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ABSTRACT

The purpose of a Satellite Based Augmentation &ysseich as EGNOS or WAAS, is to decompose all ramgar sources
and to distribute them to the civil aviation us@menunity with reliable navigation services for difént flight phases.
Integrity refers to the notion of trust that theeusnay have in the positioning. Integrity includbe ability of the system to
provide confidence thresholds as well as Alarmsaige of anomalies.

Considering satellite integrity, two ways are pblkesior an SBAS. The first is to broadcast perlisaehe same UDRE value
applicable for every user located inside the senacea defined by the message type 27 contenthésetUDREs are
dimensioned to protect the worst user location regaly at the border zone — it penalizes autorallyiche users having
lower residual errors. The second is to broadcassaptellite a covariance matrix of residual erthreugh the message type
28. This matrix contains all the structure of tmbimgraphy and synchronization residual errorgalt be seen as a protective
ellipsoid around the computed satellite positiod alock containing the true — but unknown — sateftiosition and clock at a
certain level of confidence. Using the MT28 messageh user is able to reconstruct the integrityerdly projecting this
protective ellipsoid along its line of sight. EGN©ferational system is implementing the MT27 solutivhilst the WAAS is
based on the MT28 one. The MT28 approach is thewrubaseline for EGNOS V3.

Starting from recent R&D activities, Thales Alertspace together with CNES (French Space Agency)deasloped a
dedicated module providing the message type 28bas@rbitography and fast synchronization variacweariance matrices
combined with satellites residual measurement gritiie MT28 formulation has been designed in coliation with Statistics
and Probabilities laboratories (Paris Descartes aadlouse Paul Sabatier) in France. The algorittontains also a
mechanism that reacts immediately to orbit or clsatellite feared events such as a clock jump. fiéwg concept for EGNOS
provides a drastic improvement with respect tofitst studies provided during EGNOS V3 phase A &l HISTB V2 by

the Thales consortium.

The new MT28 module is integrated into a SPEEDfptat, the SBAS Operational Test-bed that fully egemts EGNOS
performances in terms of accuracy, continuity, labdity and integrity for Safety Of Life service§he performance
evaluation shows a very good level of EGNOS LPVaga8ilability with respect to the MT27 current apaech. The integrity
is constantly maintained on the Geostationary BcaatiArea with a good level of integrity margin.



This paper provides a high level architecture dpson of this new EGNOS algorithm as well as aafgberformance figures
showing the achieved improvements.

INTRODUCTION

An SBAS transmits to the users corrections on thation and the clock of the GNSS satellites usedpbsitioning. Next to

that the SBAS also provides to the users the macalculate a confidence interval on the projectoer the line of sight of
a satellite of the error between the true positiod clock of the satellite and the positions amdlcicalculated by the SBAS.
This confidence interval is called the User Diffetial Range Error (UDRE) in standard L1 MOPS [hlg Dual Frequency
Residual Error (DFRE) in standard L5 DFMC. It albt define the concept of integrity, the notiortrakt that the user may
have in the positioning and the ability of a systenprovide confidence thresholds as well as alasitisin the time to alarm

in case of anomalies.

These corrections and integrity data put the usaninew navigation context where the accuracyl lefvéhe user positioning
is monitored and controlled by the SBAS.

According to MOPS and DFMC standards, the residualr associated with the correction applied feagellite is assumed to
follow a normal distribution centred around zerdeTvariance of this normal distribution is formegdthe updated integrity
data broadcast by the SBAS plus a sum of degraddtiotors. According to the two standards, two $ymé satellite
information must be transmitted to the users sottiey can calculate their UDRE / DFRE for eacleltitg. The calculation
formula of the UDRE / DFRE user for a satellitgigen by:

UDRE = 3.29 - oypre - SUDRE  (standard L1 MOPS)
DFRE = 3.29 - oppge - SDFRE  (standard L5 DFMC)

The oypre. prre 1S @ Scalar value broadcast from Message Type 246,in the MOPS standard and Message Type C in
standard DFMC.

Following the L1 MOPS standard, the tedtiDRE can be formulated in several ways according tottiaiesmission of two
radically different Message Type 27 or 28.

The Message Type 27 allows to define a specifiotgeographic areas (five at most), either tridagor rectangular shape,
with the possibility to broadcast a dedicatdtDRE factor when the user is inside or outside of emela. Currently EGNOS
broadcasts a Message Type 27 which sets its valliédr a user in the service area and 100 (maxvalak) for a user outside
the service area. The rationale of this desigo isut the EGNOS monitoring outside the ECAC seraigE and to guarantee
integrity only inside ECAC.

The Message Type 28 broadcastis»a4 covariance matrix of residual position / clockaesrfor the satellite in question.

An SBAS is not allowed to broadcast both MessagaeT37 and 28 in the same NOF.

In standard DFMC, the equivalent of Message Typa@lbnger exists, only the use of the covarianeg¢rimwith the Type D
message is possible.

In both situations, Message type 28 or D, the wgHrcompute the terms$yUDRE or §DFRE by the following formula
described by the standards:

SUDRE ; SDFRE = \/ITPI + ¢,

Where:

- P isthe4 x 4 covariance matrix of residual position and clooloes,

- 1 is a4 dimensional vector whose the first three compoaeatthe unit vector of the line of sight orientedhe direction
from the user to the satellite, and the last corepois a 1 for the clock,

- g is a term to compensate for the error introducgdhle quantization process and obtained from MesSage 10 in
standard L1, and from Message Type F in standard L5

Mathematically, the term/ITPI represents the confidence interval at 1 sigmahef d@rror on the line of sight. This is
summarized in the following figure:
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Figure 1: UDRE/DFRE computation representation on dine of sight

Where the quadrivectdris defined by:

’ ’

| = (xsat — Xuser Ysat — Yuser Zsat — Zuser 1)T
r r r ’

The covariance matri® contains the structure of the non-modeled orbit elock residual error distribution. It depends
mainly on the satellite movement, the geometry hef Station-Satellite network and the quality of theasurements. In
nominal condition, the dynamics of this matrix isrrelated with the propagation of the orbit errbattevolves slowly.
Consequently the time update of the covarianceixniatconsistent to the time update of the slowitashd clock corrections.
Typically the messages 27, 28 or D will be refresbeery 120 seconds or less.

This paper focuses on the development of MT28 aliegrthe standard L1 MOPS. Thus the emission of 813t2all deal with
the emission of fast correction MT2-6, 24 and tteedefine and manage the role @f g With respect téd UDRE value.

In the following theoy ;s value is considered without dimension, simply aator scalar while th6UDRE bring the unit
that is the meter.

MT28 COMPUTATION

The MT28 contains the satellite residual orbit amodck error covariance. This covariance containgamticular all the
information regarding the structure of orbital erio particular in the tangent and normal directidmis covariance is
necessary the result of a satellite positioningess using known reference stations coordinates strlacture of the satellite
positioning errors depends on different contribugioThe geometric distribution of the referencéictahas a direct impact on
the observability direction of the satellite locati The measurement quality i.e. level of codeeyaisde carrier inconsistency,
carrier quality (cycle slip amplitude and detedifji... has an impact on the satellite positionganfidence level.

The precision of the dynamics applied on the stdethin propagate different errors according toldlc& of modelling as for
instance unknown bias and pressure solar radiatibgorrectly calibrated. The precision of measwenmodel (troposphere,
clock model, ...) impacts the residual with respeateal measurement to minimize and then the finait positioning.

The determination of the satellite position usirgnapshot inverse point computation, as describ§2],i will provide a strong
correlation between the clock and radial error #eth a very large covariance errors leading théo@agion of the covariance
ineffective to reach SBAS availability performand@dée structural correlation in the measurementa/den orbit and clock is
the key issue to solve in order to provide usab®2B So the production of the desired covarianc&irmsahall come from a
process that separates the orbit part of the aéfelct in the structure of the covariance matrix.

The computation of the covariance matrix proposetthis paper is based on a satellite restituticsitipm process combining :

- The real pre-processed measurements deliveredseaohd,

- The information of the a-prioB x 3 orbit covariance coming from a precise orbit deiaation process (OEP module,
Orbit Estimation & Prediction) [3],



- The information of the clock covariance coming fréamt clock synchronization process (CEP moduleciCEstimation
& Prediction) [3].

The covariance information from the real time argiaphy modules (OEP) is launched every 120 secandsomputes the
orbits and snapshot clocks of the satellites, dbasgetheir covariance. The synchronization mod@&P) computes satellite
clocks and stations every 10 seconds with themaated variances. Theoretically these informapoovide all the necessary
material to build the MT28. Nevertheless the infation provided by the orbitography and synchromzatmodules is not

refreshed every second, so it is necessary torugeicalculations information per second giverth®y measurements for an
immediate reaction in case of Feared Events.

The information of orbit and clock covariance ased as a priori constraints inside a global leasame process. LéiX, h)*
be the state vector of the position and clock pablvhereX is the satellite position vector ahds the satellite clock. The
equations to deal with are the following

W-AD-(X,h)=W:-B
[Var (Xogp)]™ - X = [Var (Xogp)] ™" - Xogp
ho heg
Var(hcgp) B Var(hcgp)

Where

- A=, Iysg)t is the geometric design matrix

- I=(,--,1)tis acolon vector

- W is a weighted measurement matrix

- B isthe colon vector of residual measurements

- Xogp andVar(X,gp) are the satellite positioning computed by the todraphy module (OEP) and i3sx 3 associated
covariance matrix

- hegp andVar(hogp) are the satellite clock computed by the fast cleghchronisation module (CEP) and its associated
covariance

The process of resolution of this problem has beade to ensure a separation between the orbitaistitfi and the clock
estimatorh as well as the covariance between them. The éwiigance matrix to consider for MT28 is tHex 4 covariance
matrix of the estimatofX, &) build as

( Var(X)  Cov(X, ﬁ))

Cov(X, E)T Var(h)

UDRE MIN INTRODUCTION IN MT28

Currently in EGNOS, the UDRE transmitted to useas la minimum value, which is transmitted even & thternally
calculated UDRE could be lower. This lower limittealay fixed at 3 meters at 3.29 sigma, which cpoads to the UDRE:i
index of 5 in the MOPS standard.

If such an operation is to be implemented with MiE28 a dedicated process shall be designed insidestructure of the
covariance matrix. It is the scope of the following

Let P, be the covariance matrik X 4 computed at the second. Since the matrix is symenahd definite positive, it is
diagonalizable in a basis of orthogonal vectorghsoe exists an orthogonal mattkand a diagonal matri¥ containing the
eigenvalues such that

P, = MTDM
With
4, 0 0 0
[0 2, 0o o
D=lo 0o 2, o
0 0 0 A,

The UDRE value of a 1 sigma is given by the formula



oépre = 1P = ITMTDMI = (M) D(MI)
Assuming that the eigenvaluesifare ranked in descending ordegr= 4, > 1; > 1, we get:
0Gpre = AlIMI|> = 011117 = 24,

If the 1-sigma UDRE must not be less than a cextalune, it suffices that:

2
__ OUDRE min

A1, =
4 2

The principle is therefore to fix all eigenvaluek R inferior t0 67prg min/2 10 the values?iprg min/2- Applying this

2 . .
procedure, one can define a new diagonal mdifixvhose elements are given max (AIG'JDRZM) 1 < i <4 which re-
inflates the covariance matrix along its too srpaithcipal directions.

The covariance matrix ensuring the minimum UDREeonstructed with:
Pl =M"D'M

By doing so, the orbit and clock error covarianttacture is left intact. Only the size of the eighrections of the covariance
is increased if necessary.

oupre COMPUTATION

The transmission of the MT28 is performed every §¢8€onds. During these 120 seconds, the user koolwghe last matrix
sent, so it is possible that this matrix "ages" srléss and less representative over the secdrile true covariance matrix at
the current date. Moreover, at the time of the dim@pin the message, the matrix undergoes a dizatietn, which will distort
it and make it imperfectly representative of therlgserrors, even at the refresh date of the matrix

The scalar parameter transmitted in the fast ctomes MT2-5 in standard L1 is used to solve thishbem. This scalar is
transmitted every 6 seconds and allows the usealtulate its UDRE

This term allows to re-inflate or possibly to dexse the covariance matrix by a scaling applieditthe components. If the
user had every second of the covariance matrix ctedpat time, the termy,zz Would be equal to 1, since by construction
the covariance matrix gives the confidence intefealany line of sight at one sigma. However, sitie last transmitted
covariance matrix can no longer be modified befbeecorresponding message is refreshed, a valagygf to be sent every
6 seconds is calculated in order to protect the use

It is necessary to define how this value will bécakated. Each second an internal covariance m&ricomputed and is
representative of the errors that the user will enak the current date. From the last transmittettixpat is necessary to
calculate how much to inflate this matrix by scglin such a way that the confidence interval on lamg of sight is greater
than the interval that would be obtained if theariance matrix calculated per second was uselel€bvariance matrices are
represented as a 1 sigma ellipsoids, the prinapt®mputation is summarized by the following sceqifigure 2):

2 hdiscret i L
(71/1)1\‘1;1,0 Pt0+10 . szsc‘ret

discret
P
t

B to+120

Pi 16

=S S

| . . i

! | |

. ) to+ 6 to + 120
Covariance matrix . . .
. discret Sending of oyprE Covariance matrix
sending P2 - : discret
0 sending P 3750

Figure 2: Refresh and discretization of 1 sigma efisoid



The ellipsoids shown in red are those calculatadrimally every second. Every 120 seconds, the @oveg matrix is
discretized and sent, which is represented herthédyplue ellipsoids. The ellipsoid in green repnésdéhe matrix sent to,
multiplied by a factow3,g; such that it encompasses the matrix computedniallgratt, + 6.

Mathematically, the problem to be solved is to datee the smallest valug?,z; such that:

T( 2 discret T
u (O'UDREPCO )u =u Pu

Where the inequality holds for all quadrivectardefined in section 3.
This inequality can be rewritten as:

T 2 discret
u (U uprePr, )u

uTPiu

The discrete matri)?t‘ff“m has been transmitted in the MT28 in form of itolékky factorization
Ptdiscret = BTB
0
where matrixB is obtain byB = 2¢75E,;..,.... The previous inequality become:

2 .
OUDRE

(BwW'(BW) _

uTPu
Writing vectoru asu = B~1Bu we get:

, L GG
OUDRE To-T 1 =21
(Bw)TB-TP,B~1(Bu)

The vectoru being arbitrary, we can simplify the formulation deefining a new vector = Bu, the vectow being arbitrary as
well.
) vy

OUDRE T RTp gy = ¢
The matrixB~TP,B~* is symmetric positive defined thus it is diagonalile in a base of orthogonal vectors. So it exists
orthogonal matrix¥ and a diagonal matrix0 such that3~"P,B~! = MTDM. As an orthogonal matrix conserve the scalar
product,y”v = (Mv)T(Mv) the formulation becomes:

T
o-l%DRE M >1
(Mv)TD(Mv)

Finally the inequality to solve can be written as

wlw
>1

2 77
OUDRE wiDw —
wherew is a new vector defined as= Mv. Let 1, be the largest eigenvalue of matBx” P,B~1.

AswTDw < 4, wTw the left member can be minored by

T 2
ww O{DRE
>

2
OyDRE * =
wTDw A

T
7Y >1isthat

wlpw =

So a sufficient condition fas?p .y -




This gives us a minimal value ef,; Which ensures that the last matrix sent multipligdthis factor includes the matrix
calculated each second:

2 _
Oipre = "

With A, be the biggest eigenvalue ®fTP.B andB is the Cholesky factorization @ﬁf“m.

FEARED EVENT DETECTION

The estimator{)?, E) described in 85 allow to implement a method ofedtihg the Feared Event, that is to say an event
transcribed in the measurements that makes in¢ensithe measurements and the information comimm forbitography and
synchronization process.

Regarding positioning detection the variaBleepresents an estimator of the real satellitetiposk,.,;. If the measurement
noise is Gaussian théhfollows a normal law centered on the true sagepivsition:

X ~ N(Xyeqrs UZ(AWA)_l)

Whereo? is the unknown variance of the residual afternestion, the residuals being definedsas B — AX. As the real
positionX,..,; is unknown the better candidate to replace tésdomputed positiok,zr given by OEP module.

LetY be a new random variable defined as

r (AW™'4)

Y = (XA - XOEP) o2 (X - XOEP)

It follows thatY ~ yZ has a chi-square distribution with three degrédseedom.

Let Z be the random variable defined as

ns?
L=—F
o

wheres? is the estimator of the varianeé defined usually by:
1
2 = g2
STl n Zgl
It follows thatZ ~» x2_, has a chi-square distribution with— 4 degrees of freedom.
Then the random variable defined by

— n-— 3 . (X - XOEP)T(A'W_lA')(X - XOEP)

n 2
n i=1€i

T =

NS |I~<

n—4

has a Ficher distribution with four amd— 4 degrees of freedom:
T ~ Fyn_y

The use of Ficher law is common in navigation (ggdor instance).

By setting a confidence levél— a (eg 95%, 99%, ...), we determine a quantifer the Fischer law followed by the random

variableT. This allows to define a coherence test of thengge of position to the second with the positioreg by OEP:

- If T < r, then the coherence between the OEP positiontenestimate made is assured with the desired entdalevel,

- If T > r, then there is an inconsistency between the OERigo and the estimate performed at time. Thighéssign of
that a Feared Event occur and can cause a readtiba system.



The same reasoning can be formulated for the etiroéithe clock. Only the number of degrees oéftem changes, one will
obtain a Fischer's law at 1 and n-1 degrees ofltnee This gives a second coherence test.

In case of detection of Feared Event the orbit @indk covariance error matrix is no longer caloedasince the covariance
provided by OEP module and CEP module can no lobhgaronsidered reliable. Only the inflating factgt gz is calculated
which allows, from the last matrix of covariancetseo cover at 3.29 sigma the largest observdiateesidue.

RESULTS AND DISCUSSION

The algorithms described have been integratedenStAREED platform, and run on several different ages to assess the
performance in terms of integrity and availability.

SPEED for System Platform for EGNOS Evolutions & Demonstrations” is an SBAS Operational Test-bed fady
represents EGNOS Performances in terms of accutaaginuity, availability and integrity for Safe@f Life services.

The integrity is assessed on a pseudorange, b¥iclgeif the residual on every line of sight is lavtean the UDRE calculated
by the user using the MT28 matrix and #yp 5 in the fast corrections. This calculation is perfed for every user in the
Geostationary Broadcast Area.

The first scenario is made of EGNOS real data ffoenday November the #®011. On this day, the conditions are nominal.
The maximum Safety Index, defined as:

SREW
SFI =

OUDRE

where the SREW (Satellite Residual for the WorstlUscation) is searched for on the whole GBA,akulated for all GPS
satellites available this day:

PRN SFI max on GBA PRN SFI max on GBA
1 NA 17 2.30
2 2.76 18 2.13
3 3.08 19 2.68
4 2.95 20 2.31
5 3.03 21 3.08
6 3.12 22 2.76
7 2.80 23 2.78
8 4.52 24 NA
9 3.42 25 NA
10 241 26 3.93
11 3.50 27 NA
12 2.43 28 3.30
13 2.18 29 2.54
14 2.86 30 4.44
15 2.62 31 3.44
16 3.44 32 1.91

Table 1: Satellites maximum SFI, 11/20/2011

The integrity is ensured as long as the SFI remaéhsw 5.33, which is the case here. Some sateBit®w high levels of SFI,
but this problem can be overcome by fine tuningdhstography estimation process, which has a tecyléo underestimate
the covariance.

The availability has also been estimated. Below iepresentation of the area (within the GBA) whbeeAPVI service level
is ensured, which is the case whenever the protettivels of a user are below 40m in horizontahe)ebOm in the vertical
direction, 99% of the time.

The calculation has been performed without conatitem of the ionospheric delay, so implicitly thésvalid for bifrequency
users.
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Figure 3: APVI availability area, bifrequency users 11/20/2011

The availability area is very large, and coverstnodshe northern hemisphere within the GBA.

Another scenario, made of real EGNOS data on tlyeAdmyust 14' 2014, is assessed here. The levels of SFI maxifoum
every satellite, in the GBA are given in the talsgow:

PRN SFI max on GBA PRN SFI max on GBA
1 4.69 17 3.13
2 3.32 18 2.96
3 5.11 19 3.13
4 3.65 20 3.08
5 4.12 21 3.86
6 4.24 22 3.19
7 3.12 23 3.73
8 4.88 24 3.97
9 2.91 25 3.91
10 2.96 26 3.43
11 2.40 27 2.93
12 2.85 28 NA
13 3.31 29 2.58
14 2.34 30 2.68
15 3.18 31 NA
16 3.13 32 3.11

Table 2: Satellites maximum SFI, 08/14/2014
Again the SFI are always below 5.33, even if somesi high.

The APVI availability for bifrequency users is show Figure 4:
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Figure 4: APVI availability area, bifrequency users 08/14/2014

On a third scenario, made of EGNOS real data erJ#muary the®12014, the PRN1 showed an erratic behavior oflitskc
on this period. The clock would, for some hourstilate, before coming back to a nominal behavibis Bcenario allows to
check the robustness of the algorithm to this kihBeared Event.

The integrity, evaluated on the GBA, is given below

PRN SFI max on GBA PRN SFI max on GBA
1 1.30 17 2.34
2 1.96 18 1.84
3 2.04 19 2.08
4 1.54 20 1.85
5 2.50 21 2.29
6 2.36 22 1.79
7 2.51 23 1.38
8 2.57 24 1.87
9 2.53 25 1.69
10 2.81 26 2.04
11 1.92 27 2.62
12 1.73 28 1.84
13 2.22 29 2.83
14 2.92 30 NA
15 1.82 31 2.30
16 2.17 32 2.13

Table 3: Satellites maximum SFI, 01/01/2014
The integrity is always ensured. The monitoringhef PRN1, showing the unexpected behavior of dskcls lost after 9.40
am on this day, when its clock starts fluctuatifige algorithms detected the problem and consequertl calculation of the
MT28 was performed for that period, the satelligsswot monitored.

Despite the loss of the PRN1, the availability oagis still very large, as shown below:



CONCLUSIONS AND PERSPECTIVES

A new method for the calculation of the MT28 baseda priori knowledge of satellite orbit and clombvariance has been
designed. The method also implements the calculatithes?, ., term transmitted in the fast corrections.

The algorithm has been tested on different scesaio nominal conditions and degraded conditionish watellite clock
events, and shows that the satellite integrity isueed on the whole GBA, while giving a very goeddl of service
availability, both APVI and LPV200.
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