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ABSTRACT

Several Satellite Based Augmentation Systems are
currently being used by the aviation community nder
development around the world. WAAS which covers US
airspace currently provides the capability to perfa.PV
operations with 200ft minima, equivalent to Cat |
performance as defined by ICAO. Airbus continues to
equip new aircraft with SBAS receivers to provide t
capability of LPV200 without ground-based navaids.
SBAS receivers are required to meet standards etefim

the ICAO SARPs and RTCA DO229D and such receivers

have been shown in flight trials to have the pagénbd
autoland under CAT | conditions as certified using
GBAS. Autoland is attractive to crews to allevidtes
issues associated with flight crew fatigue and
unfavourable operational conditions.

In the frame of GBAS CAT Ill R&D, a Navigation
System Error model has been developed by the GNSS
community which has been endorsed by AWOHWG (All
Weather Operations Harmonization Working Group).
This NSE model is a necessary input to the GBAS
enabled CAT | autoland certification.

The demonstration of Autoland performance for CAT I
operations using GBAS was based on Monte Carlo
simulation and flight tests. The simulation mustamt

for both the average risk with all parameters (wind
weight, runway conditions, NSE) varying nominal an
statistical sense and the limit case risk whicls swmte
such parameter to its limit worst case value. These
simulations provide results in terms of the aircraf
parameters whose regulations [CS AWO 131] will then
determine if the intended operations are airworthy.

This paper presents the initial work in developiig
GBAS approach for an SBAS enabled CAT | autoland
capability. A model of the SBAS NSE is requiredtlre
nominal and limit case, as well as in the malfuncitase,

to be used as an input to autoland simulations.NBE is

a function of the user-satellite geometry and theected
and smoothed pseudorange errors. Instead of theicdh
approach of implementing statistical variation inet
pseudorange errors, the GBAS autoland methodology
determines offline, through auxiliary simulationdaect
model of the position domain error. The successhisf
approach is in reducing the number of statistical
parameters varied within the autoland simulation
platform. This paper presents the same methodoiogy
the case of SBAS NSE modelling and introduces the
requirements in developing an SBAS NSE model fer th
malfunction case.

INTRODUCTION

Several Satellite Based Augmentation Systems are
currently in use by the aviation community and anbar

of others are under development. WAAS covers the US
Air Space, whereas EGNOS covers European Civil



Aviation Conference Airspace, MSAS the Japanese
Airspace, GAGAN the Indian Airspace and SDCM the
Russian Airspace. WAAS currently offers the capgpbil

to perform RNAV operations with Localizer Perfornaan
with Vertical Guidance (LPV) 200 ft minima in US
National Airspace, corresponding to Category | munin
performance defined by ICAO SARPS [ICAO, 2006].
The EGNOS Safety of Life service, established ih2t
provide LPV capability, will offer, in the near tar the
same minima capability in Europe, that is to sa§ 20

Airbus has decided to equip its A350 XWB with SBAS
receivers, in order to offer to its customers thpability

to fly published RNAV GPS approaches with LPV 200
minima, without navigation ground infrastructure time
airport vicinity and providing a geometric vertical
guidance free of temperature and barometric setting
errors. Future GNSS evolutions like Galileo or seto
GPS frequency will enable the coverage extension of
RNAV with LPV 200 ft minima. On the other hand,
current SBAS standards such as ICAO SARPS and RTCA
DO-229D, provide the minimum performance
requirements offering the potential to perform #and
under Category | conditions equivalent to GBAS as
shown by several flight trials.

Automatic landing, otherwise named autoland, starts
"from the beginning of the landing flare until a&ft exits
the landing runway, comes to a stop on the runway,
when power is applied for takeoff in the case abdach-
and-go landing" [ICAO-CAST, 2010]. Autoland is
attractive for crews in case of flight crew fatigatter a
long night flight, unfavourable operational conalits
(e.g. high wind) including poor visual conditionsch as

a low rising sun aligned on the runway axis or crew
incapacitation. Autoland Category | has been dedibn
Airbus aircraft using GBAS.

In the frame of GBAS Category Ill R&D, a Navigation
System Error model has been developed by the GNSS
community and further expanded and validated witin
Airbus thesis [NERI, 2011] to incorporate GBAS ICAO
SARPS GAST (GBAS Approach Service Types) level D
specificities. This model has been endorsed by AWO
HWG (All Weather Operations Harmonization Working
Group) [AWO36, 2010], a Working Group with EASA
and FAA in order to develop harmonized regulatifors
Low Visibility Operations.

The autoland performance demonstration for ceatiiomn

is based on simulation and on flight tests. As dar
simulation is concerned, a statistical approachdsiested
by the regulation (CS AWO 131 for EASA). This
statistical demonstration is based on Monte-Cardhiod
and identifies two types of risks to be demonstraiéhe
average risk and the limit risk.

From these simulations, statistical results araiobd on
the main aircraft parameters at touchdown and R¢igul
[AWO] gives different probabilities objectives nadb

exceed for each aircraft parameter for both avesagk
limit risks.

In order to conduct this performance demonstratiois
necessary to know the Navigation System Error (N&E)
the system. GBAS or SBAS NSEs are dependent of the
satellite geometry retained or available at thestioh the
approach and on the residual pseudorange measuremen
errors. As a consequence, it is necessary to develo
SBAS noise model to feed Monte-Carlo simulationd an
representing the NSE for nominal and limit cases. |
addition, the modelling of the SBAS fault modes;tsas
GPS ranging source failures or reference statidorées
effects, must be identified in order to cover the
malfunction case as required by regulations.

This paper presents the modelling of SBAS errors by
reutilizing the methods that were used to desiggBAS
NSE model for autoland simulations. The purposéhisf
model is to represent the nominal and limit GPSA/A
SBAS NSE to feed aircraft simulators for autoland
simulations. The classical way to do so in GNSSois
model pseudorange measurement errors and therciproje
these in the position domain. The method previouskd

to model GBAS NSE for autoland simulations, aims at
reducing the number of parameters necessary bytlgire
generating the NSE in the position domain insteath®
pseudorange domain. The idea here is thus to wse th
same methodology to derive the SBAS NSE model.

After introducing the SBAS systems and their
incorporation on Airbus, the RNAV with LPV minima
operations and the requirements applicable to ©ayelg
autoland certification, this paper describes thecstire of
the error model. Then, simulations assumptions are
discussed and validated. Potential variations efefror
model due to discrepancies, if any, between EGN@S a
WAAS for instance will be identified. These erroodels
focusing on nominal and steps errors, will be based
simulations to identify distributions, using stardiaed
SBAS errors contributors defined in ICAO SARPS and
D0O229D. Modelling results will be confronted witkal
SBAS recorded data. Finally, recommendations wdl b
expressed towards industry and SBAS service provide
to provide a model for SBAS fault modes, necessary
complete autoland certification.

SBASSTATUS

SBAS is a system standardized in ICAO SARPS [ICAO,
2006] and in RTCA DO229D [RTCA, 2006], which
enables intheory interoperability between the airborne
receivers and the various SBASs, shown in Figure 1.

Interoperability refers to the ability, by applyitige same
international standards, to obtain the same levekrvice
and performance, and the same positioning, navigati
and timing functionalities when interfacing a DOER9
receiver with any SBAS around the world. SBAS being
relatively new system — WAAS was commissioned in



2003 - still possesses interoperabilitissues. Notabl
examples include the use of MT2&Y Europt and MT28
in the US, and the absence of ttanging capabilies
WAAS offers within EGNOS [AZOULAI, 2010. In
addition, the level of service might not be equive, for
example MSAS is yet to fdr vertical guidance due
the threat of ionospheric storms petin tte Japanese
geographic region.

SBAS coverage

-

Figure 1: SBAS active or under developn

Currently, WAAS offers the capability to perform RNA
operations with Localizer Performance with Verti
Guidance (LPV) 200 ft minimat a majority of airpor in
US National Airspace, corresponding to Categor
minimum performance defined by ICAO SARPS [ICA
2006], with nearly 3000 LPV approacheat the date of
writing of this paper [FAA, 2012]..

WAAS Performance Analysis Network (PAN reports
provide a statistical analysis of the WAAS performa
over three months. The July 2012 report [WAAS P,
2012] (April I to June 30 2012) observe accuracies
within the LPV performanceequirement, that is to say
HPL below40 m and VPL below 50 m. the maximt
values observed are 1M3horizontally and .98 m
vertically. Therefore, WAAS appears to be a go
candidate forautoland feasibility demonstrati and we
suggest to develop a model based on WAAS specific
and data.

In Europe, EGNOS serving the ECAEuropean Civi

Aviation Conference) airspades beerrommissioned i
2011 and has initiated deployment 0PV approaches,
not yetbelow 250 ft. Indeed, before being able to proy
LPV 200, theEGNOS service provider must demonsti
several years of performance compatible wi
requirements set by ICA@ authorize LPV 200. In tr
meantime, EGNOS has shown perfame potentiall
compatible with autoland and observed during Air
flight trials and data collection campaign.[AZOULAI,

2010], we observed, during four flightsals on July 9,
July 27, Sept 24 and Oct 6, 2009, on A380, with St
MMRs prototypes desloped against RTCA DO22¢, a

horizontal accuracy (95%) of 1,4 rand a vertical
accuracy of 1,92 mvith HPL (respectively VPL) lowe
than 40 m (respectively 35 m). In [AZOULAI, 2009],
also compared the behavior of SBAS and GE

LOCALIZER and GLIDE SLOP deviations, showing
that data feeding autopilot with bothstems.

EGNOS appears to be a good candidate for auto

feasibility demonstratiorand we suggest to develop

model based onEGNOS specification and data.
Obviously, the aimis to have only or model for

certification and we should in the future definepossible

an envelope model as well pave the way by identifying
key characteristics necessary for the otexisting or

future SBAS systems to be part of the NSE auto

model. In agreementith ESSP, we decided to initiate t

model identificationfrom February 2012 where a ne

EGNOS version (V2.3.1P) has been put in pl[ESSP,

2012].

Concerning the other SBAS, MSAS covering
Japanese FIR doesn't provide vertical guidance an
are brced to exclude for the moment this system from
baseline model. Upon availability of vertical guidance,
will be able to include MSAS into an envelope mo
The other systems such as GAGAN from India
SDCM in Russia are still under developmend no data
are available to feed our stu

Concerning aircraft equipagAirbus has decided to equip
its A350 XWB with SBAS receivers, in order to offer
its customers the capability to fly published RNAV G
approaches with LPV 200 minima, without igation
ground infrastructure in the airporicinity and providing
a geometric vertical guidar free of temperature and
barometric setting errors. Future GNSS evolutisuch as
a secondary constellation Galileo or secondary civil
GPS frequency will mable the coverage extension
RNAV with LPV 200 ft minima. On the other har
current SBAS standards such as ICAO SAFICAO,
2006] and RTCA D@29C [RTCA, 2006], provide
minimum performance reqiements offering the potential
to perform autoland underCategory | conditions
equivalent to GBAS. IndeedGNSS Signal-in-Space
performance applicable to Category | operations is
the same considered for SBAS and GBAS. Even il
cannot evacuateghe fact that GBAS technology h
always been considered potal to serve Category Il
operations, showing accuracy performance on the orc
a meter GBAS Category | autoland has been certifiec
Airbus aircraft, based othe fact that ICAO SARPS
GBAS performance isactually metric performanc
derived from ILS Category | angulaperformance
[EUROCAE, 2007] thus GBAS NSE is considered I
look-alike. This certification has consisi of applying
autoland certification requirements applicable to Cate
[l certification, except that visual conditions are availe
below 200 ft, enabling to rely on the crew to take ovel
aircraft in case of abnormal error conditic Other
choiceslinked to the nature of GBAS errors have b
considered anche method applied wille discussed later
in this paper to help definthe SBAS error model.
Therefore, the SBAS NSE modis independent of the
aircraft as itdepends on tt nature of the errors affecting



the signal-in-space and the receiver. Interface of the
model with the aircraft lies irthe integration of th
outputs of the receiver with the aircraft systemeshsas
the auto flight system.

As a conclusion of this chapter, we can reasonekpect
that the SBAS errors will be compatible with aund
and that is what we would likeo demonstrate throuc
this paper.

AUTOLAND REQUIREMENTS

The autoland performance demonstration for ceatior,
summarized in table lis based on simulatis and on
flight tests. As far as simulation is concernedtatistical
approach is requested by thegulation (([AWO] for
EASA and AC120-28D [FAA, 1999for FAA). This
statistical demonstration is based on M-Carlo method
and identifies two types of Ks to be covere:
= The average risk which corresponds to the resu
2000 simulated autolands with adimensioning
parameters (wind, weight, CG, flap settings, run
conditions, NSE) varying according to thei
distribution.

=  The limit risks which correspond to several set2@d
simulated autolands wheredamensioningparameter
is put at its limit valugfor instance max head wind
30kts) and all other remainingdimensioning
parameters vary according to their distribu.

From these simulations, statistical results araiobt or
the main aircraft parameters at touchdo(X distance
from the runway threshold, Y distance from the rag
centerline, vertical speed, bank angle and sideand
Regulation [AWO] givesprobabilities objectives not 1
exceed for each aircraft parameter for both aveeayt
limit risks, using what is called the landing box
touchdown box as defined in figures 2 3.d

- Landing Box
/ 20010

Figure 2: Aircraft, Runway and Landing b

As far as X distanceparameter is concerned, t
following probabilities have to be demonstra

e “Short Landing”. Probability to land pric
runway threshold plus 60n200 ft) shall be
lower than 10 for the average risk, and low
than 10 for the limit risks.

e ‘“Long Landing”: Probability to land beyon
runway threshold plus 82312700 ft) shall be
lower than 16 for the average risk, and tl
probability to land beyond runway threshold p
914m (3000 ft)shall be lower than -* for the
limit risks.

On the lateral axis, ehfollowing probabilities have to t
demonstrated:
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Figure 3 Touchdown Box definition (source FA

e Lateral touchdown considering the outbo
landing gear: Probability to land at a dista
greater than 21 m (70 ft) from the runw
centreline shall belower than 16 for the
average risk, and lower than ™ for the limit
risks.

The ravigation system and more particularly tsignal-
in-space used to guide the aircriare subject to errors
inherent to theinature (noise like) and faults. In order
achieve theautoland performance demonstration, i
necessary to characterizhe Navigation System Errn
(NSE) of the systenutilized, which i: dependent of the
satellite geometry retained or available af time of the
approach and on the residual pseudorange measur
errors. This SBASerror model must represent NSE
for the nominal and thiémit cases. In addition, mocling
the effectof the SBAS fault modes, such as GPS ran
source failures or eference and processing station
failures, must beachiever in order to cover the
malfunction case as required the regulations. This will
be discussed in a subsequsection.

Coming back tohe nature of SBAS erroand the choice
to make in deciding which kind of errors must
modelled, we must understarthe rationale and the
implication of theautoland requirements, in partlar in
terms of probability. Recal that the probability
requirement to land outside ttouchdown box for the
average risk is set to 0

The 10° figure has an historical background. It rel to
the observedtatistics recorded in the 1960’s having a
catastrophic accident during alanding in manual



conditions. French and English aviation authorities
considered at that time that the risk of having a
catastrophic accident during an automatic landimgukl

be at least ten times lower i.e. less thafl. IDhis risk
included not only the average risk but also thdipaar
risk to have an extreme condition such as windfaitdre
events [Grossin, 1981]. This condition could be
assimilated to what the regulations today call lihat
case. Indeed, this makes sense if we can identify a
probability of occurrence for extreme conditionghieh
requires a good history of observations. For soases, it

is difficult to estimate this figure such as fonaspheric
storm conditions.

On the other hand, US authorities considered thgt a
single failure or combination of single failuresdéng to

a catastrophic event shall be less probable thahah@l
that the risk to have the aircraft land outside ldraling
box shall be improbable that is to say less thaft 10
[Grossin, 1981]. We can note that this is still the
applicable approach harmonized between FAA and JAA,
now EASA for ILS and MLS. The only thing that has
been modified since then is the introduction of lihat
case, pushed by Europeans through JAA and the eay t
failures which are actually more probable than 1@3@st

be shown to not have a catastrophic consequendcidor
aircraft. The question currently under discussioAWO
HARC (Harmonization Aviation Rulemaking
Committee), is whether this approach, applicablé &,

can be extended to Cat lll operations with autoenati
landing, using another technology GPS-based such as
GBAS, without modifications. A first step has bedmnme
with GBAS for Category | and we aim to extend it to
SBAS.

Another justification of the I®figure for the average risk
could be considered and drive the errors to be teute

If we consider autoland under Category | or Catedbr
operations, environmental (i.e. runway profile and
configuration) and aircraft conditions except fdret
signal-in-space performance, have no reason to be
different except for the absence of visual cues tf@
crew in Category Ill and disregarding the choicepply

a limitation compared to ILS or tentative to take
advantage of more modern technology to enhance the
operational envelope. The remaining part is compade
the signal-in-space errors and fault modes. In rotde
demonstrate autoland, we said earlier that we mursat
least 2000 simulations for the average risk with ititent

to extrapolate the results to ‘40Therefore, events with
lower probabilities of occurrence are unlikely & dirawn
and should be discarded from the model.  Eveiis w
probabilities between 10and 10 are usually considered
as fault modes within GNSS. [DOD, 2008] states the
probability to have URE exceeding the Not To Exceed
tolerance without a timely alert for one GPS suéell
failure must be lower than 10-5/hour. Moreover,egatry

| continuity risk, applicable to LPV approaches8id0-
6/in any 15 seconds [ICAO, 2006]. More generally,
electronic hardware reliability usually possessess|

probability figures of 10 to 10° except for very simple
electronic devices such as antennas . Therefakinip at

a risk probability on the order of £Go land outside the
touchdown box, the receiver is more likely to bieeted
by a hardware failure than the nominal noisémfilies
that since this case is covered by the malfunctiase
demonstration, it is useless to model errors imit@inal
case that are not fault free and that are lessapielthan
10° to 10° or in other words, we don’t need to know what
are the noise-like errors at this level of prohigpil

In case we need to account for a fault mode, asspume
have statistical data or the effect of such fawdtmis not
significant, assessed by engineering judgement;oud
consider this fault mode be part of the limit casecause
this is the frontier between the nominal case amal t
malfunction case. On the other hand, a fault mbdehas
significant effects or is impossible to predict ghb
neither be part of the nominal case nor the lirage:

Another question that is raised when comparinglantb
certification methodology and signal-in-space initgg
schemes used in SBAS and GBAS, is the way we
consider individual risks (single failure case) aad
combination of these risks (multiple failure case).

In the case of autoland, the average risk consitlers
Monte-Carlo methods with the involved parameters
varying in their distribution. This definition isls®
considered in [Walter, 2011]. But in the limit casaly
one parameter is put at its limit while the othare
allowed to vary with their distribution. In otherowds, we
could say that the limit condition, such as a cnessl of

30 knots has a probability of one. This could biéngel as

a specific risk like in [Walter, 2011]. Indeed, wever
cumulate max weight and max wind for instance. But,
when we consider integrity scheme applying to SBAS
GBAS, each contributing source of errors is overiabhy

a Gaussian distribution zero-biased, assuming tmey
independent processes and so the resulting computed
protection level is extremely conservative by ramtbring

or not limiting the unexpected combination of aitreme
values from their distribution because the overlobism
not the reality. Therefore, when we want to defthe
SBAS NSE model to be used in nominal conditions, we
would be overly conservative, compared to the amil
demonstration, if we use the standard deviatiokena
into account in the protection levels equationbeathan
using values closer to the reality, that would be
experienced by a user. In other words, it wouldikeeall
contributors to the SBAS error such as multipath,
troposphere, ionosphere, clock and ephemeris eam@s
set at their extreme values and then the sum dhefie
errors feeds the Monte-Carlo simulations. Assessirg
different possibilities offered to us to model SBASE,

we will be confronted to be more or less conseveati
whether we have access to conservative pre-defined
modelled sigmas or statistics from observationsaor
combination of both.



The model is limited to airports located between 70° of
Latitude North and South.

Condition FAA EASA Pass Condition
Criteria | Criteria

Nominal AC 120-| CS AWO | Safe Landing
28D 131 1-10°
86.3.1

Limit N/A CS AWO | Safe Landing

131 1-10°

Malfunction| AC 120-| CS AWO | For failures with
28D 161 probability >10°
§6.4.1 Safe Landing 1

Table 1: Autoland Certification requirements summary
GBASAUTOLAND NSE MODEL

In order to maintain a simple structure to the autoland
simulation model it was proposed to use an independent
GBAS NSE simulator that would generate a distribution
of errors according to a pre-defined set of parameters.
Following this the characteristic points of this distribution
can be integrated in the autoland simulator. The autoland
simulator’s NSE generator element is shown in Figure 4.

The model time step size of the autoland simulatidn

and a mastefeed which are used to determine the three
Gaussian error sequences. These three zero mean unit
variance random generated sequences are then filtered by
a 2 order Butterworth filter. The Butterworth filter
mimics the effect of the code tracking loop and carrier
smoothing performed within the receiver. In doing so it
introduces temporal correlation by defining the spectral
content of the sequence. Validation of this approach was
undertaken in [Murphyet al., 2005] and showed the
frequency response of the model to be an appropriate yet
conservative representation of real GBAS receivers. An
equivalent model must be validated in the SBAS case
considered in this paper.

The three sequences which ultimately will define the NSE
in the vertical, along and cross track directions are scaled
by the compensation gain to normalize the effect of the
filter and return the variance to unity. Finally the
sequences are multiplied by thr&evalues representing
the standard deviations in each component. Models of the
distribution ofK values for the SBAS case are considered
in this paper.

The GBAS error model, previously presented in [NERI,
2010] has the following characteristics.
e Sigma errors, characterizing the errors
distributions and the geometry, are in line with
latest GBAS GAST D and GAST C
overbounding errors.
» GPS Constellation state
coherent with [RTCA, 2004]
» Vertical and Horizontal distributions have been
generated independently:
o Distributions are limited by a ratio
between horizontal and vertical.
o Horizontal error distribution based on
the worst direction

probabilities are

Model Type, | K Value Kark
(nominalvs”| ~ Selector

Limit
Geometry)

Receiver Ce

Filter

ompensation | o=1

Seed AT GWN
Generator

Receiver
Filter

ep Function
Generator

Step Event Time ——

Limit Case
Fault Mode
Generator

Malfunction Event Time —————

Figure 4: GBAS NSE generator

The distributions obtained for the vertical and the
horizontal are provided in figure 5 and 6. They are
satisfactory to be able to demonstrate autoland
performance compliant with the average risk set by the
regulations. We don’t expect SBAS NSE to show the
same performance but it provides a good basis to compare
with SBAS NSE model.
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Figure 5: Sigma vert for GBAS GAST C

1 1 1 1 1 1 1 I bins width = 0.01

| | | | | I I | |

B I o e e e e By R B
| | | | | | | |
| | | | | | | |

01— — = T e B Bt Tl e e T
| | | | | | | |
| | | | | | | |

UL B i i e B A el il S|
8 | | | | | | | |
g | | | | | | | |

g oo — — Rt B e e e e e |
< | | | | | | | |
H I I I I I I I I

00g- — — +-—Hd - Hd———l—m—— -k -+ - — 4 - — o
| | | | | | | |
| axat | | | | | |

004 — — e
| | | | | | | |
| | | | | | | |

003 — — ey T R
| | | | | | | |
I | | | | | | |
L 1 1 1 | 1 |

0 02 0.4 0.6 08 1 14 16 18

12
worst horizontal sigma (meters)

Figure 6: Worst horizontal sigma for GBAS GAST C



SBASNSE MODEL DERIVATION

As the GBAS approach to modelling the NSE was
successful in greatly reducing the number of influe
parameters, the NSE generation model shown in &idur
is adopted here also. A review of the methodology
undertaken for GBAS highlighted a number of stepbe
taken to extend the methodology to SBAS NSE
modelling:

= identify reasonable assumptions to be made in
offine simulations used to determine,,,;,
K, irandK, . distributions

= formulate a nominal SBAS pseudorange error model
to be used in offline simulations and derivation of
Kvert- Katrkandetrk

= deriveK, i, Kgir@ndK,. distributions

= analyse correlation betwed),,. andK ;. r, Kyirk

= determine the step effects of satellite geometry
changes

= validate the use of thé2Order filter for a DO229D
receiver

=  confirm that the three Gaussian sequences may be
generated without including the effects of error
correlation

In this paper we focus on the derivation of #ifactors
and model of the receiver spectral characteristicsthe
following section we present the assumed pseuderang
error models with a discussion on the difficultiget
arise to define a standard model for SBAS nominal
performance. The expected NSE sigma distributiams f
WAAS are then presented followed by a discussiothef
the steps to be taken to derive NSE sigma distabsitin

the case of EGNOS.

SBAS PSEUDORANGE ERROR MODEL

The pseudorange error models are key to determthiag
NSE variance distribution. For each satellite
measurement, the standardised SBAS residual error
model will be assumed [DO-229D]:

2 _ 2 2 2 2
0;" = Ui,flt +Ui,UIRE +Ui,air +0i,tropo

where:

o; standard deviation of satellite measurement

o,rie  Standard deviation of the fast and long term
corrections

o,uire  Standard deviation of the ionosphere delay
estimation error

0,4 Standard deviation of the receiver noise and

multipath modeled Gaussian white sequence
i tropo Standard deviation of the troposphere delay
estimation error

Each of these error model terms may be expressed in
greater detail as described below.

The fast and long term corrections are definedha t
SBAS MOPS as follows:

2
_ [ULUDRE. SUDRE + &p¢ + & + &10c + Eer]

2 Jif RSSypre =0
Oifit” =

2 .
[Ui,UDRE-5UDRE] + gfcz + Errc? + Etc? + € if RSSypre =1
where:

=  RSSypgg flag in MT10

=  oypre Model parameter from Message Type 2-6,24

=  SUDRE user location factor in MT27 MT28,
otherwiseSUDRE = 1

= g fast correction degradation parameter

= g, range rate correction degradation parameter

= g long term correction degradation parameter

= g, hon-precision operations degradation parameter

In the case of EGNOS, MT27 is broadcasted by the
EGNOS operational system to increase the UDRE in
selected geographical areas.

Only one area is defined in EGNOS:

(-40° < longitude < 40°; 20° < latitude < 70°) aMd 27
values are fixed as follows:

e Inside: SUDRE = 1 (ECAC),
e Outside: S8UDRE = 100 (maximum value
defined in the MOPS [RTCA, 2006]).

In this feasibility study we have naturally resteid our
regions of interest to airports within the core SBA
coverage areas. Therefore, it is assumed@UaRE = 1
in all cases.

In the case of WAAS, proprietary error models hagen
developed at Stanford University which express the
nominal o; yprr for each of the broadcast UDRE index.
These models were used in the generation of thanadm
position error sigmas shown in the following seatio

The ionosphere residual error variance is detemine
using the following model [DO-229D]:

2 _ 2 2
Oiuire” = Fop“ Oyive

1
o [1 (Re cos Gi)]_i
P R, +hy

where:

0, is the satellite elevation angle
R, is 6378136.0m

=  h;is 350000.0m



E,, is the obliquity factor which relates the vertical

ionosphere delay to the slant ionosphere delaygalon
the line-of-sight vector

At the user receiver theo;ye iS derived from
interpolating the broadcasto; s ypvalues for the
neighbouring ionosphere grid points (IGP).

For these two terms, the question raised befordn wit
regard to the conservatism applied to the modelisg
fully applicable. Indeed, these two terms or thedlex are
broadcast by WAAS and EGNOS tailored to meet the
integrity requirements set by the ICAO and feedihg
protection levels equations. Using these valuesiéaad

to a NSE model not compatible with autoland fedigjbi
Unfortunately, these values are not modelled in @CA
SARPS [ICAO, 2006] unlike all the other terms for
GBAS.

This flexibility enables SBAS service providers to
allocate the integrity risk within their system aoating
for differences in the regional ionosphere envirentn
Therefore, we must redefine the methodology utilifer
GBAS and utilise nominal error models not definedhe
relevant standards [ICAO, 2006] [RTCA, 2004]. This
may be challenging due to SBAS proprietary issugs a
would likely require different models for each SBAS

For WAAS, a large volume of data has been collected
between 2003 and 2006 for the purpose of justifyhmy
publication of LPV 200 approaches. [DeCleene, 2007]
Proprietary models for WAAS have been developedgusi
the large volume of data to express dhg r ando; ypgi -

Another assumption that we must make is the fatwe
reasonably believe that SBAS systems continuously
improve in terms of end-user performance. Indebd, t
GPS constellation has shown improvement in terntbef
estimation of orbit ephemeris and clocks. In additi
SBAS systems improve algorithms to monitor ionosghe
and increase the number of reference stations (RS
EGNOS and WRS for WAAS). There might be outliers
observed occasionally which must be explained. But,
seems a fair statement and this has been confitged
SBAS stakeholders [WALTER, CHATRE, 2012]

The model of the airborne receiver residual erfollews
the MOPS formulation exactly, namely:

1
— 2 2 2 2
Oiair = (ai.noise + Opymuttipath” T+ Oidivg )
O muttipath = 0-13 + 0.53.¢"0i/10deg m

2 2\"/2
(Ui,noise * G divg ) < 0.36m (AAD-A)

1
(Ui,noise2 + Ui,divgz) /2 < 0.15m (AAD-B)

where AAD is the Airborne Accuracy Designator [DO-
229D].

Similarly for the residual tropospheric error, thEOPS
models are adopted:

ai,tropo = OTVE- m(el.)

1.001
m(6;) = -
,/0.002001 + sin?(6,)

whereo g = 0.12m.

Given the pseudorange models outlined above, liee t
GBAS NSE model, it would be possible to assess the
impact of geometry variations on the nominal NSE
variance. Implementing the adopted models and mgakin
the assumptions outlined above, simulations cagy bal

run to obtain sample Cumulative Distribution Fuons
(CDF).

WAASNSE MODEL

Distributions for the vertical and worst case honial
direction NSE sigmas are shown in Figures 7 and 8.
These results were obtained by selecting 5000 times
points randomly from a sidereal day and at nineaatr
locations within CONUS. As stated above, GPS
constellation state probabilities from [RTCA, 20@4gre
assumed which equates to a 95% probability forfaie

24 satellite GPS baseline, 3% for the 23 satelitgraded
constellation and 2% for the 22 satellite degraded
constellation.

Agreed WAAS Stanford University.FAA proprietary
nominal error models for the WAAS UDRE and GIVE
were employed to maintain performance estimates as
close to reality as is feasible. Comparison of Fégu7

and 8 for WAAS to the GBAS case in Figures 5 and 6
shows remarkable agreement between the two systems.
The conformity of these initial results suggests tBBAS
autoland may be feasible, at least for the averiie
demonstration part. However, these results are
preliminary and the impacts of geometry step change
remain to be investigated.
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Figure 7 : WAAS Vertical Sigma Histogram



In addition, reminding that the GBAS error ter
standardized and useidh the GBAS NSE model a
tailored to meet integrity requirements, we canlaxy
why the SBAS errors seerso homogeneous with tl
GBAS errors. It is because the GBAS NSE mode
actually conservative and using the same methogic
used for SBAS in this papa&vith GBAS should probably
lead to an improved accuracy characterizal
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Figure 8 : WAAS Horizordl Sigma Histograi

In order to assess the degree of correlation betwiee
vertical and horizontal NSE sigmas Fig9 displays the
same distributions as a 2D histogram. Notably & lafc
correlation is observed which suggests that dravtirg
distributions and independently of as
was implemented for GBAS in [NERI, 2011] may

preferred to employing a fixed ratio as proposec
[MURPHY, 2009].
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Figure 9 WAAS NSE Sigma Correlatic

EGNOSNSE MODELLING

In the case of EGNOS, nominal NSE models have et

been formulated and validated for the UDRE and G

components. As with WAAS, the preferred solutionai

utilise a model of the observed UDRE and GIVE ¢

function of the broadcast indices for ead these errors
as well as the network’s observability of the cefiation.

This approach allows the expected error distributmbe

determined in offline simulations whilst applyi

weightings of the receiver processing in terms lod

assumed broadcast sigmas.

Since EGNOSs targeting to publish LPV 200 procedu
from 2014, a process of collecting and analyzintads
on-going and upon their availability, we will be ahte
derive a NSE model for EGNC This will be the subject
of future work.

RECEIVER FILTER CHARACTERISTICS

The aim of this filter is to reproduce the effecfsthe
receiver signal and measurement proces It assumes
that the spectral content of the error is deterthiog two
processes: the code tracking loop (DLL) filteringdithe
carrier smoothingThe positioning algorithm is a line
process and as such does not influence the sp
content of the position error. The relevant proessare
shown in Figure 10.

Feucarange 4 Fasiticn
Lirar = - » L Errar
»

Figure 10: Receiver Proces

Based on GBAS @d standard{RTCA MOPS D0O253],
the filter accounts for a 100 secs time constant for the
code carrier smoothin@-he expression of the filter is
follows:

of
H(s)= .
) s? +2w, 5+ a2

with , = 001

The same assumptions can be made for the SBAS F
DO229D case, that the spectral content of the dg
determined by two processes: the code tracking
(DLL) filtering and the carrier smoothinindeed:
* A common SBAS/GBAS receiver is the
standard,
* The snoothing time constant is the same for k
LPV/Cat | cases : 10(,
e The tacking constraint regions are harmon.

It should be noted that this filter model employeithin
the autolandsimulation is also intended to account
spectral content in the pseudorange measurememis



(Figure 10). In the following analysis we check éroors
sources with unfavourable correlation propertieg
present.

We investigate here whether emplayitihe assumption of
this 2 orderfilter is valid in the case of SBAdn order
to determine the temporal behaviour for SBAS, tl
DO229D receiverczonnected to the same anterwere
employed to generate position error data sets hours
for six daysat surveyed ground locations. Unfortunat
due to the data logging process of one of
manufacturer’s receivers, these datasets were ilaabes
for the analysis. Results obtained for the two ri@mg
receivers were found tehow no discernible diffence
and as sucbnly a single DO229D receiver’s datasets
presented

Figures 11 and 1Xhow the horizontal and vertic
position error time series for each of the dayparallel.
The standard deviations in the horizontal and el
domains are 0.3and 0.64 over each data set which sl
excellent performance in line withhe distributions
displayed in Figures 7 and Blowever, some correlatic
between the time series of each dayobserved. Thi
suggests sidereal repeated error compo are present,
potentially as a result of local multipi, geometry
variationsor the effects of long term EGNOS correctic

The Power Spectrum Density of the horizontal
vertical position errors are estimated using thelcW
estimator within MATLAB. Sample perds of 16384
(2 samples were used with overlaps of 50% (81
Figures 13 and 14how the horizontal and vertic
deviations over the six days in a sem (in decibels)
plot.

Totien frror
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Figure 11: Horizontal Position Error Time Se

A key observation from these figures is the presesfca
peak at 0.25Hz which equates to a 4s period. Tas
been identified as the usual refresh rate of thet
corrections and UDRRalues within EGNOS [SUARL
2012]. Over the nomindbur second apgcability period
a linear function is applied which likely giveseiso this
artefact of the spectrum [RTCA, 2008he impact of this
peak and neighbouring frequency power is natui

reduced by the smoothing of the low pass ca
smoothing filter. As such the higher frequen
components are found to lie at approxima-20dB from
the lower frequency components which contributetrod
the error variation.

Figure 12: Vertical Position Error Time Se

A number of shorter Airbus flight datasets e also
analysed within this work. Although, the samplees
were rot sufficient to make substive conclusions
regarding the correctness of the filter used,
corresponding spectral analysis showed remark
similar forms with identical peaks at 0.2z.
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Figure 13: Horizontal Position Error P

Figures 15 and 16how the horizontal and vertic
deviations over the six days in a loglog . In addition
the PSD resulting from thetransfer function of the
canonical ¥ Order filteris shown in yello\ and of a T
Order filter in orangeThese plotsshow that a % order
filter matches better the empirical frequency respc
than the 2 order filter used for GBAS. The™ order filter
fits well the frequency response of the DO229D rece



over the range 7x1Dto 4x10?, which equates t
components with periods @b seconds to 23 minu.
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Figure 14: Vertical Position Error P!

. Lower frequency componenébove the modemay be
understood to be a result of the sidereal repg
elements observed in Figures 11 andab®ve. In terms
of Figure 10 thesemay be understood to bdue to
temporal correlations in the input pseudorange eseck
or as a result of geometry variationls. is not clear
whether these properties arise duethe static groun
installation of the receivers ands such al not be
observed in flightor are due to elements of the SB
processingas cross checking of the datasets has not
performed as yet. However, as these lower frequ
components relate geds far longer than the length of
autoland approach they would only introd biases or
very gradual ramghanges to the position error, beyc
the duration of each autoland Mor@arlo draw thus
should not be considered in the propertiesthe filter
model.

At the higher end of the frequencgpectrum, furthe
variations to the 5l and 2% order models are notein

Figures 15 and 16. Howeveas the models place higtr
power at the lower critical frequencies this wdkult in &
conservative approach. Therefore, #@me reasoning

applied as wasaken in the case of GBA[MURPHY,

2009] yetgreater variation of the spectrum at the hic
frequencies is observed than for GBAGe to thenature
of the SBAS correctionand residual error characteics.

It should alsdbe noted that some variation in the rela
levels of the T and 2° order theoretical modis with
respect to the empirical dais observecif the range of
frequencies is varied. The sensitivity to the lo
frequency end point was investigateéfor validation
purposes but no gnificant change was fournto revise
the conclusions made.

Power 'cB) U

1st Order

-0 2nd Order [+ 7]

20}

7Ok

Fregaency

Figure 15: HorizontalPosition Error loglog PS

We conclae on this limited dataset that * order filter
reflects the real data response most closely. EBu
investigation is needed to understand this phenom
better. It may be that the tracking loop has onlyimal
effect on the frequency range consid and as a result
the cascade appears first order rather than semaled or
it may be that large correlation in the pseudoraingeit
sequence are not sufficiently filtered resultingnmch
larger magnitudes than expected fol™ order system.

o

TTTIT
Power [c0)

1st Order
2nd Crder [ir

Feguency

Figure 16 Vertical Position Error loglog P<
FAULT MODEL REQUIREMENTS

In the frame of aircraft certification for Categotil
autoland operations including r-out, there is a criterion
that looks at performance in the presence of matfan,
with a probability higher than 1°, and more particularly
successful landing inside the landing box o-around
evasive manoeuvre of the aircraft (e.g-around).

The airworthiness assessment has also the objetdi
provide a safety classification for thailure and to verify



that the failure probability is in accordance withe
classification of the failure (Minor, Major, Hazawak,
Catastrophic).

Due to particular characteristics dB&S since the systel
is metric and not angular and the sources of unction
cases (ranging source or ground station failures)
different compared to ILS, it ithus required to identif
the BAS failure effects, potentially by defining theaot

cause, and above all assess their effecazardous
Misleading Information or continuity loss) on th
guidance of the aircraft as well as determine éf shafety
classification is adequate compared to the proiatof

failure.

There might be some cases like in the casionospheric
anomalies caused by solar stornthat the SBAS i
affected bylarge changes in error over relatively st
baselines. Alack of hindsight and a lack of sufficie
historical data prohibit using a statistical apmtoao
demonstrate airworthiness during large ionospt
events. This pdnomenon is obviously not caused b
system failure and thus is considered as an enwieotal
constraint (i.e. external to thd88S system including th
aircraft). Furthermore since it is difficult to het, it
could be found adequatdike in the GBA! case, to
consider this phenomenon as a malfunction evenmh
the airwortliness point of view like any otherBAS
hardware failures,

During GBAS autoland Category |, two points w
considered to address the malfunction case. Firstlg
below 200 ft,the crew has external visual cues to de
and if needed take over the aircraft under an @
conditions due to a GBAS errdrhe autoland can only |
performed under crew supervisioBecondly, since th
GBAS signal-inspace was considered valid fortegory
I, which implied a requirement ofjuarantee signal
below 100 ft [ICAO, 2006],GBAS errors could b
anything whilst stayingvithin the alert limits that are 4
m in the lateral domain and 10 m in the verticamndm.
Therefore, the certification regements consisted
assimilatingGBAS errors below 200 ft as bias of any ¢
up to the alert limitsand to demonstrate that the cr
could detect these errors and take over the aircrafs
approach has been adopted by the airworthi
authorities ad the GBAS autoland Category | w
granted on Airbus aircraft.

As a consequence, we have two alternatives for
malfunction case demonstration with SB.

* SBAS fault modes can be assimilated as bias of
size below 200 ft ugo the alert limits. But, the
biasesmust be limited to 10 m like GBAS where t
value was directly derived from the Vertical al
limit whereas SBAS VAL for LPV200 currently 35
m.

» SBAS fault modes effects are precisely identi
with the following claracteristics given by figure .

This approach was taken for GBAS Cat Il R&D ¢
is documenteih [MURPHY, 201(:
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Figure 17 Fault diagrar

Both approaches require assistance of SB/
manufacturers, without infringing proprietary asiseand
commitments from Air Navigation Service Provid
customers of SBAS to ensure certification feagipi
Anyhow, te best approach would be to document |
ICAO SARPS. But one difficulty lies with the firs
approach since the vertical alert limit appliedSBBAS to
support LPV 200 approaches is set to 35 m whicms:
too large to ensure autoland under malfunction
demonstration. Thereforé first approach is adoed, we
would need to have requirements to ensure falil
induced errorsare closer to 1-15 m than 35 m, like
GBAS Category | and ILS Category |. This tr-off and
the analysis of the SBAS failure modes will be shibject
of future work.

CONCLUSIONS

Cat Il autoland is a basic functionality on Air Tigport
Aircraft, using ILS with an incredible in servi
experience of nearly 50 ye. GBAS Cat | Autoland has
been certified on Abus idrcraft using a GBAS NSE
model. SBAS NSE show similar errors thanBAS
Category Ifor the fault free ca:. Autoland requirements
havebeen described and reqta SBAS NSE model.

Unlike GBAS, SBAS errors distributions linked t
clock/ephemeris and ionosphere are not publiclyiavie
and are tailored to the compliancof integrity
requirementset in ICAO SARP¢

SBAS NSE model thus requires a large amount of
data in order to get the confidence in thodel for
autoland demonstration.

We have derived a WAAS NSE model based

simulations usingproprietan FAA/Stanford models in
coherence with real data observed during -2006 data
collection campaign. The distributions appecompatible
with the Category | autolaraverage risk demonstration.

We have initiated the identification of receiveltei

characteristicbased on observations a limited dataset.
A 1% order filter reflects the real data response r
closely. Further investigation is needed to undecstthis



phenomenon better, compared to GBAS receiver filter
characteristics which is equivalent to"d @der filter.

Finally, we have described the malfunction case
demonstration requirements and established a path,
two alternatives towards defining the SBAS failures
effects, to be covered during an autoland undeedcay |
conditions demonstration, both requiring assistanom
SBAS manufacturers.

Future works include:

* To collect data and derive error distributions for
EGNOS based on the methodology used for
WAAS and derive a nominal envelope model for
both WAAS/EGNOS

» ldentify scenarios for step changes in the
position domain and characterize their size

 Complete identification of receiver filter
characteristics

» ldentify fault mode characteristics for each
SBAS eligible for autoland

» Perform autoland simulations using SBAS NSE
model to show autoland Category | feasibility
with SBAS
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