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Scenario evaluations context

e Purpose of scenario evaluation Is to assess
the various potential concepts for provision of
regional integrity at the light of the
particularities in Latin America,

e | eader contractor: AAS;
 Other contractors: AENA, ATECH, GMV:
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Scenario evaluations method

* In order to assess the various potential concepts for
provision of Regional Integrity in Latin America, criteria
have been established along 5 main axis which
Introduce most regional differentiators:

— Technical (except ionosphere);
— lonosphere;

— Operational;

— Independence;

— Programmatic;

* For each aspect, the evaluation consisted in:
— Description of the evaluations criteria;
— Scenarios evaluation with respect to the criteria;
— Synthesis of the evaluation;
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Scenario evaluations limitations

e The goal of the evaluation is
— to limit the number of solutions to be compared,;
— only given as elements to the decision makers community;

e Itis not
— adenial of the intrinsic quality of the scenario solutions;

— universal & eternal;

« At the light of a different technical and operational context,
conclusions may turn out to be different;

* AXis of evaluation are assumed to have an equivalent
weight;
— Decision makers may establish priorities amongst criteria;
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Technical evaluation criteria

« Technical Feasibility;
» Data throughput required,;

 Performance considerations;

« Aviation approach & land canyon access to service;
o System complexity;

 Number & complexity of subsystems;

» Further developments;

o Operations & consistency with GNSS environment;
« Compatibility with existing & under development systems;

« Technical developments costs;
» Relative development & recurrent costs;
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Technical evaluation synthesis 1/2

e 3 major synthetic criteria:

— Compatibility with current operational services
provided by the current constellations (GPS);

— Compatibility with current GALILEO SIS
bandwidth dedicated to regions;

— Compatibility with early implementation (pre-
operational system in 2008/2009) with services
identical to those already existing (EU, USA);
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2.a Technical evaluation

Technical evaluation synthesis 2/2
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Technical evaluations outcomes

e Two families of scenarios:

— Scenario with no use of the Galileo Regional Channel
broadcast:

 Based on GPS augmentation to profit of legacy with respect to
existing systems and standards;

« With Galileo Global Integrity, to further improved redundancy;

— Scenario with use of the Galileo Regional Channel
broadcast

» Also based on GPS augmentation to profit of the legacy;

« Maximum flexibility to the potential users, partial legacy from
standards and highest performances;

* Enhance technical robustness and mitigating all criteria, without
major technical feasibility risk;
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Scenario evaluation with respect to ionosphere

Equatorial lonosphere aspects

Equatorial
Anomaly

Strategy I —p 1

lonosphere Analysis:

SBAS
approach

Galileo
approach

|

Celeste Scenario Analysis
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lonosphere Analysis: Introduction 1/2

— Region of the terrestrial atmosphere where the free electron
density is sufficiently high to have an important effect on the
propagation of electromagnetic waves

— lonisation of the neutral constituents of the atmosphere:
— Sun radiation

— Highly dependent on the time of the day, the season and the solar
activity
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lonosphere Analysis: Introduction 2/2

— Propagation of electromagnetic waves in the ionosphere
modify their velocity and path
advancing the carrier phase and delaying the code arrival

lonosphere effect on GNSS code and phase signals will depend on
the carrier frequency and the amount of ionosphere traversed

GNSS mechanisms for minimising lonosphere effects:
lono free combination (dual-frequency receivers)

Through lonosphere Models to be applied by the users (mono
frequency receivers)
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lonosphere Analysis: Equatorial lonosphere

Located between 30 of the magnetic equator

Two main sources of problems associated to this region:

Presence of the equatorial anomaly: high TEC values and variations

Presence of small scale electron density irregularities in the F region that
cause scintillations on the received signals.

Ionosphere storms:
Global effect
Effects are quite similar to equatorial anomaly
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lonosphere Disturbances Summary
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Can SBAS survive to equatorial ionospheres? 1/3

— Field demonstrations in Equatorial lonosphere conditio ns

EDISA (2003) :

Africa (since 2004)

Feasibility proven in
equatorial ionosphere
conditions
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Can SBAS survive to equatorial ionospheres? 2/3

A large solar storm occurred at
the end of October 2003
produced exceptional
propagation conditions  through
the ionosphere

Strong depressions of ionization (TEC in units of 10 15/m2) over Europe and
high Kp planetary index values
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Can SBAS survive to equatorial ionospheres? 3/3

— October 2003 storm results:
« APV1 availability kept in harsh conditions

 Integrity kept in worst ionosphere conditions

— service availability around 95%, no MI/HMI
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Conclusions:

— Performance analysis for single frequency SBAS
and Galileo has been addressed.

— Scenario Selection

« Mitigate the lonosphere impact by use of maximum redundancy;
— Galileo dual frequency & regional integrity for broadcast diversity;
— SBAS for proved feasibility and service redundancy;

« Typically, a scenario making combined use of both G PS and
Galileo, with integrity through both Galileo MEO an  d a SBAS GEO
(such as scenario 7: GGl + SBAS GPS/GAL via GEO + S ISMA/IF
GPS/GAL via MEO )




WP2200 — Scenario evaluations

Agenda

1. Evaluations context

2. Scenario evaluations
a. Technical
b. lonosphere

3. Synthesis and recommendations
4. Galileo services introduction roadmap



WP2200 — Scenario evaluations 2.c Operational and independence

Criteria

CAT-I capability
Robustness/Redundancy
Due to additional availability of signals and navigation data.
Multi system receivers
Standardization
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— Technical
iIndependence
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— Sovereignty
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Scenarios evaluations conclusions

e The evaluation must be understood in the frame of a
regional need

A small advantage to scenario 7: GGl + SBAS GPS/GAL
via GEO + SISMA/IF GPS/GAL via MEO

— Dbetter robustness to the particularly harsh ionosphere conditions in
Latin America;
— decent operational readiness;

— overall mitigation of the risks;

e Two recommendations issued:
— consider the assessment of the selected system behaviour toward
lonosphere as a key element;
» Perform assessment based on real data;
« May take advantage of a preliminary experimental test bed,;
— ensure the preferred scenarios enhancements consideration by
standardisation working groups asap;
 |n particular consider dual frequency evolutions of SBAS;
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The GNSS chain of interest

o Galileo successful introduction in Latin America requires a
Push-Pull approach between infrastructures and users
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Galileo Push-Pull approach in Latin America
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Multi-constellation Regional Segment concept

e The solution for a Global
Navigation by Satellites
System (GNSS) satisfying
all current and future
requirements of all users is

based on a dual concept:

— MRS, an Augmentation System,
aimed at improving the existing
GPS constellation, and is the
first step toward GALILEO.

— GALILEO, a new constellation
under development, which
integrates the MRS

augmentation components
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Service continuous improvement to support

demanding applications

MRS in Latin America can take advantage of the Galileo architecture,
open to regional segments;

— The roadmap provides services without interruptions, starting before Galileo Full
Operational Capacity, and continuously improving until a full Galileo Multi-
constellation Regional Segment

— Evolutive design, to support continuous take-off of applications in Latin America,

Immediate service provision, the system will progressively reach full
compliance to the most demanding Civil Aviation Standards;
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Galileo services In Latin America in perspective

e Galileo introduction in Latin America is based on a stepwise
continuous approach

— Phase 0: Regional plan, CELESTE
— Phase 1: Technical consolidation and support to early applications
— Phase 2: Non safety of life service implementation

— Phase 3: Safety of Life service in Latin America
* Readiness for Galileo Multi-constellation Regional Services (MRS)
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4. Galileo services introduction roadmap

Galileo in Latin America global roadmap
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Scenario evaluations

Additional slides
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Technical feasibility
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System performance and
complexity
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Time to readiness and
technical iImplementation costs
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WP2210: Scenario Trade-Off: lonosphere

e Leader contractor: AAS,
e Other contractors: GMV
e Objective:
— Perform a review of the lonosphere aspects in the
Region
— Trade-off among Celeste scenarios
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lonosphere Analysis: lonosphere models in SBAS

 RIMS uses double-frequency receivers to estimate the STEC, with which
they set up a ionosphere model of gridded VTEC values (GIVD)

e Integrity through GIVE parameter: Conservative bound of the GIVE accuracy
 Hardware bias are used (internally) to estimate GIVD/GIVE

» SBAS Messages :lonosphere Grid
— Limited SBAS bandwidth PIERCE

— quantizated indicators

TO
SATELLITE

- Single-frequency users . %
interpolates from the grid points etk h.
to IPP to correct their ,
measurements L ewms
Mapping function: Obliquity IONOSPHERE e
factor in MOPS, based in the CENTER

thin shell spherical ionosphere

approximation NOT TO SCALE



WP2200 — Scenario evaluations 2.b lonosphere aspects

lonosphere Analysis: Galileo

SolL Service  dual frequency users

» Dual-frequency operation (iono-free combination) will permit users to
correct for ionosphere delays for services with integrity (SoL/PRS).

Open Service  mono frequency users

» Galileo mono frequency receivers, which use the ionosphere model
provided in the navigation message, will be restricted to certain
service performances (OS), based on RAIM algorithms for integrity
provision.

Inter frequency biases:
» Are estimated and used for the ionosphere model computation.

« Are used for mono frequency users, to be able to use the broadcast
clock.



WP2200 — Scenario evaluations 2.b lonosphere aspects

lonosphere Analysis: Equatorial Anomaly

Spatial Distribution : There is a local minimum (electronic concentration)

above the magnetic equator and two maxima located at 10 - 20 north

and south of this equator.
The northern and southern peaks are not always equal
Temporal distribution : The equatorial anomaly varies during the day:

There is a maximum about 14 LT and

a second, often larger, peak occurs in the late evening during years of solar
maximum.
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lonosphere Analysis: Scintillations

lonosphere scintillations are rapid changes in the amplitude and/or in
the phase of the electromagnetic signals as they pass through small-
scale electron density irregularities

Produced by lonosphere Bubbles => Interferences

Normally, equatorial scintillations occur right after sunset and go on
typically until midnight hours

Scintillations in the equatorial region depend on the solar activity and
on the season of the year

Effects of scintillations:
Amplitude scintillations: Increments Measurement errors (Amplitude
scintillations)
Produce cycle slips and sometimes leading to complete loss of lock (Phase
scintillation)
User receiver performances depends not only on the magnitude of
scintillation activity observed, but also on the receiver tracking
capabilities
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2.b lonosphere aspects

lonosphere Effects

Scintillations

Equatorial anomaly

Accuracy degradation due to:
Mapping function
ionosphere models deficiencies (great
horizontal gradients) and local effects

Accuracy degradation due to:
noisier measurements
loss of lock —observability (higher
DOPs)

Integrity degradation due to:
Degraded Hardware Bias estimations
Degraded GIVE estimations (horizontal
gradients)
Degraded UDRE estimations
(systematic errors)

Integrity should not be significantly
affected

Availability degradation due to:
High GIVE values (to preserve integrity)

Availability degradation due to:
Loss of GPS satellite
Loss of GEO satellite. This is a critical
case, as no SBAS messages would be

available.

Continuity will be affected in the same
sense than availability

Continuity will be affected in the same
sense than availability
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Impact of equatorial lonosphere disturbances in SBAS
performances: Possible Mitigations

— Include L5 frequency for SBAS, in the following sense :
* Use L5 GEO signal to broadcast redundant information to mitigate scintillations effect on GEO
satellite signal.

» use double-frequency users as baseline. In this case, iono models could be only used for
degraded cases where only one frequency is available. Depends on the SBAS lono
performances

— To mitigate scintillations problem, redundancy on satellite information and station is
needed.

— Increasing the available GNSS and geostationary satellites would mitigate continuity
and availability degradation of SBAS.

— Additionally, special care should be taken in the selection of the RIMS receivers and
its location to mitigate scintillation effects in SIS.

— If it is possible to select GEO satellites, taken into account SBAS GEO satellite power
transmission, it is recommended to select (for future SBAS in the region) the greater
transmission power as possible in order to mitigate scintillations effects on SBAS
GEO signal.
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lonosphere Effects

Equatorial anomaly

Scintillations

As SolL service is for double-frequency users,
it is not expected a important degradation on
performances (accuracy, integrity, availability
and continuity)

Tentatively, degradation on accuracy/integrity
performances could appear due to:

- remaining higher-order ionosphere effects in
the iono free combination in case of great
horizontal iono gradients.

These effects could be greater for Regional
Integrity Services (ERIS) scheme

Avallability also can be degraded due to the
increase of SISMA values

Accuracy degradation due to:
- noisier measurements
- loss of lock —observability (higher DOPS)

Integrity performances would not be affected (first
order of magnitude) for GGI as scintillations
impact is local, and it will affect only to a reduced
set of Galileo sensor stations, not having an
important global impact.

Integrity performances could be affected for
External Regional Integrity Services (ERIS) due
to poor observability conditions (regional/local

nnnnnn

Availability degradation due to:
- Loss of Galileo satellite
- SISMA increased values

Continuity will be affected in the same sense
than availability
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Impact of equatorial lonosphere disturbances in Galil eo
performances: Possible Mitigations

— Location of the Galileo Sensor Stations (GSS) should be carefully
planned to avoid areas of great probability of scintillation occurrence.

— Additionally, the selection of GSS receivers should be revised to include
at least in (equatorial regions) receivers with good performances in terms
of scintillations .
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A-Prig
ernario 10

0onospriere ors
SCENARIO 7:
GGl + SBAS GPS/GAL via GEO + SISMA/IF GPS/GAL via MEO Low
SCENARIO 8: .
SBAS GPS/GAL via GEO + SISMA/IF GPS/GAL via MEO Low/Medium
SCENARIO 1: .
GGl Medium
SCENARIO 4: . .
GGl + SBAS GPS/GAL via GEO Medium/High
SCENARIO 5: . _
SBAS GPS/GAL via GEO + SISMA/IF GAL via MEO Medium/High
SCENARIO 9: High
SISMA/IF GPS/GAL via GEO 9
SCENARIO 2: Hiah
GGl + SBAS GPS via GEO g
SCENARIO 3: . )
SBAS GPS/GAL via GEO High/Critical
SCENARIO 6: . -
SBAS GPS/GAL via GEO + NOF GPS/GAL via MEO High/Critical

Impact depends on the probability of scintillations occurrence
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Conclusions:

*On extending GNSS integrity concepts to the equator  ial regions, the
effect of the ionosphere is addressed

* lonosphere phenomena impacts on GNSS systems:

— Presence of horizontal gradients in the plasma density will affect any interpolation
process => threat mainly to single frequency SBAS systems

— Use of dual-frequency receivers is recommended as backup solution, as in the case of
Galileo baseline (SoL for dual-frequency users).

« Scintillations cause a important disturbing effects on electromagnetic waves
— Probability of occurrence/probability of loosing lock

— To palliate the effects of scintillations on GNSS, the use of redundant systems is highly
recommended

» Constellations

» Integrity schemes

» GEO signal broadcast, by introducing GEO L5
» Broadcast schemes

«Additionally, it is recommended to select sensor st ation and user
receivers as much robust to scintillations as possi ble, at least for
equatorial zones to minimize the scintillations eff ect.
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Recommendations:

Upgrade SBAS concept to:
— cover the provision of SBAS L5 services;

— Augmentation to Galileo satellites to improve SBAS lono determination
and cope with large horizontal gradients and local effects;

* Detailed performance analysis for SBAS system (GPS+GAL);
» Detailed analysis on mapping-function for equatorial zones;

» Use of real data to analyse and quantify lonosphere disturbance
Impact on GNSS system performances;

» Ifitis possible, select the GEO satellite which transmission
power is the greater to mitigate scintillations effects on GEO
signal;

« Select receivers techniques (both for system and user level) as
much robust as possible to equatorial ionosphere effects. ;
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Scenarios evaluations synthesis

e The evaluation must be understood In
the frame of a regional need



