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2. ABSTRACT

The main purpose of a Satellte Based Augmentation
Systems (SBAS), such as EGNOS or WAAS, is to
provide the civil aviation user community with adlie
navigation services for different flight phases. dahieve
its missions over ECAC area, EGNOS uses two
Geostationary Earth Orbit (GEO) satellites for eations

broadcasting that enhances GPS standard positicawitg
allow providing sufficient integrity, accuracy, ahadility

and continuity for commercial aviation needs. Tqdaye
EGNOS GEO platform has electric propulsion (PRN)126
for stations keeping manoeuvers, and in early 205
EGNOS GEO PRN 120 will be replaced by a new GEO
platform (Astra4B) with electric propulsion alsoo Tise
EGNOS GEO as a ranging source, the user needs an
accurate GEO pseudo-range modelling based on GEO
ephemeris and time synchronisation broadcastedTi#avi
and associated fast corrections.

This paper presents the results of GEO Ranging
performances based on an experimentation madealn re
conditions and real time, using EGNOS SPEED Testbed
and aiming to validate the strategy for GEO orhotk
determination  optimised for electric  propulsion
manoeuvres plan. The important characteristic a$ the
manoeuvres have small amplitude and long durations
(two burns of 1.5h duration every two days). But a
constraint for EGNOS is that they are considered as
unknown (beginning of the manoeuvre, direction,
amplitude, end of manoeuvre ...), due to operational
constraints. The performance objective is to preval
GEO range error better than 2.5 m rms.

The orbit determination algorithm has been defitgd
CNES, in a first step, with a theoretical perforican
analysis (covariance analysis), and validated seeond
step using real data from EGNOS RIMS on EGNOS GEO
PRN 126 satellite (Inmarsat4-F2) and a dedicatdit or
determination software [1]. These preliminary stsdi
have shown that it is possible to achieve the requi
performance using the real EGNOS RIMS measurements
but with a specific processing which is not dirgatsable

in the present EGNOS design.

This paper develops the results obtained in a staali
environment.

First, the algorithm has been improved, and apptiad
real internal data, produced by the SPEED Testbed
(smoothed C1 pseudo-ranges, corrected by the ibeosp
and troposphere delays, and the receiver clock
synchronisation computed by the GPS/Glonass orbit
determination module of SPEED). The first resutisvs
that it is possible to achieve a performance around



rms for the User Range Error (residuals of the @dz@ss
on the reference stations).

However, a more realistic performance test is to
implement the GEO orbit determination algorithms in
SPEED to verify that the generated correction ngessa
reflect this performance. This implementation hagrb
developed by TAS, and the complete SPEED SNK PF
(equivalent to EGNOS CPF-PS) performance has been
verified using the produced EGNOS messages. These
new SPEED GEO Ranging experiment results are
presented, and the performance achieved so far with
respect to the EGNOS requirements and the plathor
implementation in the EGNOS operational system.

3. INTRODUCTION

In Satellite Based Augmentation System (SBAS), the
corrections for the users are broadcasted using a
geostationary satellite. Also, it is possible toe uthe
geostationary satellite navigation signal for tleeeiver
positioning (Geo Ranging function). This implies to
perform an orbit and clock determination for thidedlite

in the same conditions as for the GPS or Glonasdlitzs

for example.

The current configuration for this orbit determinatuses
long arcs. Even if the EGNOS ranging is not avéadadi
user level, the Geo orbit and clock determinatioocpss

is running and is based on long arcs (60 hoursk Was
also the case during the pre-development studie§ fi2
arc is recomputed every 30 minutes. When no mameuve
is performed, this allows producing a precise estiom

of the geo trajectory. This trajectory is used bg tlock
module, which recomputes in real time the full
synchronization of the network and satellites ttaobthe
rapid corrections message.

An important requirement for EGNOS system is thmat t
manoeuvres parameters (epochs, orientations and
durations) can’'t be implemented in the operational
software for safety reasons. For chemical manosyae
detection algorithm was developed in EGNOS V1 far t
ground segment, in order to reinitialize the orbit
determination (and thus interrupt GEO-Ranging), clthi

is nominally performed using 60 hours arcs. Such an
approach works correctly for chemical orbit control
systems, because the maneuvers are not frequenthan
interruption for the geo-ranging service is accklaa

For electric propulsion maneuvers, this approachas
possible, because the maneuvers are too frequent
(typically every two days), such frequent interiaps
would jeopardize GEO ranging availability perforroan

In addition, in order to avoid any divergence riekthe
orbitography process during electric manoeuvrgatild

be necessary to adjust additional parameters ® it&k
account these accelerations in the orbit determimabut

the epochs and amplitudes are unknown.

Another approach here is to use short arcs forgem
orbit determination [1] (typically one hour duratjo The
advantage is that the convergence of the orbit
determination process is very fast. Another impurta
advantage is that the short arc may adjust coyréatider
certain conditions), even during the maneuvers. éi@s

the difficulty is that the extrapolation quality livbe not

as good as for a long arc, thus leading to morguiat
updates of the orbit, and shorter extrapolatiomoplst

The geometrical characteristics of the problem iforb
observability, consequences on the user modellamg)

the dynamical characteristics (impact of the dyramis-
modeling during manoeuvres) have been studied]iny1
complete orbit determination test using real data
measured on the EGNOS network has also been
performed

The Geo OD algorithm has been slightly modified and
implemented in the SPEED platform to verify the
preceding results in a complete and representative
environment.

Then tests have been performed using the generated
EGNOS messages, to compute an estimation of the
achieved performance for the Geo Ranging function.

4. MODELING AND ERRORS

In the preceding study [1], we have shown thatdHst
determination for the Geo satellite can be effitiéor
Geo ranging purposes using a least squares algoatiu
short arcs (typically 1-2 hours duration). The adages
of this method are a very fast convergence time and

good performance even during low acceleration
maneuvers  (electric  propulsion). The maximal
acceleration during manoeuvres and the required

performance give the maximum possible arc durdtipn

Here we focus on an efficient implementation ofsthi
method in the Speed environment. The main conssrain
are:

*+ Use the internal data available: EGNOS iono
corrections, smoothed pseudo-range Geo
measurements, RIMS SPEED clock synchronization
(linear extrapolation).

» Improve the computational time: due to the Geo tshor
arc duration, it is necessary to update the orbéiy v
frequently, every one or two minutes at least. A
standard least square procedure will require aotot
additional computations, if the arc overlaps are
important between two successive arcs.

* Produce Geo ephemeris compatible with the current
implementation in the Speed platform.

In order to simplify the implementation and improe
efficiency, it is interesting to obtain the Geo epteris at



each new measurement epoch (every 8 s). Thus the
algorithm has been changed to a recursive leastresu
with exponential weighting (square root formulatigsing

gr decomposition). The weighting is definedcas 1 —

t/h with Tt the update sampling (8 seconds), &nd
corresponding to the duration of the arc. This psscis
equivalent to an extended Kalman filter, with expotmal
weighting and no model noise. The covariance at
epochn+ 1, after extrapolation, but before the
measurement processing is divided by before the
update using the measurements at epoehl. The value

for h used in the experimentations is 3600s.

The second degree polynomials representing the
extrapolated orbit are adjusted on the current mehis
produced by the filter. These polynomials are usedhe
orbit message generation. They are updated ategaudh

(8 seconds sampling). The process which constihets
messages is thus able to use always the best t=dima
orbit.
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Figure 1: stations used for the orbit determination(Caesium
clock except LSB)

There is currently a limitation in the use of thivi$ data
for the Geo orbit estimation. This is related te thternal
representation of the station synchronisation: RiEIS
clock offsets are estimated by the GPS orbit detetion
process at each epoch (snapshots), and a lineagl isod
adjusted on these data, to allow an extrapolatiothis
offset. The model is adjusted on 48 h duration (GRS
orbit determination batch). This gives correct
performances for Caesium clocks, but is not suiteca
good prediction for rubidium clocks.

List of RIMS used for the orbit determination haseb
limited to the Caesium stations subset (figureThe orbit
errors will probably degrade the performances toe t
stations outside this area (see below on the
Hartebeesthoek station).

However, the satellite clock offsets (GPS and Geitl)
be calculated globally in the SPEED clock module,
minimizing the remaining errors (see below §5).
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Figure 2: complete EGNOS RIMS network

Figure 3 shows the residuals obtained on the Gi@aray
2012, for the GEO PRN 126, for the European station
used in the orbit determination process (statiorith w
Caesium clocks), and for the Hartebeesthoek station
(HBK, South Africa). The first day has been removed
(convergence of the GPS OD process).

The station corresponding to the red peaks ingbiluals
is Toulouse, which has very important multipath
characteristics.

The manoeuvres are clearly visible on the HBK nealist

the dynamic model which has no acceleration mauglli
is not performant enough to achieve a correct arbér
Europe and HBK. Due to the limited and concentred
Caesium stations location over Europe, the filter
maintains the performance over Europe, in orddraee

an orbit with minimal errors on the ECAC. The rnadue
over Europe is 1.3 m rms.

m 0D residuals Europe

m 0D residuals HEK

10 15 20 25 30 35 40

Figure 3: filter residuals for European stations andHBK
station, 7-9 January 2012

5. IMPLEMENTATION IN EGNOS TESTBED

Based on the CNES OD algorithm prototype and its
technical description, Thales Alenia Space hasldped,



within a CNES contract, a stand-alone software tgmiu

in C language, called OGEO program that is faitiaful
representative of the performances reached by NMESC
results up to numerical effect. The software OGE@eén
integrated into the TAS experimentation and cexifi
platform, SPEED, to assess the performances of the
OGEO solution in the context of MOPS message
scheduled by EGNOS with synthetic and real data.

SPEED for SystemPlatform for EGNOS Evolutions &
Demonstrations” is an SBAS Operational Test-bed that
fully represents EGNOS Performances in terms of
accuracy, continuity, availability and integrityrf@afety

Of Life services.

SPEED is currently used on EGNOS program for system
performance engineering, qualification of new retsa
monitoring and troubleshooting of deployed EGNOS
release. It is also used for HISTB, the experimona
that paves the way for EGNOS V3 aeronautical sesyic
for CNES Experimentations for engineering of new
SBAS algorithms as it is the case regarding the GEO
Ranging, and finally for ATB experimentations reldtto
future EGNOS services (mainly maritime and
aeronautical ones) over Arctic zone.

The platform SPEED has been designed to facilitage
development and tuning of SBAS algorithms thanka to
hosting structure that enables easy integratiomef
algorithms function through a standardized intexfac

The OGEO module has been integrated in the SPEED
navigation kernel that is the core of the platforfis
kernel fully matches the EGNOS Central Processing
facility (CPF). Integrations tests have also beeriggmed

to retrieve exactly the same results reached ansidone
module.

The interfaces of OGEO module match with the irdérn
interfaces of algorithm function of SPEED, in peutar
regarding the production of the OGEO ephemeris.

The OGEO module is fed, every 8s, by GEO smoothed
measurements corrected by troposphere and ionaspher
delay and by the clock synchronization of the statet

of reception EGNOS (RIMS). This Stations
synchronization is provided as an output of the GH#t
computation module and is used to predict the hiehav

of the clock offset of each RIMS with respect to S5P
time. The prediction is modelled by a linear regias
performed on a suitable interval of the GPS orbit
computation arc (48h duration currently). As alyead
mentioned in 84 this arc duration is correct fore€iam
clock but not relevant for Rubidium clock. Becao$¢his
limitation Rubidium clock were removed from the GEO
orbit and synchronization computation.

The OGEO module computes both the clock and
ephemeris of the GEO. The clock offset reflects dhp
between the apparent controlled clock at NLES |ewel

the EGNOS Network Time (ENT). Nevertheless only the
GEO ephemeris is used in the EGNOS algorithms
functions. Then OGEO module provides to the other
modules only the ephemeris each 8s.

The clock offset is computed as part through aaedd
module CLK running with both the ephemeris and the
iono-free, tropo-free, slip-free GEO L1 smoothed
measurements. The module is responsible of thaianea
and the maintaining of the ENT, the internal refese
time of the CPF. The ENT is a composite clock buith

a subset of the RIMS clock. The RIMS synchronizai®
performed with respect to the ENT. The module &nth
responsible to the determination of the GEO s#telli
clock offset and drift from ENT by a least square
algorithm once all RIMS clock are synchronized. The
GEO clock offset and drift from ENT are separatetb i
three components, a fast component which will be
included in fast corrections (MT2-4), the slow campnt
which will be included in GEO navigation message
(MT9) and a residual and stable component whichhveil
included into long term correction (MT24/25). Fiyathe
CLK module computes the steering of ENT to the GPS
time scale. The steering shall be inferior to 5@ns
requirement but, in practical the gap between\getime
references is below 3ns. The ENT-GPS offset anfl dri
are used by the module message (MSG) to produce the
series of MOPS formatted messages.

URA
GEO L1 measurements UDRE UDRE
lono-free, tropo-free, slip-free
ENT-GPS steering MT9
GEO CLK 5 MT17
OGEO Ephemeris MSG MT 4
GEO clock (agfy, agf;)
GEO fast correction MT25
Station GEO long term correction
synchronisation

Figure 4: GEO orbit and messages generation processi

The UDRE represent the non-modelled orbit and clock
error once applied the GEO navigation and the EGNOS
corrections. It is computed by a dedicated module
(UDRE) taking into account the GEO L1 smoothed
measurements iono-free, tropo-free and slip-frdes t
GEO ephemeris provided by OGEO and clock provided
by CLK.

The GEO-Ranging function is provided by message:typ

e 9 (GEO navigation message) containing the
GEO ephemeris, clock and URA,

e 17 (GEO almanac) providing information about
satellite health and status as well as its rough
position,

» 4 (fast correction) containing rapid clock offset
correction and UDRE@3.29



e 24/25 (long term correction), providing
estimation of slowly varying satellite ephemeris
and clock errors.

By design EGNOS compute and broadcast long term
correction data for its own GEOs. This is indeddved¢d

by MOPS even if MOPS does not allow the user
equipment to apply the MT24/25 for GEOs belonging t
the same service providers, so as required by MBS
UDRE provided by EGNOS in MT4 is computed without
taking into account the long term corrections.

The long term clock correction (MT24/25) contains
indeed the difference between the reference tifas.
first one being the reference time generated byCIRE to
steer the apparent GEO clock, the second one liking
reference time used to process the GEO measuretoents
compute the MT9 clock offset and drift. In case GO
providing corrections is belonging to the same iserv
provider, these long term corrections shall be \doge

to zero because of the reference time is the sdime.
only case that could produce non-null correcticnshie
switch of CPF. Indeed, each CPF, belonging to tees
service provider, generates its own reference sysitae.

In consequence the MT24/25 absorbs this differance
case of CPF switch. Nevertheless during CPF switch
UDRE (including UDRE of GEO) is inflated to taketan
account this difference in reference time.

6. PERFORMANCES RESULTS
A. Scenarios of GEO Ranging experiments

Several sets of 4 days of EGNOS RIMS raw data have
been replayed with the modified SPEED Testbed. For
PRN 126 (electric system propulsion)

e 4 days of raw data from 6 to 9 January 2012,

e 4 days of raw data from 18 to 21 February 2014
For PRN 120 (chemical system propulsion):

* 4 days of raw data from 30 January 2014 to 2

February 2014

For each set of data, the Navigation Overlay Frames
messages (MOPS messages) have been generated by
SPEED. Then the performances at user level andalsign
level have been analyzed.

The exponential weighting coefficient for the ODtefi
corresponds to one hour duration. The update fatbeo

GEO ephemeris in the MT9 is 80seconds.

B. Analyze of the GEO Residuals

The residuals of the GEO PRN 126, after applicatibn

the EGNOS broadcasts corrections (fast correctaon
iono corrections) for three different locations (lause,
Malaga and Glasgow) are represented on figure &abel
The amplitude of the residuals is around +/- 4 nset@nd

the rapid variations are different between the ixexs,

they are maybe due to the multipath on the GEOdiseu
range measurements. There is a N/S maneuver lasting
1.5h between 10h30 and 12h00. The beginning and end

epochs are represented by the symbols on figuréte
maneuver is not affecting the residuals, showirggbod
robustness of the orbit determination algorithm.

m residus geo Glasgow (b, Toulouse (v, Malaga i)

o 5 i} 15 20 25

Figure 5: Residuals GEO 126 on 9/01/2012, the symbol
correspond to beginning and end of the maneuvers

A comparison of the residuals of PRN 120 on two
consecutive days for Toulouse station is represente
figure 6 below(green curve corresponds to 31% January,
plotted with a +10m bias). The variations are similar on
each day; this behavior is probably also due tatipath
affecting the raw measurements. We can notice ttieat
period of the oscillations is much larger for GEZDthen
GEO 126, due to the higher inclination of the PRN
120(i = 2.7°), which lead to a faster change of the
geometry.

m 30 et Ijanvier 2014 PRN 120 TLSA
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Figure 6: residuals of PRN 120, 30(b) and 31(g) Jaary
2014, Toulouse Station
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In order to confirm the origin of this signatur@gtcode

and phase of PRN 120 have been compared (see fig. 7
below). On this figure, we observe multipath andoio
effects. During the night, the signatures of figuéeand 7

are identical, showing the multipath effect, white rest

is more affected by the ionospheric delay that wes
removed.



m 30 et 31janvier 2014, ecart code-phasze TLSA

-5

Figure 7: code-phase for PRN 120 in Toulouse, 30 agd™
January 2014

Knowing this, in order to eliminate the multipathe L1
pseudoranges measurements of fig.5 have been sedooth
using the phase and a four hours centered slidindomw.
The resulting GEO residuals are represented ofighee

8 below (Glasgow is blue, Toulouse is green andalytal

is red). The two N/S electric maneuvers are showaoral
11h and 23h. The comparison with figure 5 resuitsas
that the rapid variations observed for example on
Toulouse station around 5h are due to the statenigo-
range errors.

m residuz geo lissés Glasgow (b)), Toulouse {v), Malaga (r)

20

—— e e e e e e — T
o 5 10 15 20 25

Figure 8: Residuals of GEO 126 on 9/01/2012 with @:athed
pseudoranges

The histogram represented on figure 9 below, show a
rather “normal” distribution of the residuals.
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Figure 9: histogram of the residuals

The RMS values of the residuals of fig. 5&8 are:

Stations unsmoothed  smoothefd
Glasgow 1.54 1.13
Toulouse 2.42 0.96
Malaga 1.47 1.03

These RMS values are in the specifications of 2.bhe
RMS value of the GEO residual obtained with smodthe
pseudorange can be considered as representatitiee of
UDRE GEO. We realize here the importance of mutkipa
at user-level and then the interest to mitigates thi
important signal disturbance.

C. Broadcasted Accuracy and integrity

For the GEO 126, clock, UDRE and fast corrections
broadcasted in the SBAS messages are presented on
figure 9 below; during the manoeuver it can be gban

the GEO clock offset has increased, the magnitdideeo

fast corrections are also increasing. The broaddBRE

value (MT4), here in meter, is stable between 6m an
7.5m with some periods at 15m.

60
50

40

manoeuver
30

—— MT9 Agf0 (m)

——MT4_FAST(m)

Figure 10: GEO 126 MT4 and MT9 values on 9/01/2012

——UDRE(m)

Protection level (XPL) and accuracy (XPE) have been
computed on two different stations, using the SBAS
broadcasted messages. The figures 10 and 11 below
represent the XPE and XPL with GEO Ranging (blug an



green curves) and without GEO ranging (dark blud an
red curve), for Toulouse and Glasgow stations.

m TLSA horizontal, with o without Geo
20
5]
1,
4 | L l*. [
3 # fa"
10:,”\ ‘"‘,V ety TN o __: ey -_._,W"*" b
5]
oAk N bbb SR
5 h
u] 5 ] 15 20 2

o
=

o 3 @

o

|

'
o

ol 1] 32

5 ) 15 20 2!

Figure 11: XPE/XPL values for Toulouse station

A

GLGA hatizontal, with or without Geo

El

w o & o
== ]

TN 7 n
203 L _ ]
03
o3 —
—1n h
12.0 125 130 135 140 1“5 150 55 6.0
m GLGA, vertical, with ar without Gea
50 T
- . L]
40 \ — e N . o w\n -

(SR}
=2

=

e i

o

Pl T Ty

h

L
=]

.0 125 130 135 1“0 1“5 5.0 155 6.0

Figure 12: XPE/XPL values for Glasgow station

A small improvement on the protection level can be
noticed at Glasgow, which is on the border of tIGAE
service area, with the GEO utilization. Fewer ditésl are
being monitored by EGNOS signal on the ECAC border
and therefore the GEO contribution is more impdrtan

D. Servicelevel area over ECAC

The 99% isoline for APV1 service level area overAEC
with (blue) and without (green) the ranging GEO is
presented on figure 13 here after. It can be seanthe
increase of the area is significant when the GE@Gséxl in
the navigation solution.

On the analyzed period (9 January 2012), performasc
more improved in the North than in the South, lusi
partially due to excellent APV1 figures for this yda
100% availability already reached without GEO raggi
over most of North Africa, rubbing out any improvem
which could come from an additional GEO ranginge(se
figure 15).

Scenario: XB_GEOR_09012012_GEO126
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Figure 13: APV1 service area with/without GEO Rangig

APV1 availability percentage increase over the yael
period is shown in following figure 14:

Scenario XB_GEOR_09012012_GEO|
I~ f 2 Ref. scenario  : XB_GEOR_08012012_n
— EGNOS Service Volume SimulatQsperor ac_adiin
< Date 1 21/08/2014
ThalesAlenia Verson v
vt SDACE I First Date 08/01/2012 00:30:00 (0)
Average UM Availability LTLA Map | LastDate 08/01/2012 23:50:10 (84

Nurber of time steps 1681, Time step: 50

15 15° 0% 45°E
15.00

12,00

40°N

<= 00

Projection : Equidistant cylindrical

Grid size : 29 x 21

Figure 14: additional APV1 availability percentageprovided
by GEO126 ranging

At first sight, GEO Ranging benefit could appeawvasy
low on main part of current EGNOS service area. (i.e
Europe land masses); this is due to the fact tatHe
day analyzed, performance was already very gooth wi
most of the service area showing an APV1 availgbdf
100%, as illustrated on figure 15 hereafter.

However, added value of GEO ranging is also tocomd

in performance robustness (e.g. in case of undikija

of GPS SV or RIMS stations due to maintenance
activities), and future service area extensions.

For these particular aspects, sensibility analyseshe
conducted in coming EGNOS V2.4.2 phase B, will
confirm benefit of GEO ranging.
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Figure 15: APV1 availability (without GEO Ranging)

7. CONCLUSIONS AND PERSPECTIVES

In conclusion, the method presented here for GHa or
determination and based on short arc observatidro(t
duration) is convenient for satellites with electri
propulsion. The broadcast UDRE value obtained ss le
than 15m (UDREK 11), most of the time stable between
6m and 7.5m (UDREi 9 and UDREi 10), and this even
during satellite manoeuvers. In addition, to protagainst
the GPS-GEO bias of the user receiver (receiver
correlator bias) a margin of 0.5m has to be addethe
UDRE for a signal bandwidth of 20-30MHz ( [3]
Appendix T).This method is also applicable withedige
using chemical propulsion for station keeping
manoeuvers, and without making modifications.

This study made it possible to observe also theahct
level of multipath on the geostationary satellite
measurements, which does not interfere with the
performance achieved so far.

The network stations used had been limited to cstati
with Cesium clock. With all stations, the perforroarwill

be improved.

For the perspectives, the introduction of the GEO
Ranging in EGNOS is under preliminary design
development as part of the on-going EGNOS V2.4.2
phase B contract. The EGNOS GEO Ranging preliminary
design will be partly based on the reused of tgerthm

presented in this paper. In order to effectivelyamee

and demonstrate the achievable GEO ranging

performances, some real time end to end experiments

with a SBAS satellite will have also to be perfodne
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