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as they complement each other. The SIS KPIs intend both cases, parts or all of the identified KPls éhav
represent the quality of the signals output bysisstem, contractual and/or legal relevance.
whereas the Service KPls, which encompass (parth®f
navigation chain including navigation data, frequen The KPI regime is intended to monitor the EGNOSE a
channel and the user terminal, intend to charagtahie Galileo operational performance and to detect the
end-to-end concept. underperformance thereof. This means that KPIgHer
systems’ operational performance shall be defired t
Two main performance evaluation methodologiesehavuniquely determine realised performance figuresr ave
been identified. On the one hand, the assessmettteof period of time based on traceable observables aadnk
EGNOS and Galileo service performances shall bealgorithms.
solidly founded on the analysis of GNSS trackingada
collected in a network of sensor stations. On thieero A KPI definition should also propose the obsetealio
hand, the monitoring of the KPIs cannot be effediiv be collected, together with the algorithms to bglieg as
achieved just by analysing GNSS measurements, a@lue well as the reporting methods required. Basicalg t
practical limitations in the size and density oé tKPI  KPIs will be determined by ‘black box’ monitoringe.
monitoring network. Therefore evaluation of the KPI based on collecting EGNOS and Galileo SIS and
over the whole service volume requires tools capalbl monitoring sensor stations’ environmental paranseter
inter- and extrapolating the system performancareas without taking into account the internal details tbk
which are not sufficiently covered by the KPI monihg  operational status of the systems and the wayeatheus
network. The GSA thus plans to make use of serviceubsystems interact.
volume analysis tools in order to complement and
extrapolate the performance results derived froenrdal A number of essential definitions and performance
GNSS data analysis activities. requirements for EGNOS and Galileo are specifie@ in
way that makes a strict determination impossiblaee O
This paper reflects the first results from an @ng example could be the definition of “global average”
study for the GSA on this future GSA PerformanceCertain parameters shall be fulfilled for eachanse in
Monitoring and Analysis Facility (GPMAF). EADS time on a global average of for instance 99.5%. Rue
Astrium GmbH, the Dutch National Aerospacethe limited discretisation of the service volume tine
Laboratory NLR and Deimos Engenharia comprise thenonitoring network, the determination whether ataiar
industrial team executing this study for the GSA. parameter is fulfiled on a global average can oody
determined with a limited confidence.
The current paper discusses potential KPIs and KP
regimes for EGNOS and Galileo, presents a prelirgina Other examples are performance requirements with
design for the GPMAF, and gives a first outlooktbe  specified confidence levels for which a strict
possible re-use of existing tools and facilities fbe interpretation of the requirement and relevantrdédins

GPMAF. would lead to the fact that only one single valsi¢oi be
assessed for the monitoring. Since it is imposstble
2 KPI DEFINITION APPROACH derive statistical evidence from a single value the

interpretation of those requirements is done in an
The aim for the GPMAF is to derive an optimal sét alternative way which does allow appropriate maniig.
measurable Key Performance Indicators together witfihis is the case for integrity monitoring, for whithe
appropriate threshold values. These parameters a®afety Index in the range domain is proposed fer th
threshold values enable the monitoring of the dpmra integrity KPI.
and services of EGNOS and Galileo. This monitoring
shall verify that the systems are operating asireduin The preconditions for a meaningful interpretatimmd
case they are not met, the KPIs may be the basis fthus a useful KPI are:

further fault detection and could support the id@ation - to find an interpretation which leads to measurable
of the source of underperformance and — depending o  quantities, and
the Service Level Agreement — also the responpibiy. - to find an interpretation which can be accepteclby

stakeholders.

The most important objective for the GPMAF is t0As a result, compromises may have to be accepted
provide the tools and means necessary for the GSA tegarding mathematical correctness of the inteaficet.
carry out an as much as possible independent diaiua |t is highlighted that the selection of a mathewsty
of the system performances through the routingorrect interpretation, leading to a non-measurable
monitoring of the KPIs. It is understood that fdret performance indicator is of no use for the GPMAF.
intended objective of GPMAF, the KPIs defined skioul
provide the qualitative and, together with the ai#ed The complete set of identified Service KPIs and &8s
threshold values, the quantitative basis for auf@t will include dependencies since it is questionatiether
Service Level Agreement between the GSA and th@ set of measurable KPIs can actually be formultiat
system operator. As a secondary objective, th& both complete and at the same time completely
monitoring results might be used as a means tdesettindependent.
disputes between the system operator and its slient
the achieved performances (i.e. the provided seyvio



Possible sources of underperformance for whiah thany such specification of performance parametensbea
system operator cannot be held responsible shall tsrictly verified. The reasons for this should bmeo
identified, isolated and quantified. In particutae User obvious with the clarifications given below.

Terminal subsystem and the local environmental
conditions under which it is operating, shall belased The MRD and SRD specify the performance of
from the system operator's responsibility. Thisparticular parameters. These parameters are gbddi
assumption leads to two consequences. First, KRirive the system design. They have not been spddidi
observables shall be obtained using a fault freeiver. allow a convenient monitoring. So there might be a
Any deviation of the actual receiver from a fauled significant discrepancy between the definition of a
receiver shall be quantified and taken into accountparticular parameter and a respective measurement
Second, the local environmental conditions (muttipa methodology, since the latter is identified aftdre t
RF interference) under which the monitoring sensodefinition of the parameter. While for the desigheo
station has collected the observables shall berdated system the definition of the parameters and resmect
if possible. performance is sufficient, it may not be for the
verification and monitoring. Due to measuremendted

In the systems’ Mission Requirements Documeniseso limitations, it might not completely comply with @h
central performance requirements are defined oker t definition of the parameter. Whatever procedure of
complete life time of the systems, i.e. 15 years foverification and monitoring is applied, it can rgre
EGNOS and 20 years for Galileo. For monitoringexactly describe the population of parameters icithti
purposes this is not a practical period. TheretbeeKPl  defined by the requirements.
monitoring approach is based on shorter time peritid
is proposed to provide periodic KPI reports based o In case error bounds are specified, the meastakck
various intervals, i.e. on a weekly, monthly, gadgtand  must be within that bound with a given probabilityhe
yearly basis, depending on the KPI. Considering theame holds for requirements that refer to certain
availability of KPI reports at various intervalbgettrends percentiles. In those cases no information is gieen
in system performance and KPIs can be monitored assumptions are made on the underlying distribatimin
well, providing the possibility to establish eavisarnings  the parameter within or beyond the given limits.chse
for underperformance. performance is defined referring to sigma valueg, e

"...the parameter shall be within the limit of x (2

In practice, any performance measurement over sigma)...", the specification is implicitly based @m
limited period of time will result into a statisit underlying distribution of that parameter, while ttype
approximation of the real value. For this reasom thof distribution is not defined and hence for strict
measured value of a KPI shall always be reportethterpretation unknown. However, in general it ddcoe
together with associated measurement confidenadslev assumed that the underlying distribution is Gaussia
which depend amongst other things on the measuttemesince only this distribution is characterized bysigma
duration. value. Other common distributions are characteriagd

parameters typically not called sigma.
3 ASSOCIATION OF THRESHOLD VALUES
TOKPIs For the routine monitoring of Key Performance
Indicators, meaningful threshold values need to be

For the routine monitoring of Key Performancedefined to distinguish between nominal performaase
Indicators meaningful threshold values need todfendd  required by the Mission and System Requirements
to distinguish between nominal performance as requi Document and underperformance which leads to the
by the Mission and System Requirements Documentsjtuation that the system cannot provide its ses/iwith
and underperformance which leads to the situatiat t the quality expected by the user. The latter siatthe
the system cannot provide its services with thelityua critical one and it is assumed that those situatioould
expected by the user. Considering the (contractuabave further legal or contractual consequencesieftme
consequences the detection of underperformance mdéye decision whether or not the Key Performance
have, strong confidence in the monitoring results ilndicators are met, must have sufficient confiderse
essential. important issue to consider is the fact that alke t

monitoring and analysis process has a certain lefel

The central mission of the GPMAF is the monitgrof ~ uncertainty.
the performance of the EGNOS and Galileo systems.

Monitoring of performance can be done by assesaing There are basically two strategies for the treatnof
almost infinite number of performance indicatorsic®  confidences and thresholds:
the system is built to satisfy the MRD, which wagised - Definition of required confidence for the assessmen
taking into account user needs and expectations, result. This confidence is fixed and the thresholds
performances should be measured according to those must be defined in accordance to the required
specifications. confidence.

— Definition of thresholds and computation of

Performance parameters defined by the MRD and confidence levels for the case that the thresheld i
usually also SRD, typically describe error budgetsor exceeded.
bounds or error percentiles. It is highlighted thatdly



4 EGNOSKEY PERFORMANCE INDICATORS -

For EGNOS, both Service and Signal in Space (SIS)
KPIs are defined. Most Service and SIS KPIs defimed
this study are defined per EGNOS GEO channel. The
reason to define a KPI per GEO channel is thahtam
EGNOS observables, i.e. EGNOS Message Types, are
broadcast via multiple geostationary satellites QGE
and that these data streams may not be identltdabugh
they are similar. For an EGNOS user there is aripno
reason to prefer one EGNOS GEO channel to another.

It is possible to derive one or more KPI defits at
system level from a channel KPI definition by conibg
the performances or observables of different GEQ
channels. Possible interpretations of a ‘systent Kfel
- It represents the mean (best or worst case)

performance of the contributing GEO channels. This
kind of KPI can be defined as a function of channel_
KPI values.

— It represents the performance experienced by a user
receiver capable of GEO channel switching. Channel
switching is allowed in SolL applications under
certain conditions. This kind of KPI requires a
suitable monitoring process. -

In the latter case the performance of the ‘syskdpii
may surpass the contributing GEO channel’s indizidu ~
KPI performances. For those KPIs for which the wuser
identify the GEO channel’'s underperformance, based
which the user may execute a channel switch, the
performance of the ‘system KPI' is of interest. Eydes ~
are availability and continuity related KPIs.

41 EGNOSSERVICE KPIs -
For EGNOS the following services as defined ie th —
MRD are discerned:
— Safety of Life for Non Precision Approach (NPA
Sol),
- Safety of Life for Approach Procedure with Vertical
guidance (APV1 Sol),
— Open Service (0S), -
— Timing Service (TS), and
— Commercial Data Dissemination Service (CDDS). ~
For each of these services, performance requitesme ~
are applicable with respect to accuracy, integrity;”
availability, continuity and/or timing and latencys
such, related KPIs have been defined.

Availability of NPA service for all GEO channels
combined.

Percentage of ECAC area where NPA Availability
requirement is met.

Percentage of ECAC area where NPA Availability
requirement is met for all GEO channels combined.
Percentage of ECAC area where NPA Continuity
Risk requirement is met.

Percentage of ECAC area where NPA Continuity
Risk requirement is met for all GEO channels
combined.

For the APV1 SolL service the following EGNOS
Service KPIs are defined:

Horizontal Position Error (95-percentile) for APV1
Service.

Vertical Position Error (95-percentile) for APV1
Service.

Percentage of ECAC landmasses where APV1
Accuracy requirements are met.

Integrity risk of APV1 service.

Horizontal safety index in the position domain for
APV1 service.

Vertical safety index in the position domain for
APV1 service.

Availability of APV1 service.

Availability of APV1 service for all GEO channels
combined.

Percentage of ECAC landmasses where APV1
Availability requirement is met.

Percentage of ECAC landmasses where APV1
Availability requirement is met for all GEO chansel
combined.

Percentage of ECAC landmasses where APV1
Continuity Risk requirement is met.

Percentage of ECAC landmasses where APV1
Continuity Risk requirement is met for all GEO
channels combined.

For the Open Service the following EGNOS Service
KPIs are defined:

Horizontal Position Error (95-percentile) for Open
Service.

Vertical Position Error (95-percentile) for Open
Service.

Open Service Availability based on Position Error.
Percentage of ECAC landmasses where Open
Service requirements are met.

For the Timing Service the following EGNOS Seevic

For the NPA SoL service the following EGNOS Seevi
KPIs are defined: -
— Horizontal Position Error (95-percentile) for NPA -

service.

KPls are defined:

EGNOS Network Time to GPS Offset.
EGNOS Network Time to UTC Offset.

- Percentage of ECAC (European Civil Aviation For the CDDS service the following EGNOS Service
Conference) area where NPA Accuracy requiremeniPIs are defined:

is met. -
— Integrity risk of NPA service. -
— Horizontal safety index in the position domain for
NPA service.
— Availability of NPA service.

Latency of EGNOS Data Products.
Availability of EGNOS Data Products.



42 EGNOSSISKPIs The following SIS KPIs are proposed for measuthmg
integrity of EGNOS provided slow and fast correatio
EGNOS Signal-in-Space KPIs are proposed in thand UDRE:

following categories: - UDRE Safety Index (including UDRE MI rate) per
— SIS Availability. GEO channel and GPS PRN.

— UDRE (User Differential Range Error) Integrity.

- GIVE (Grid lonospheric Vertical Error) Integrity. In analogy to the UDRE's residual error, the GIVE

residual error per lonospheric Grid Point (IGP) nimey
The following SIS KPIs intend to measure thealso a source for integrity violations in the seevi
availability of EGNOS Signal-in-Space, i.e. thedomain. Therefore the §le is defined: Sve =
percentage of time that EGNOS messages are braadc&s!VDe/GIVE) where GIVDe is defined as the Grid

on several GEOs: lonospheric Vertical Delay error.
- Availability of EGNOS messages on N simultaneous _ _ _
operational GEO channels The following SIS KPI is proposed for measuritng t

—  Availability of EGNOS messages per GEO channel integrity of EGNOS provided ionospheric correctiamsl
GIVE:

It is generally understood that the integrityuieements — GIVE Safety Index (including GIVE MI rate) per
in the service domain as defined in the EGNOS MRB a GEO channel and IGP.
SRD are extremely stringent. Therefore it is questble
whether it can serve as an adequate KP|’ becaus@ther miscellaneous EGNOS SIS KPIs can be Imdglne
collecting enough statistical evidence would tadetbo  in addition to the ones defined above:
much time. One method to overcome this problenois t— GPS satellite don’t use (DU) rate,

define alternative KPIs for integrity assessment tan — IGP GIVE don’t use (DU) rate,

be measured better. The UDRE Safety Index, ar Number of monitored Satellites,

alternative KPI in the range domain that is impleated - Number of monitored IGPs, and

in the EGNOS Performance Assessment and Controk.  Central Processing Facility (CPF) Switch Occurrence
Facility (PACF) for instance, is tightly related thi Rate.

integrity in the service domain (see also below). |

focuses on one of the possible sources of nontityeg These SIS KPIs are considered secondary SIS
the UDRE's residual error rate of each GPS satellitperformance indicators. They can however be useful
monitored by EGNOS. inputs for Fault Detection Isolation and Analy$i(A).

Advantage of this approach is that higher siatistan 5 EGNOSKPI REGIMES

be collected together with lower thresholds: agyd >

5.33 event (considered as non-integer in the rangeA number of candidate EGNOS Service and SIS KPIs
domain) does not necessarily lead to non-intednitthe  have been presented in the previous section. ls thi
service domain. Another advantage is the virtuek laf  section it is discussed which KPIs are most uskfula
sensitivity of this KPI to local effects, becaube tUDRE  KPI regime.

Sl is based on comparison of the consolidated EGNOS

message set from a large ensemble of sensor &atiom1 |INTEGRITY
with IGS reference products such as accurate orbits
These advantages may lead to useful KPIs.The proposed Service Integrity KPIs (per GEO dedn
Disadvantages are the fact that no requirements atge:

available in the MRD and SRD that can provide- |ntegrity risk of NPA service.

thresholds for such metrics in the range domaie, th_ |ntegrity risk of APV1 service.

complex algorithms involved and the late availapibf  _  porizontal safety index in the position domain for
required input parameters, i.e. precise satellitét @and NPA service.

clock.

— Horizontal safety index in the position domain for
APV1 service.
Vertical safety index in the position domain for
APV1 service.

The UDRE Safety Index gives the measured
SREW/UDRE characteristics including measured MI in
the range domain. The SREW is the Satellite Rekidua
Error at the Worst user location. The MAX{(Ste) can
be a good indicator to detect integrity failurefobe they

; . . KPls are based on statistical analysis of PVT smist
actually happen. The Misleading Information (MI)t&a from sensor stations. Sensor stazon PVT is thda bes
which will also be provided gives the number of

. _observable to obtain realistic position errors. refare it

period. Possibly even more interesting is the MI—% essential for GPMAF to implement some of these

probability given by:
MI probability = Ml events / nr of epochs

Integrity is a critical performance of EGNOS. Ehe

A preference for the first two (‘Integrity Riskdr the
last three KPIs (‘Safety Index’) is almost a mattdr
taste. We prefer the ‘Integrity Risk’ KPI definitie



because they allow various representations, eapnf@d
diagram, Stanford-ESA diagram, with or without5.3 AVAILABILITY
extrapolation based on outliegst 15, SI histograms and

S| Cumulative Distribution Functions (CDF). The proposed Service Availability KPIs are:
— availability of NPA service per GEO channel,
The proposed SIS Integrity KPIs are: availability of NPA service for all GEO channels
— UDRE Safety Index per GEO channel and GPS PRN combined,
- GIVE Safety Index per GEO channel and IGP - availability of APV1 service per GEO channel,
— availability of APV1 service for all GEO channels
Integrity is a critical performance of EGNOS. $865IS combined,

KPIs are defined in the pseudorange domain based an availability of OS service per GEO channel,
observed EGNOS messages and precise orbit, clatk an  ayajlability of OS service for all GEO channels
ionosphere data from an external source. The UDRE a combined,

GIVE outputs correspond to the main functions of_ percentage of ECAC where NPA Availability
EGNOS and are therefore complementary. requirement is met per GEO channel

. . — percentage of ECAC where NPA Availability

The advantages of SIS Integrity KPIs with respiect requirement is met for all GEO channels combined,

Service Integrity KPs are: percentage of ECAC landmasses where APV1

~ SIS KPIs are independent of local effects (eg Availability requirement is met per GEO channel,
multipath) and real receiver characteristics, and

- the observables of SIS KPIs can (in principle) be_ percentage of ECAC landmasses where APV1

taken from just one sensor station, and Availability requirement is met for all GEO chansel
- a large number of samples (~ number of epochs X  gmpined.

number of GPS satellites) can easily be collected f

a statistically more relevant result. UERE is translated to Accuracy at user level
Therefore.|t is essential for GPMAF to implemengga (Navigation System Error or xNSE) via the DOP of th
SIS Integrity KPls. user / satellite geometry:

oxnse = XDOP *oyere
52  ACCURACY This computation is efficiently performed for at(lan)
rid with many user locations covering ECAC. Thalgr
oint performance can be represented as a surfape m
over ECAC using spatial interpolation.

The proposed Service Accuracy KPIs (per GEq%
channel) are:
— Horizontal Position Error (95-percentile) for NPA.

— Horizontal Position Error (95-percentile) for APV1.  Because the availability performance does notedep

- Vertical Position Error (95-percentile) for APV1. on the position error (this is arguably the caseN®A

- Horizontal Position Error (95-percentile) for OS. and APV1), there is no specific need for a PVT Hase
Vertical Position Error (95-percentile) for OS. approach. Therefore the last four KPIs are morerdiss

These KPIs are PVT based, so they will be realistic for GPMAF than the first three. Because of the thett

may be affected by unknown local effects. users are able to identify a channel’'s loss of lakdity

and based on that may switch to another EGNOS &hann
The last two KPIs are essential for GPMAF becauseot suffering availability loss, the EGNOS systeswel
Accuracy is the critical performance parameter tfee  availability coverage should prevail as KPI.
Open Service.
The proposed SIS Availability KPlIs are:
EGNOS is expected to easily fulfii the Accuracy— availability of EGNOS messages on N simultaneous

requirements for NPA and APV1, so the first fourl&P operational GEO channels, and
are less essential. They are however useful cquartsr -  availability of EGNOS messages per GEO channel.
for KPIs: These performances are already included in thesctisp
- percentage of ECAC area where NPA AccuracyService Availability KPIs, so in principle these KPare
requirement is met, and not essential for GPMAF.
— percentage of ECAC landmasses where APV1
Accuracy requirements are met. 54  CONTINUITY
In addition, an accuracy assessment at user level i
provided by KPI: The proposed Service Continuity KPIs are:
- percentage of ECAC landmasses where Open Percentage of ECAC area where NPA Continuity
Service requirements are met. Risk requirement is met per GEO channel.
- Percentage of ECAC area where NPA Continuity
These last three KPIs are UERE (User Equivalamige Risk requirement is met for all GEO channels
Error) and GIVE based interpolations of locally aibed combined.
PVT results. They are useful to obtain a contouthef - Percentage of ECAC landmasses where APV1

service volume where EGNOS users can expect aircerta  Continuity Risk requirement is met.
service. Therefore these KPIs are essential for GPM



- Percentage of ECAC landmasses where APV1The basic principle of the GPMAF performance
Continuity Risk requirement is met for all GEO assessment strategy for EGNOS is the comparisdmeof
channels combined. results of the offline reference observation data

processing, with the navigation parameters preditte
These KPIs are EGNOS message set basdbe core system components. This includes the
extrapolations. It is essential for GPMAF to monitbe  comparison of the navigation solution with the refee
continuity performance in the service domain. coordinates of the monitoring site. With this comgan
a major subset of KPIs and performance related
Because of the fact that users are able to igeati requirements can be monitored directly or indisedty
channel’s loss of continuity and based on that swaigch  further statistical analysis of the results.
to another EGNOS channel not suffering continuitys|
the EGNOS system level continuity coverage should The objective of PVT-based KPI monitoring is 8s@ss

prevail as KPI. End-to-End navigation performances of the deployed
EGNOS system. The monitoring facility puts itsdlftlze
6 EGNOSMONITORING METHODOLOGY position of a (static) user and calculates the getion

performances using the applicable standards (e.g.
The GPMAF shall monitor the performance of theMOPS/SARPS) from monitoring station receiver
EGNOS system for the entire service area (ECACE Thobservables. By doing so for a number of monitoring
central assessment means are a monitoring networgtations at various locations in ECAC, the GPMAHR wi
composed of monitoring stations, and a processinge able to present a realistic view on the dayap-d
facility that carries out the necessary computatiand performance of the EGNOS system.
assessments.
7 GALILEO KEY PERFORMANCE
Monitoring stations will perform the following figtions INDICATORS
for GPMAF EGNOS KPI monitoring:
- Collect EGNOS messages broadcast by EGNOSAIso for Galileo, both Service and Signal-in-Sp¢81S)
GEOs, allowing to create in the GPMAF a KPIs are addressed.
contiguous EGNOS message set per GEO channel
without data loss due to receiver failure. 71 GALILEO SERVICEKPIs
— Collect GPS single frequency (L1) observables to be
used for performance assessment in the positionFor Galileo the following services as defined the
domain by applying EGNOS corrections to real SISVIRD are discerned:
observables, as would be the case for an EGNOS Open Service Mono Frequency (OS MF),

user. — Open Service Dual Frequency (OS DF),
— Safety of Life Service (SoL),
Each monitoring station shall comply with the aldf - Public Regulated Service (PRS),
operating conditions of EGNOS for SoL applicati@s - Commercial Service (CS), and

defined in the EGNOS MRD. It is assumed that these  Search and Rescue Service (SAR).
conditions are also correct for OS applicationdssive
local environmental conditions should be detected Within the |arge number of performance relevant
(masking, multipath, interference) but it is notessary requirements, the Galileo MRD defines a set of
to detect excessive ionospheric conditions. Mofitpr performance parameters which are essential to ibescr
stations in the very north of ECAC should be rObUSthe performance of a particu|ar service. Especimg
against the  particular  ionospheric  conditionsgifferent types of Safety of Life service levelsdapartly
(‘scintillation’) in those regions. also the Open Service are characterized by theviaig
o parameters and thresholds:
The monitoring network can be composed of: —  positioning, velocity, and timing accuracy,
- GPMAF KPI monitoring stations: these stations will _  jntegrity risk,
be independent and specifically designed for theiL.  {ime to alarm,
role in GPMAF. _
— EGNOS RIMS: these stations are part of the EGNOS
system. _
- 3 party receiver networks operated by e.g. Air_
Navigation Service Providers (such as Eurocontrol),
ESA, or IGSret. 4.

horizontal alarm limit,
vertical alarm limit,
continuity risk, and
availability.

The definition of a particular KPI is to the fiigstance
independent from the service it is going to be igiplor,
so identical KPIs have not been defined for alviees
individually. Of course not all KPIs are applicalfte all
services (in particular considering the SAR setvice

A subset of the monitoring stations should beated
where EGNOS availability is good (e.g. > 99% for
APV1) and the others could be placed outside #gon
at locations of special interest, e.g. Canary tdaand the

polar region. The identified Galileo Service KPlIs are:

— Position Accuracy



Velocity Accuracy

Range Threshold Failure

Integrity Risk Sample

Integrity Risk Ratio

Discontinuity Event Rate

SIS Availability

A Priori Availability of Critical Service
A Posteriori Availability of Critical Service
GTRF-ITRF Consistency

GST-TAI Offset

Timing Accuracy

Galileo-GPS Time Offset

Message Transmission Correctness
Message Content Correctness
Distress Detection

be detected for systems of stable design. It iss thu
proposed only as secondary parameter.

The main integrity monitoring shall be based on a
quantity that is essentially driving the integriigk but
will individually not necessarily cause a HMI ateus
receiver. Such a suitable quantity is the eSISEsthold
TH, which is defined at user receiver as:

TH =k, v SISK + SISMA

The system has to ensure that for all ranges tHeEeS
overbounded by the threshold TH. Therefore the Rang
Threshold Failure KPI is defined as the probabitity
range threshold failure, i.e. that the thresholésdoot
bound the true SISE, shall not exceed the giveitdim
Please note that the range domain integrity armheseds
further consolidation.

- SAR Return Link

72 GALILEO SISKPIs 82 ACCURACY
Accuracy requirements for Galileo cover position

A number of Galileo SIS KPIs can be identifiedieth . 7
Jaceuracy, velocity accuracy and timing accuracy.

characterize the SIS RF performance. As respecti
monitoring is beyond the scope of GPMAF the
monitoring is focused on Service KPIs. Non fulfiéint
of SIS KPIs might then only be considered relevifin
they lead to a non-fulfilment of Service KPIs. Fraoinis
perspective it is assumed that a degradation ofopdy
performance leading to a degradation of the syste
services can be sensed as per the Service KPIandime
driver for this approach is cost effectiveness foe
GPMAF.

Timing (and velocity) accuracy assessment is dane

t parallel with the assessment of the position ayra
since it is the result of the navigation solution position

and time. The Open Service timing accuracy is an
r'pinportant system performance parameter and must be
monitored by GPMAF. Timing accuracy is driven by
essentially two contributions:

- the consistency between GST and TAI, and

- the accuracy of user receiver clock synchronization

In case monitoring performed by GPMAF is resgritt o . ) .
to the performance monitoring of Service KPIs with The timing service is provided on E1 and ESb.
available receiver networks only those SIS charimties 1 nerefore the timing service performance can beszesi
are monitored which can conveniently be determiogd together with the performance of the Safety of Life
pseudo-range tracking, i.e. received power level. Service and the Open Service.

8 GALILEO KPI REGIMES 83  CONTINUITY

A number of candidate Galileo Service and SISsp| Continuity of a Galileo service is defined as the
have been discussed in the previous section. la thProbability that the service — provided it was éalale at

section a few KPI regimes are discussed. the beginning of a certain period in time — is &lae at
the end of this period of time. Continuity Risktlie risk

that continuity is not given in that respective ipérin
time.

81 INTEGRITY

One of the most critical parameters of the Sabétlyife
services is the fulfilment of the integrity riskgurement. “t ) ! -
The integrity risk of a particular service defingse difficult to monitor. In the system design procéss risk
probability of Hazardous Misleading Informationtae ~ ©f Service discontinuity is broken down in a distonity
user receiver, i.e. that the system should haveetathe tree and allocated to different contributors. Imtcast to
user about a condition leading to a position errof"t€9rty there is no method to compute the ingtaeous
exceeding the alert limits but it has not. The fezuent ~ continuity risk from data of the broadcast navigati
for this HMI probability is at the order of 2xI(per 150 Message. Only a simple procedure is identified kiosv
seconds, which is extremely low. It correspondne user shall determine Whgther contl_nwty is given: A
HMI-event in roughly 100 years. Obviously, it caphe ~ Maximum number of critical satelltes must not be
measured whether the required service performasice ¢xceeded (loss of a critical satellite will caudee t
provided. Nevertheless, the negative case could HBt€drity risk to exceed the acceptable value).sThi
measured, e.g. in case several HMI-events occua in procedure is derived from the discontinuity tred aolds
short timespan it can be concluded that the seigicmt OF Safety of life service level A only.
provided with the required performance. While

monitoring this case is sensible to detect stroysjesn ~ From the treatment of the discontinuity risk fthe
malfunctions it can be expected that no HMI eveiit w SyStém design there is no way to reliably deterntires

Continuity of a service is a parameter which &y



guantitative continuity risk. Instead, a proceduee
identified for the monitoring by GPMAF in which evws
leading to service discontinuities are identifiedda

9 GALILEO MONITORING METHODOLOGY

The GPMAF shall monitor the performance of the

evaluated over time. There are basically four eventGalileo system for the entire service area. Towdethe

leading to a discontinuity
the SIS is not provided for one of the critical
satellites by any reason,

correct to meet the required performance,
an alert is sent for any critical satellite, and
integrity service becomes not available.

It is assumed that the first event can be dealeqteéte
easily and is monitored by a SIS availability KFhe
correctness of navigation information from the gntey
point of view is detected by the KPIs monitoringgigrity
performance. The correctness of navigation infolonat
regarding ephemeris

necessary measurement means, the measurementbasis
identified KPIs has been evaluated. Most of the KPI
assessments rely on the precise characterisation of

the broadcast message is not provided or is ndfstantaneous range error. The range error is effby

several individual contributions which are:
Satellite orbital and synchronisation error
Satellite BGD error

lonosphere propagation error
Code-Phase divergence

Troposphere error

Multipath error (stationary part)

Noise (thermal noise, interference,
multipath part)

stochastic

is monitored by the message

correctness  KPI. The assessment of discontinuityThe central assessment means are a global miagitor
performance is thus focused on the evaluation Ofetwork and a processing facility which carries the

transmitted alerts. For SoL service level A the
requirement allows for an unpredicted discontiniofy
8x10° per 15 seconds, which corresponds roughly to on
event per 22 days. Continuity is evaluated oveerdamn
monitoring period leading to a mean risk of disauunty.
The average SoL service continuity will be measaed
by-product of a service volume SolL availability
assessment replaying the Galileo messages recbydad
monitoring network.

84 AVAILABILITY

Availability is one of the central performance
requirements of the Galileo system. Depending a@n th
different services it varies between 99.5% and %9.8
According to the definitions of the Galileo MRD,
availability is given if the applicable requiremenfor
accuracy, integrity and continuity are simultanépuset
for the Safety of Life service and the Public Reged
Service. The Open Service is available when tharacy
requirement is fulfiled. The availability requiremt
refers to any time and any place.

Availability shall be determined by a combinatioh

computations and assessments necessary. The global
monitoring network shall comply with the following
Specification:
The stations shall allow a continuous observatibn o
the relevant observables necessary to charactegze
performance of the different services, i.e. obsioma
of:

E1-C, E5a for Open Service,

E1-B, E5b for Safety of Life Service,

E1-A, E6-A for Public Regulated Service, and

E6-B for Commercial service (TBC).
The stations shall use calibrated equipment inrorde
to minimize potential systematic errors.

The basic principle of the GPMAF performance
assessment strategy for service related KPls is the
comparison of the reference products of the offline
reference processing with the navigation parameters
predicted by the core system components. This means
estimating the SISE with an offline reference pesce
With this comparison a major subset of KPIs and
performance related requirements can be monitored
directly or indirectly by further statistical analg of the
results.

design, analysis, modelling and measurement. Howeve

the MRD definition already identifies that it magtrbe

For cost effectiveness it is reasonable to made af

possible to unambiguously determine whether the,qijaple reference products for relevant pararaeied

required availability is actually reached. Regasdlef the
monitoring strategy a reliable determination seewtsto

not implement the entire
GPMAF.

reference process within

be possible as described below. Therefore, to allow

performance monitoring, certain assumptions must b
introduced.

Specific service availability is only identifiedor
services providing integrity. The Open Service
Availability is only driven by accuracy. As such, a
separation of unavailability and violation of acaty is
not possible. Therefore, no availability KPI is mdiéed
for Open Service. Instead it is expected to be /¢
the extent possible by the accuracy KPI.

€The parameters which shall be determined by the
reference process are mainly identified by the
contributions to the UERE budget and are in paldicu

- precise satellite orbits,

precise satellite clocks,

satellite broadcast group delay,

ionosphere behaviour,

troposphere characteristic, and

local reception characteristics.

The processing facility will apply meaningful
algorithms to separate error contributions whicle ar



caused by the system, and those only charactefetic = One important contribution to the instantaneoaisge
one particular monitoring station, since the latterst be  error is the ephemeris error. It can be estimatgd b
separated from the system quality assessment mioigito computing the difference between the ephemeris
From the mentioned set of core parameters thbroadcast by the navigation message and a precise
assessment of different KPIs can be derived eithaeference for satellite orbit and clock. There areumber
directly or indirectly by further analysis. An impant of analysis centres providing satellite orbit aridck
strategy thereof is the estimation of true UERE #mel estimates based on the IGS network data. Theséesing
transformation to the position domain. The big adage solutions are combined by the IGS to derive a coetbi
is that with the a posteriori known single errorprecise solution where the single solutions artedihtly
contributions to the UERE this analysis can beqyenéd  weighted. This combined solution is the most acpt
independent of locations of monitoring sites ang thus  one in the scientific community.
well suited to globally characterize the service
performance. GPMAF functionalities must furthesare The Data Collection and Management function cever
that the individual error characterizations of theall data acquisition from the GPMAF Monitoring
monitoring processes are possible in order to deter Network and from external providers of data and
the confidence of the monitoring result. products. This function is also responsible foradat

storage, data pre-processing and overall dataiplbiys
10 GPMAF PRELIMINARY DESIGN

The Data Processing and Analysis component pesvid
An extensive set of Key Performance Indicatordbfath ~ functions for data conversion, data analysis (idicig
EGNOS and Galileo is defined in the above. Foroéll statistics and trends), threshold estimation / ipteh,
those KPIs reasonable measurement methodologies haresult comparison. All GPMAF KPI outputs are pradd
been defined, which are also briefly addressedhm t through the Result Reporting component.
above. From the definition of measurement appraadhe
is obvious that a high level three step approach lma It is foreseen that the individual components dmel
applied for all KPI assessments which consist of: GPMAF as a whole provide a certain level of autopom
- basic processing of raw input data, including autonomous data collection, processing an
— statistical evaluation and analysis of results, and result reporting.
— reporting of final results.

These functionalities, however, will evolve ane& b
With the identification of this three step apprbdt is revised as implementation drivers are identifiedthie
possible to define common modules for the assessnfien following stages of the study.
different KPIs which is an essential preconditiom t

define a cost efficient design of GPMAF. Several operational scenarios for the GPMAF can b
considered:
A preliminary generic design for the GPMAF dister — Full implementation and operation of the GPMAF

the following main functional blocks: under direct GSA responsibility.
- GPMAF Monitoring network. — External parties providing KPI assessment data,
- Data collection and management. which are further analysed by the GPMAF / GSA.
- Data processing and analysis. - External parties providing KPI monitoring and
- Result reporting. analysis results as service to the GSA.

In the above, first requirements for a GPMAF EGNO At the current stage of this study, the firstreme is
and Galileo monitoring network have been estabiishe considered the baseline, as it appears to provige t
Depending on the required level of independenceatiot highest flexibility and transparency to the GSA.isTh
of the data required for KPI assessment need to kFenario is also expected to have in the long hen t
autonomously collected by GPMAF. For costlowest cost (although high up-front costs are nemss.
effectiveness, external sources of data can be witd N addition, considering the primary purpose of the
the risk of adding external constraints to GPMAFiakh GPMAF, the involvement of external parties may
might degrade also the independence. However, tirere comphcr_:lte the relation between the GSA and the 86N
several options for making use of external data ofnd Galileo system operator(s).

products for GPMAF performance assessment. For ) o -
instance, there are a number of GNSS monitoring I'respective of the scenarios identified abobe, re-use

networks already established (such as the 1GS) hwhicOf €xisting tools for GPMAF is seriously consider&tie
provide free or restricted access to their obs@matata Primary benefits of re-using existing tools for GRM
and analysis products. In addition, data and prisdumay  are:

come from EGNOS or Galileo system internal sources: lower development cost,

While this will certainly be the cheapest solutior - reduced development time, and
GPMAF, the derived results fully rely on the qualdf — a wider user base, which may provide added
those external data and are biased by — to soneatext confidence in the quality of the tool.

unknown errors and data integrity is usually nctuzad.



When considering re-using tools for GPMAF, speciaREFERENCES
attention is required for:

- Transparency; actual implementation of KPlIs, [Ref. 1] EGNOS - The European Geostationary
methodologies, statistics and confidence levels. Navigation Overlay System — A cornerstone of

- Independency. Galileo, SP-1303, European Space Agency.

- Reporting formats. [Ref. 2] EGNOS Mission Requirements Document

version 2.0, 8 May 2006, GSA.
As a next step in this study, a thorough assesswiti  [Ref. 3] Galileo Mission Requirements Document
be done of existing tools and tools that are under version 6.0, 28 May 2004, GSA.

development with respect to their usefulness foM@dP.  [Ref. 4] International GNSS  Service Homepage:
http://igscb.jpl.nasa.gov/

In the following stages of this study, all scéosrwill ~ [Ref. 5] A Statistical Outlier Detection Method of
be considered in much greater detail. Neverthelts, EGNOS Integrity Performance DataH.
final trade-off between level of independency toeexal Kannemans (NLR), presented at ION Technical
means versus cost and effort of GPMAF, is to beedmn Meeting 2008, San Diego (USA), January 28-30,
the GSA taking into account the constraints of ffeitu 2008.

Service Level Agreement with the EGNOS and Galileo
system operator(s).

11 CONCLUSION

The objective of the GPMAF is to monitor the
performance of European navigation systems EGNOS
and Galileo based on a set of Key Performance
Indicators. The KPIs identified in this document ar
defined such that the performance of EGNOS andédgali
can be assessed by already available or quitestieali
measurement means. The performance assessment does
not require unfeasible or challenging monitoring
technologies. Even for very critical parametershsas
integrity related ones, measurement means could be
identified allowing a performance evaluation within
reasonable time spans between one week and one year

A preliminary design for the GPMAF has been
established, covering the main functions of data
collection (from GPMAF specific and external
monitoring stations), data processing, KPI analyaisd
KPI reporting. It is expected that for the final
implementation of GPMAF significant re-use of ekxigt
tools and facilities can be made.

The goal of monitoring the identified KPIs for tho
EGNOS and Galileo, is to allow the Public Sectdnpvis
the owner of these systems, to evaluate the aahienes
of the Private Sector parties that are responsibie
operating these systems. It is assumed that theicBer
Level Agreement between the Public Sector, repteden
by the GSA, and the operator is in part based @n th
defined KPIs and associated monitoring strategies.

With the here presented set of KPls, the perfonaaf
the European navigation systems EGNOS and Galileo
can well be characterized. To which level the asgest
results are legally applicable has, neverthelggkicsbe
finally defined in the future by the GSA.



