime and raillconsideration of a safety-of-life.  Typical
where lives could be endangered if the performancgpplications may include for example road charging

of the navigation system is degraded below specifignd legal applications where a guaranteed legal
accuracy limits without giving notice in the positioning is needed.

specified time to alert. _ .
The expected performances for this service is

It consists of signals for timing and positioning,better than 2m for horizontal and vertical
provided with a guarantee of service, openlyositioning accuracy (95% confidence level), a
accessible from the MRS satellites and subjected tyailability of 99.9%, an integrity risk less than
the subscription of a specific Service Levels10-5 in any 1 hour, and a continuity risk of 10-2
Agreement. The Safety of Life Service is accessiblger hour (fault-free receiver conditions).

to any user equipped with a MRS SBAS compatible _ _ : .
receiver (standards under definition) within the 1h€ multipath is one of the major threats for this

European ECAC Safety of Life Service area service that is basically urban oriented. The default
' operational multipath conditions are an average

This service is compliant with the aviationdelay of 50nsec, with a linear decay slope of 10
Category-l (CAT-I: Approach with Vertical dB/ sec and a multipath power (relative to

Guidance) requirements. unobstructed line-of-sight path) of -5.9 dB. (Note:
— ECAfandMasses These performances are under assessment as part of
Service Performance Level En—n,)\‘u;iand — — - the MRS Study)

pocuracy (95%) | Latera 20m H S e i MRS Commercial Data Dist_ribu.tion Servi(':e.
S - (CDDS): the MRS-CDDS consists in the provision

— w20y | zioTwaw | zioway | tO authorised customers (e.g. added value
_ _ o = o application providers) of the following MRS
ey R o o o products for their commercial distribution: all MRS
Vertcal AL NiA som 20m wm@eo) | augmentation messages in real time (including

Continuity wep | SRR | e ney ey | gatellites  clock and  ephemeris  corrections,

JUT 558 WA WA WA propagation corrections and integrity information in
Local A 0.89 089 0.9 the SBAS format); all MRS ERIS messages in real

ime broadcast through the Galileo ERIS Channel;
aw data from the RIMS stations in real time

o(ﬁncluding satellite high precision pseudorange
measurements); corrections for the provision of a
High-accuracy service (e.g. WARTK) through

MDAS and others.

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



In addition, the MRS CDDS provides theto position domain, and no correlation between the
possibility to generate MRS post-processed productsrors of different range measurements.

(to be provided through specific service providers
connected to the MRS data server) in real tim
(including high rate propagation corrections, MR
availability warnings, internal monitoring data,
performance information, etc).

The combination of the first two assumptions lead
0 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 Application Providers connect to the MRShe system would be nonlinear), with the following
Data Server, will exploit the MRS products,adverse results: the position error distribution is no
supplying services to final customers. Examples dbnger Gaussian, the simple relation between the
potential applications which shall be possible tgosition error distribution and the range error
provide are the following: provision of the MRS distribution is lost, and hence the simple relation
information in RTCM format; provision of MRS between SIS performance and user performance is
services through RDS, DAB, WARTK, Internet; lost.

accurate ionospheric delay/TEC maps; provision OfWhen the actual distribution is not zero mean

RIMS daltakilprovision of performance) data (e'gGaussian the question is whether the SARPS
XPL availability maps, GIVE maps, etc.); provision. P . :
of MRS SBAS and ERIS message files: provision Ognegrlty equation can still be used. Therefore the

GPS (and then GEO, Galileo and GLONASS) IGS. verbounding definitions have evolved and more

based services (e.g. by post-processing the MR cent proposals to cope with limitations have been
RIMS data and MRS messages.), etc. roposed. Indeed, it has been recognized that there

might be non-zero means. One of the possible ways
MRS products are distributed as part of the MR$o take this into account is by inflating the standard
CDDS as they are. Added Value service providerdeviation of the overbounding distribution, which
will be in charge of processing the MRS productsesults in decreased integrity availability.
and adapt them to final users. Nonetheless the problem with (data based)

MRS High Accuracy Service (HAS) as part of verification has not been solved satisfactory as
the CDDgS MRS zvill provide a HAg with detailed knowledge on the tails remains required.
horizontal positioning accuracy of 0.1 m and aIn MRS two main overbounding strategies have
vertical positioning accuracy of 0,2 m (95%hbeen considered in the current study:

confidence level), with an service availability of

99% per year. Paired Cumulative Density Function CDF

overbounding the properties of the Paired CDF
(PCDF) overbounding functions are preserved
during convolution of distributions guarantying
C range-to-position domain conservatism without
The key concept of the new MRS definition is therestrictions about biases, symmetries and

definition of the |r_1tegr|ty gpproach, (.:onS'dermg.themultimodality of the error distribution. However, in
new behaviour: multi-constellation  (ranging

. . . real world situation, an algorithm implementing
redundancy) and multi-frequency _(d|fferen_t sl9nay, e pcDF overbounding concept will be working
error handling), the state-of-art in the integrity

research, etc. The approach to MRS integritW.ith.ﬁniFe sets of sample .data, and as so a discrete
analysis E:an be synthesized as follows: )'éls_tr_lbutlon cannot be 'palred-CDF' overbounded gt
' infinity. Then the question to be raised should be: is
The overbounding “problem”. Recently it has acceptable to assume that error distributions are
been realized that for safety critical purposes thanbounded as usually assumed by the aeronautical
Gaussian assumption might be too unrealistic to b@dmmunity or an overbounding strategy based on
used in the analysis and verification of systenGGaussian distributions coping with bounded error
performance. The work that has been performed atistributions is needed.
the so-called overbounding problem have focused
on the question what the consequences would l&xcess Mass overbounding Excess Mass
when the range error distribution are not exactlpverbounding allows the left “cdf’ function to reach
Gaussian, and under which conditions the SARPfalues greater than one and the right one to reach
integrity equations can still be used. negative values. It is therefore a more conservative

The SBAS intearity equation is build upon thesolution, but brings additional difficulties: a large
gnty eq P gxcess mass is requested to overbound the

following assumptions: zero mean Gaussian rangt perimental error distribution in presence of
error distributions, linear transformation from range, P w . pres .
spikes”, that substantially affect integrity

INTEGRITY APPROACH



availability. Because of the excess mass, thiassessment of degraded performances and a detailed
technique has a strong effect on the integritgensitivity analysis. The different approaches are
availability. A satellite screening technique for thesummarised in the next paragraphs.

el of o o of selelics il ecuoes e K ¢ Gr The EGNOS Based ety

’ Algorithm (EBIA) and the Galileo Based Integrity
Algorithm (GBIA) are two distinct algorithms for
dtﬁtermination of integrity, one based on EGNOS
2hd the other on Galileo. For simplification it has
en assumed that both algorithms are considered
r the SoL service but not for the LCS.

Risk allocation strategy In SBAS, the Protection
Level (PL) determination at user level assumes th
satellites are always considered fault-free, and as 3
the ground segment is responsible for monitoringO
satellites and when necessary flags them as faulty in
order not to include them in the navigation solution. The EBIA and GBIA candidate algorithms for
In Galileo the Integrity Risk (IR) considers both theaviation consider the existing SBAS L5 ICD, while
possibility that satellites are fault-free and also thatot augmenting Galileo in the GPS sense: instead
satellites are flagged fault-free when in fact they arEGNOS integrity data is converted into Galileo
faulty. (GBIA) or Galileo integrity data into EGNOS
(EBIA). These approaches have been considered
based on the WG62 reports made available to MRS,
here Galileo is used in conjunction with SBAS in
ther the “Operating with a merged integrity risk”

The approach followed in the MRS follows the
acknowledgement of the presence of small bias
even in fault-free satellites and the assumption th%.

the gr_ound segment Is gble to'momtor anq fla convergence towards Galileo) or the “Operating
potentially faulty satellites with a required

confidence, allowing the determination of theWith a merged protection level PL" (convergence
o 9 R L towards SBAS). In the second, the approach can be
protection level or integrity risk considering the

. . . either “Galileo augmented by SBAS” or “Galileo
z];f:%;()f es(;j(;gutl)tlj‘lrs(fes only for those satellites WhICﬁonverts risk to protection level”, where the latter
99 ' has been selected.

) : . : For GBIA, in order to insert GPS satellites in the
equivalent to consider that all satellites used in th&alileo integrity equation it is necessary to define

navigation solution are considered faulty and also tgignal In Space Accuracy (SISA)-like standard
remove the fault-free branch from the Galileg eviations of the signal in space error, as well as the

integrity tree. There is a price to pay after remoVagquivalent standard deviation of the local error. In

of th? fault-free. 3'9”6." concept in the_ Gallleoour case the UDRE is used for the signal in space.
Integrity Concept: the integrity risk equation now

results in a much larger integrity risk at the Alarm For EBIA, in order to insert Galileo satellites in the
Limit if the all in view satellite solution is used SBAS user integrity equation it is necessary to find
because adding a satellite will often increase then equivalent UDRE-like standard deviation. In our
integrity risk. case the SISA is used.

Additionally, the use of dynamic allocation and Modified EBIA/GBIA: The EBIA-EMC and
fixed split allocation of risk should be carefully GBIA-EMC algorithms (also called POEM or
considered in the analysis. In the case of fixed splRaired Overbounding with Excess Mass) and a
there are separate horizontal and vertical integrityariation of the EMC, where the excess mass factor
risks and the total allocated Hazardously Misleadings set equal to one: the EBIA-PCDF and GBIA-
Information (HMI) risk must be split between bothPCDF algorithms. These algorithms are based on
directions. Dynamic allocation refers to the use oélready available overbounding definitions of excess
the computed horizontal and vertical risks to anass and paired overbounding CDF distributions
horizontal and vertical allocation that needs to band for MRS have been considered applicable to
determined at every epoch. 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.

Admitting the existence of a bias in Galileo is

GROUND INTEGRITY CHANNEL (GIC)

Several integrity algorithms have been analysed inEMC and PCDF integrity concepts differ from the
MRS, corresponding to different possibilities ofprevious ones since:

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

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
overbounding.

key for

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

accurate 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.

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 ofRECEIVER INTEGRITY MONITORING
integrity risk must be used for Protection Level(RAIM)
based integrity algorithms as these have been shown
to produce far better results than with fixed spilit. For the RAIM based integrity algorithms, two
t,?/pes have been considered based on existing

For the LCS and SOL users, performances ve _ , :
fehniques and adapted in the current study for multi

close the requirements target seem to be achieva _
under nominal conditions. In the case of degradetPnstellation.

scenarios (such as loss of frequencies or satellites) The first allows to coast to a SBAS integrity
the number of simulated states and scenari@slution, called Relative RAIM (RRAIM) from
significantly increases. Furthermore, detailetseveral seconds to minutes.

knowledge of probabilities of fault occurrence fo

GPS, Galileo and MRS for each defined syste:ﬁ) The second allows having less dependency from

state is required: it is recommended that once suéﬁound segment, called Absolute RAIM (ARAIM)

information is available, the MRS performancesand does not rely on SBAS.

requirements would need update. Both solutions use dual frequency measurements,

The concept of UDRE should be clear: EGNOé’VhiCh do not requirg ionqspheric correction's from

considers a practical realisation, where at eacﬁBAS aIIow'lng for simplification. Both aIgonthm;
re responsible themselves for guaranteeing the time

instant the UDRE is defined as the 99.9% i
confidence level value for the maximum © alert (TTA) at the receiver. The ground segment

pseudorange error (in the service area) due to i reqwred to g.uarantee'GaIlIeo and G.PS SIS error
remaining ephemeris and clocks errorsyre is the bpundlng, _muIUpIe satellite _fault detection and bias
standard deviation of the corresponding zero-mea(iil'ssem'nat'on for both algorithms.
Gaussian distribution; so it does not relate in anyThe number of satellites available in RAIM is key
way to an overbounding distribution. In our study,n the assertion of zero or close to zero probability
this particularity is acknowledged by consideringin fault-free case, allowing the receiver to cope only
the hypothetical modification of existing UDRE or with single fault failures, as multiple faults are
the broadcast of new parameters so that thgarned by the ground segment in typically 45
broadcast is understood as an estimation of tha@inutes (for GPS). The major problem in this
theoretical bound with a certain confidence level. approach relies on the assertion of the a priori
bpé_obability of failure needs to be guaranteed by the
ground segment: few studies have been performed
the constellation with regard to meter level
eats.

For the biases, also two approaches are possi
The decision for selecting either Galileo threshold
or the broadcast of a new bias parameter should %Qr



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:

il

MRS GEO constellation

S Wiy . wil

GPS constellation

Space Segment
Galileo constellation

MRS RIMS
network

eeeeeee

MRS Uplink Stations

MRS ERIS
Ground Segment message

T

GSS data
Galileo GMS

Figure 1: Global MRS context and segments

External
Support
Segment

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

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:

0 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.

0 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.

0 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.

0 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.

MRS Uplink Stations

satellites-in-view  from  the monitored
constellations and frequencies.

D88

MRS RIMS Network

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

MRS MCC d

Figure 1: MRS ground segment architecture




Space Segment:The Space Segment is composed This integrity architecture is the SBAS or Galileo
of GEO satellites broadcasting the SBAS L1 and Lapproach, the so-called GIC where satellites are
GPS-like signals with GPS and Galileoobserved by ground monitoring stations at known
augmentation and integrity information over thelocations, faults are detected on ground and integrity
service area. Furthermore, MRS aims to providé disseminated before the TTA to the user either
services to areas without good GEO satellitethrough GEO satellites or MEO satellites, as
coverage and to provide a liability service througiproposed for LCS service.
o esesmaion. Comocauesty, Ning TS IC Gened up o s pint for MRS present
) ' ; ) ' She following characteristics:
intended to become a European integrity provider
for Galileo and its MEO satellites will also - Requires a ground segment monitoring network
broadcast MRS integrity in the SoL L1 and E5b able to detect all SV faults that affect the user
Galileo ERIS reserved channel. almost in real time. It has also to be able to
continuously monitor all GNSS satellites from
External Support Segment: The external support at least two locations and with a network latency
segment can be composed of Support Facilities supporting a time to alarm of 6 seconds.
which would be assets in charge of the performance At user level the constellation geometry does
analysis at system and user level (multi-modal), not play a role as far as 4 satellites are always
interoperability with other systems (SBAS, GBAS)  available. The user receiver is therefore
and the verification & validation for the MRS relatively simple and no RAIM/FDE is required.
qualification. External Data Providers are also The advantage of the high number of satellites
considered in the Support Segment. available in a Galileo + GPS scenario is not

fully exploited.
User Segment: The MRS user segment consists in. The broadcasted message rate needs a

the MRS compatible user terminals and service considerably bandwidth if corrections and

provider applications. The user terminals can be integrity messages are intended to be sent. For
different type of receivers according to the intended single frequency modes, at least the actual
application and the MRS targeted service: SBAS 250 bps are needed. The proposed LCS
- Dual-frequency dual-constellation receivers:  service with dissemination through Galileo
receivers able to process GPS L1/L5 and constellation does not allow large messages
Galileo L1/ESb and able to use the MRS peing transmitted. As a consequence for MRS
corrections received in L1 and L5. LCS service only integrity information is
Single-frequency dual-constellation receivers: transmitted relying either in a more precise
as MRS will assure its performance for the ground segment ephemeris broadcast (which is
single-frequency case by transmitting the presupposed for Galileo and it will be greatly
necessary ionospheric information, some improved for GPS) or in dual-frequency
manufacturers could eventually develop GPS measures.
plus Galileo receivers in one single band which
would probably be L1. RAIM ARCHITECTURE
Dual-frequency single-constellation receivers:
similarly, MRS performances will also be Taking into account that MRS is intended to
assured for a single constellation scenario andperate in a very different context (multiple
GPS-only or Galileo-only receivers would alsoconstellations and multiple frequencies) than the one
exist. existing when augmentation regional systems like
Single frequency single constellation heritaggeGNOS were conceived, different integrity
receivers: MRS data will be backwardarchitectures based on a more active user role can be

compatible (GPS/SBAS L1) envisaged. These architectures can be grouped in the
Receiver Autonomous Integrity Monitoring (RAIM)
GIC ARCHITECTURE group were the receiver is able to detect failures by

its own and also to integrate information provided
The basic MRS architecture proposed in previousy the ground segment.

section, even _mclu_dmg d|ff_erent dlsseml_natlon_ Several of these RAIM integrity architectures are
means and chains, is assuming the same integr

hitecture for all . Bv intearit hitect lE)\éing studied at present by the international
architecture for afl Services. by ntegrity architec urecommunity. We will introduce them and their
it is understood the specific allocation of the

i i applications in the MRS architecture.
integrity burden between the ground and the user. pplicatl ' ltectu



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.

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.

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 ~ Summarising, the ground infrastructure in RRAIM
No SBAS corrections are needed but integrityperforms the same functions than in GIC with a
information is still required to be calculated bylower message broadcast rate. The receiver uses the
the ground segment. message to obtain an initial position with a high
Requires a monitoring network capable oflevel of confidence and projects the position with
monitoring continuously all satellites from atthe received carrier phase measurements during a
least two locations but real-time links and datacoasting time until a new set of data is received
transmission requirements can be significantifrom  the ground infrastructure.  Latency
decreased. requirements of this solution are intermediate
Integrity information needing a smaller data ratdbetween GIC and MSS ARAIM algorithm.

can be transmitted by GPS/Galileo satellites

themselves avoiding the cost of a geostationaréIC vs. RAIM ARCHITECTURES
satellite. '

The implementation of an integrity approach based
n RAIM does not imply a dramatic change in the
opology and most of the elements of the MRS
architecture but in the complexity and cost. The
Qifferences with respect to the MRS architecture
presented in previous sections are listed here:

In a nutshell, the ground monitoring ensures th

bad satellites are identified and effectively remove?g
from the GNSS constellation within one or two
hours. They also communicate more realistic

priori failure probabilities for satellites that are
either recently launched or late in life.
Consequently, the integrity data broadcast does not Ground monitoring stations: the maintenance of
need to be fast, data latencies can be on the order of a dense network of monitoring stations is very
one hour. This relaxed latency enables the use of the costly. In RAIM integrity architectures, fewer

GNSS MEO satellites spare bandwidth for the stations inside the ECAC area would be enough
integrity broadcast. if no ionospheric model was needed due to the

Relative RAIM (RRAIM) : RRAIM shares the gvr(c));rr(la(;qu\?vri]c(j::aesaﬁzge(‘;ommunication network:
integrity responsibility between the receiver and the round wide area network in MRS has ver.
ground segment: the receiver detects fast occurring g di ) ' lat p thy
faults and the ground monitoring is responsible for emanding requirements on ‘atency for the

the detection of slow onset faults. The main impacts fgsﬁirrnnéoIirr?I?sChisth:nT;rrr?,ctrr]tz:te(segtr?({edi?l%?)ﬁd
on the architecture of RRAIM are: P

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

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. '



integrity are no more necessary due to the TTAor the MRS. The main outcome of this technique is
requirement relaxation. that any user equipped with a two or three
Space segment: the consequence of all previofigquencies receiver can achieve precise positioning
considerations is that MRS system usingat hundreds of kilometres from any reference
RRAIM integrity will not need its own space station. For instance, EGNOS reference stations
segment but it can use spare bandwidth of theetwork allow covering most of Europe.

global navigation systems (Galileo ERIS

i . .~ The accuracy of WARTK was mainly consolidated
channel in the European case). Consideration uracy W Inly !

th itability of being int ted int i previous projects, showing that 10/20 cm of
on the suitability ot being ntegrated Into aq i, gntal/vertical 95% error (5/10 cm in RMS) are

differgnt _system have to be assessed. . feasible for typical baselines up to 400 km, by
Receiver: RAIM approach makes the receive,qiraining the carrier phase ambiguities.
an important element of the chain. Different

degrees of responsibility are placed on the userThe integrity in WARTK involves the use of the
receiver depending on the RAIM integrity Mmulti-carrier phase signals as the main observables.
approach used increasing receiver processin®s it is known, the carrier phases are much more
and criticality. All current generation SBAS precise than the pseudoranges, but they have the
enabled GNSS receivers that are certified foflisadvantage of the unknown ambiguities. Once
airborne navigation imp|ement some form ofthese ambiguities are fixed or constrained, the user
RAIM algorithm. These receivers would alreadyhas a more precise positioning than using the
have hardware and software capable opseudorange. Nevertheless, there are two main
performing the matrix calculations to determinegissues related with the integrity: (i) The probability
the least squares solution and calculation of thef an ambiguity wrong fixing (ii) The use of a
HPL and VPL. Some implementations mayNavigation Filter, which complicates the traceability
need to have upgraded hardware and software & the integrity due to the propagation of the errors
be able to access high quality carrier phastrough the filter.

measurements, ~ since  airborne  receivers|y this context, three different approaches (WSLA,
traditionally operate in the positioning doma'”WSLB, and EWARTK), among the Original
and do not necessarily generate raw carmefyARTK one, have been explored for the MRS
phase measurements. They will also need t0 Rg§igh Accuracy Service, in order to provide an
dual frequency receivers which are not &gequate answer to the compromise foreseen
challenge nowadays. between the targets of Accuracy, Integrity and

, Service Area contemplated in the MRS
The drawback to take profit of all the advantages

above iS the need to keep the Single frequency 0|R§SU|IS ba§ed on a.Ctual GPS data ShOW that, When
single constellation degraded modes and also theSing a regional network” such as EGNOS RIMS,
backward compatibility with the old user receiversthe last one (Differential Navigation) is the best
This is an important point that should be clarified inPerforming approach, being able to provide
the future once each user community decides thefccuracies at the order of 30 cm after the filter
operating modes. Nevertheless, the dual-frequen&pnvergence, which last the best part of one hour.
assumption seems realistic because on the one side,

SoL users (typically aviation) are currentl , _ _ _
focussing the evolutions on bi-frequency systen Service | Ambiguities A?gg'([/i‘)cy Conyergence) Typical | Integrity
and on the other hand, the evolutions on user Fixing H:5cm | 2-freq~ 5m
receiver technologies enable dual-frequency mg4dg¥SLA  |shortlane | V:10cm | 3-freq:< 30 s| <250km | NO
market receivers for OS or LCS with higher number and

widelane/s.
of channels. Original | Constraining H:10cm | 2-freq: ~ 5 m Under
WARTK | ambiguities. | V:20cm | 3-freq:< 30 s | <400km | Study
Fixing H:20cm | 2-freqi~ 5 m
PERFORMANCE ASSESSMENT WSLB widelane/s | V:30cm | 3-freq:< 30 s | <400km | YES
only.

. . . Floating H:30cm | 2-freq:~ 1/2h[ All
Performance studies for the different services h«'j@A/ARTK ambiguities. | V:40cm | 3-freqi~ 1/2h| service | Not yet
re

been carried out and the relevant results area
summarised here.

The preliminary results indicate that practically all

Wide Area Real Time Kinematics (WARTK): the European Union can be covered with the
The WARTK technique is being contemplated adVARTK High Accuracy Service (WSLA/B or the

the baseline to provide the High Accuracy Servic€riginal WARTK), using the EGNOS RIMS as the
reference stations network. Only four small areas in



The Netherlands, North West and South BalkansThus there are 6 states, whereas the overall system
and center of Spain are not covered (by thstate probability is the combination of those 6

WSLA/B or the Original WARTK), although being investigated states,

resulting to a maximum

covered by the EWARTK (with a quite worsereachable system availability of 0.9879. (In grey, the
positioning error and up to one order of magnitudstates not used in the simulation).

larger convergence time).

50°
40°

30°

340° 0

340° 0’

40°

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

20°
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 ishown in
green. The EWARTK covers the entire map (land andeas)

40°

LCS Simulation results The simulations for the

MRS LCS service were conducted with the EADSl_38%

guaranteed integrity availability and are not
weighted with the state probabilities.
Availability of integrity in the different states
Number of 24 GPS SV 23 GPS SV 22 GPS SV
satellites
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
whereas 1.211% contributes due to system

Astrium’s Performance Volume Simulator (PVG)giates and 0.169% due to geometry.

and calculate the availability of integrity and

availability of accuracy within the ECAC 96 area The simulation results for LCS accuracy and for
for nominal and degraded MRS system states.

Number of satellites 24 GPS SV| 23 GPS SV| 22 GPS sV
State probabilities 0.950 0.030 0.012
27 Galileo SV
0.81035 0.02559 0.010234
0.853
26 Galileo SV
0.1254 0.00396 0.001584
0.132
26 Galileo SV
0.01235 0.00039 0.000154
0.132

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 24 GPS SV 23 GPS sV 22 GPS g§v
satellites
27 Galileo SV 100% 100% 100%
26 Galileo SV 100% 100%
26 Galileo SV 99.97%

Combining all states and including the state

The table shows that the system states include ppobabilities the overall availability for accuracy
the full operational constellation (no failure) alsoresult to 98.79%.
one and two satellites failures.

Number of satellites | 24 GPS SV| 23 GPS SV| 22 GPS SV
State probabilities 0.950 0.030 0.012
27 Galileo SV
0.81035 0.02559 0.010234
0.853
26 Galileo SV
0.1254 0.00396 0.001584
0.132
26 Galileo SV
0.01235 0.00039 0.000154
0.132

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 asThe availability of the RRAIM algorithm differs
this will increase the simulation model performancewith the coasting time. The shorter the coasting time

Further on, the availabilities in degraded modes all% the better is the availability of the RRAIM

- . : orithm. The availability for a coasting time of
not sufficiently high to support the required syste 9 .
LCS availability. Either further improvement of the 20 seconds is between 97.72 % and 98.96 %, for a

integrity algorithms for degraded modes iScoastlng time of 300 second; it is between 94.79 %
necessary or the LCS availability requirements arﬁ?ed ag\?aﬁgtfl/l(it;r}(sj fgét\?vggr?szg%grgz (;fngogzszgo&ds
to be relaxed to reach a compliant state. For coasting times of 1800 seconds and 3600
seconds the availability of the RRAIM algorithm is
RAIM Simulation Results: The RAIM simulation 0 %.
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 th
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 %.

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

For the vertical case the availability of the MSS s y

algorithm is between 45.66 % and 95.69 %. Th - Ol

mean value in the ECAC region is 83.14 %. P T O

The availability of the MSS algorithm for the © i Loz B

combined case is between 45.66 % and 81.81 © ® a4 N a

The mean value in the ECAC region is 70.29 %. ® Pt RN P

Next figure shows the combined case: 20 (\ ] \\\ 078
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,

Coasting Horizontal Vertical through the implementation of several test benchs.
E—S'ZC? min mean max min mean| max
120 98,946] 98,963 98964 97,741 98,888 9896ACKNOWLEDGEMENTS
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