EGNOS TUTORIAL

Research group of Astronomy and GEomatics
(gAGE/UPC)

Universitat Politecnica de Catalunya
e-mail: jaume@mat.upc.es
http://gagel.upc.es

Manue

| Hern

andez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.


mailto:jaume@mat.upc.es
http://gage1.upc.es/

upc Summary

e Part I. The EGNOS system

— Augmentation Systems
— EGNOS System Architecture

e Part II: Data Processing
— SBAS Differential Corrections and Integrity
— Performance
— Examples

e Part III: EGNOS and Civil Aviation
— Introduction to Civil Aviation Navigation
— The EGNQOS benefits

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.



PART |

The EGNOS System
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What Augmentation is?

e To enhance the performance of the current GNSS
with additional information to:
— Improve INTEGRITY via real-time monitoring
— Improve ACCURACY via differential corrections
— Improve AVAILABILITY and CONTINUITY

o Satellite Based Augmentation Systems (SBAS)
— E.g., WAAS, EGNOS, MSAS

e Ground Based Augmentation Systems (GBAS)
— E.g., LAAS

e Aircraft Based Augmentation (ABAS)
— E.g., RAIM, Inertials, Baro Altimeter
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@ Why Augmentation Systems?

e Current GPS/GLONASS Navigation Systems
cannot met the Requirements for All Phases

of Flight:

— Accuracy

— Integrity W

— Continuity

— Availability “Smmmm—

e Marine and land users will also require
some sort of augmentation for improving
the GPS/ GLONASS performances.

pe
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WHY GNSS NEEDS AN AUGMENTATION ?

GPS Only Civil Aviation
Z Z §
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@ Accuracy: Difference between the measured position at any given
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Integrity: Ability of a system to provide timely warnings to users or
to shut itself down when it should not be used for navigation.

Standalone GPS and GLONAS Integrity is Not Guaranteed

GPS/GLONASS Satellites:
e Time to alarm is from minutes to hours
e No indication of quality of service

Health Messages:
e GPS up to 2 hours late
e GLONASS up to 16 hours late

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.



Continuity: Ability of a system to perform its function without
(unpredicted) interruptions during the intended operation.

Availability: Ability of a system to perform its function at initiation of
intended operation. System availability is the percentage of time
that accuracy, integrity and continuity requirements are met.

Availability and Continuity Must meet requirements

e Continuity:
Less than 10> Chance of Aborting
a Procedure Once it is Initiated.

e Availability:
>99% for every phase of flight (SARPS).
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INTEGRITY

e Less than 107 probability of true
Alert Limit error larger than confidence bound.

e Timetoalarm6 s

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.
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Strong Requirements for
the safety in Civil Aviation

If fault is not declared after:
e Over bound the alarm threshold
e and alarm delay

Thence: R
Fault of Integrity = Accident risk . Threshold alarm
‘Q’H
»* Alarm Delay

*

% e < 105 Chance of Aborting a

- Procedure Once it is Initiated.
e Timetoalarm 6 s

INSTITUT DE
GEOM ;’-’E‘\sT ICA EGNOS Tutorial. Barcelona, February 2003 Hernandez-Pajares M., Juan M., J. Sanz, X. Prats 11



SBAS and GBAS Navigation Modes

Enroute Enroute

Oceanic Domestic Terminal Approach Surface

Missed

CATI A er ot

CAT I
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Aviation Signal-in-Space Performance Requirements

Aviation
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Maritime Signal-in-Space Performance Requirements

Maritime

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.
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@ GBAS [o1e]y (1o

“Dif ferentis

w - Co rrecti on
- HER aas Messme
~ Ground v

e Most of the measurement errors are common:
clock, ephemeris, ionosphere and troposphere.

e A common correction valid for any receiver within the LADGPS
area is generated and broadcast.

e The accuracy is limited by the spatial decorrelation of those
error sources (1m at 100Km).

15
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Differential Correction Calculation
roadacas &
Brovieas - S

Actual SV
Position
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Calculated ! Measured
1 Pseudoranges PR ser ..
Range Preof 1 ST T T
] :.’ ......

’ Differential Message Broadcast

R m
Known Reference

Location USER

— The first receiver in a reference station can calculate these errors
knowing its exact location (corrections “"PRC" calculated by the GBAS
ground station): PRC= PR - P,

— The second receiver (the user) will use these corrections to correct its
own measurements and increase the accuracy of these
measurements: PR _ - PRC

user
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Measured Pseudorange

< >
Geometric Range| Rec Sat.
Eph Noi
User receiver |Clock Clock P o Tropo |Noise
< > >

Rec Sat.
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<€

PRC: Pseudo-Correction broadcasted

Geometric Range
User receiver

Noise

<>
Residual

Corrected Pseudorange
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ERORS on the Signal

e Space Segment Errors:
— Clock errors
— Ephemeris errors

e Propagation Errors
— Ionospheric delay
— Tropospheric delay

e Local Errors

— Multipath >
— Receiver noise

Common

Strong spatial
correlation

Weak spatial
correlation

No spatial
correlation

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.
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LADGPS Ephemeris Correction Errors due to the
Geographic Separation

Position from ‘
broadcast —
ephemeris

Reference Station

— True position

AE: Satellite location error

Receiver B

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.
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Cycle 23 Sunspot Number Prediction (April 2001)

1996 1998 2000 2002 2004 2006

With SA set to Zero, the dominant error is now the
error associated with the Ionosphere.

— The ionosphere can add a significant amount of error to a
user's position solution

— Based on several factors:
o geographic location
e time of day

o time with respect to the solar cycle (11 years).

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 20



® . SBAS Concept

Courtesy FAA

The pseurorange error is split in its components.
e Clock error

e Ephemeris error
e Jonospheric error

e Local errors (troposphere, multipath, receiver noise)

Uses a network of receivers to cover broad geographic area

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 21



Error Mitigation

Receiver Noise

Error GBAS SBAS
component
Satellite clock Estimation and
Ephemeris Common Mode | Removal each
error

Ionosphere Differencing component
Troposphere Fixed Model
Flulinzzn sing Carrier Smoothing by user

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.
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| Integrit
GPS-like Differential (Usgl ’

signals corrections Don't Use)

4 )

+ ACCURACY
+ AVAILABILITY
+ CONTINUITY

& J
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@ The European Geoestationary Navigation
Overlay SERVICE (EGNOS)

ﬁ-hgl:dee

3.
Goonhilly s

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 24



e

What EGNOS is?

e EGNOS is the European component of a Satellite
Based Augmentation to GPS and GLONAS.

e EGNOS is being developed under the
responsibility of a tripartite group:
— The European Space Agency (ESA)

— The European Organization for the Safety of Air
Navigation (EUROCONTROL)

— The Commission of the European Union.

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 25



Three existing SBAS Systems

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 26
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Latitude (°)

ECAC Area

(ECAC: European Civil Aviation Conference)

Longitude (°)

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.
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@ EGNOS AOC Architecture

(AOC: Avanced Operational Capability)

GEO

GLONASS
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@ EGNOS AOC GROUND NETWORK TOPOLOGY

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 29
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30
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Ranging & Integrity Monitoring Station
(RIMS)

33 RIMS in EGNOS +1
specific RIMS for UTC time

GPS GLONASS GEO
L1/L2 I11

Antenna
& H
Pre- amplifier

RIMS :
Receiver SET

. FEL RIMS
Core SET
CCF CPF

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.

31



©

Master Control Center (MCC)

e MCC is Subdivided into

— CCF (Central Control Facility)
e Monitoring and control EGNOS G/S
e Mission Monitoring and archive
o ATCI/F

— CPF (Central Processing Facility)
e Provides EGNOS WAD corrections
e Ensures the Integrity of the EGNOS users
o Utilises independent RIMS channels for checking of corrections
e Real time software system developed to high software standards

e 4 MCCs will be implemented in EGNOS

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.
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Master Control Center (MCC)

EWA
CPF Central Processing Facility

EWA CCF Central Control Facility

o4 - - - -

PACF
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CCF VIEWS

il Top Level Technical Monitoring =S I

— RIMS — CCF
Langen Router

Torrejon Router — CPE

— MNLES

Goonhilly. Operational
Subkdode: Backup AORE

V3AT Hub A Router Gatwick

Ciampino Router 10R

Gatwick Router

ARTEMIS

VSAT Hub B Router

CCF: Global Accuracy display
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Navigation Land Earth Station
(NLES)

Uplink the EGNOS message with
the GEO ranging signal to GEO.

» Generate GPS-like signal and
transmit it to GEO transponder.

AW
e Maintaining synchronization of
the message with GPS time. Integrity
J Box
Monitoring & Conrol N S =]
10 MHz Distributi E T gﬁ f‘ :é ]
144444414 a T C”
ore
Frequency Long ¢ LPES Receiver
Standard Loop
EWAN M Core < GPS / GEOs / GLONASS ph: d cod
FEE Computer [ e o measuroments
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@ Geostationary satellite Broadcast Areas
(GBA)
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EGNOS Wide Area Network
(EWAN)

= Function

7 Links all EGNOS components
= Link types: [' RIMS NLES RIMS;H
2MCC-MCC MCC1 MCC2
«High capacity
OEWAN'S baCkbOne NLES NLESZ
AWCN LI MCC4 MCC3

«Ensures link with GEQO's

- MCC-RIMS I:I RIMS NLES RIMS;H

«Frame Relay or VSAT
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e EGNOS System Test Bed (ESTB)

Ready for Application Demonstrations

(French Guyana)
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The EGNOS System Test Bed
(ESTB)

e Under ESA Contract, European industry has set-up an
EGNOS test bed (fully operational since Feb. 2000) .
The ESTB is a full-scale real-time prototype of the
final EGNOS system.

e ESTB main objectives are:

— to have an assessment of the global performance
achievable with EGNOS

— to analyze in depth specific critical design issues or
trade-off's between several options

— to develop and validate system test methods
— to demonstrate to the final users the system operation,

— to provide a representative tool for Civil Aviations to
build up SBAS practical experience

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.
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EGNOS Operational Milestones

Initial trials

System Definition

Initial
Phase

Start October 98
January 96

Detailed Design Development/  yglidation Validation Operational/

implementation (ESA). certification.
21 months 21 months 9 months 24 months

Advanced j
Operational l l l l
Capability v
( AOC) Start July 2000 April 2002 January 2003 Service operative
October 98 ¢ > January 2005

Program ARTES-9 (ESA)

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.



SEXTANT AVIOMIQUE l]
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EGNOS Benefits

e Aviation, maritime navigation, Railways.
e Road community: car navigation, fleet management,
road pricing, autonomous vehicle guidance, etc.

e Timing and telecommunications: synchronization of
internet nodes; synchronization of mobile base stations,
etc.

e Agriculture: precision farming, GIS applications,
automation of mobile agriculture, etc).

e Many others: fishery, search and rescue, land
surveying, meteorology, land survey, leisure, etc.

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 42



PART Il

Data Processing

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.
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DATA PROCESSING

Navigation equations
and

SBAS Differential Corrections
and Integrity

A &4

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.

44



satellite
mem D,:OD ;
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[of

~300m

Satellite Clock Offset< 300Kin

Relativistic Correction < 13 m
Pseudorange

P1, P2, C/A

Satellite Instrumental Delay (TGD) ~ m

Geometric Range:p0 ~20 000K m

/Ionospheric Delay [2 — 50 m]
Tropospheric Delay [2 — 10 m]
Receiver Clock Offset <300Kim
/1!/ Receiver Instrumental Delay ~ m

Reception

del

/f\ &L LT
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Emission

~300
DOD " Reception

PSEUDORANGE MODELING el

Satellite Clock Offset< 300Kmn

Relativistic Correction < 13 m
Pseudorange

P1, P2, C/A

Satellite Instrumental Delay (TGD) ~ m

Geometric Range:p( ~20 000Km

,/Ionospheric Delay [2 - 50 m]
Tropospheric Delay [2 - 10 m]

Receiver Clock Offset <300Km
/1/ Receiver Instrumental Delay ~ m

P’ :+ c-(dt, J—‘) +> &

where:
N\ ~ — —_
Z S =rel +(Tr0p 9+ (071 i’>+ K. +@GD >—|—@

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 46
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*Pseudorange modeling

P/ =p/ +c-(dt,—dt’")+) 6,

—| LT

travel time x speed of light

Taylor linearization of p:

L O R U RICEED N

pip + ———Ax, + —— Ay, + ———Az,
,0,-0 pio pio
xi_xj yi_yj i_Zj ;
P P = Ax, + =2 ; Ay, + O—jAZl- +C(dtl.—dt])+ Z5k
o yo P; mem "
0 0 0 \‘ Hom
nfila T
X; =X, T Axi s Vi= Vi T Ayi » 2= Zp T AZi ‘}I“"\H,-""
 Navigation Equations System:
_ 1 1 1 = W
P —p +di' =Y ] P, P, pi -
| p,2 2 -2 2 e e Ax, ]
B -p; + dt —Z5k _ op—2 lop2 zopz 1 Ay,
........ ’ ’ ’ Az,
P —p +dt" =) 5" | R A
I pl;: pll’l pll’l |
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 Navigation Solution:

Y =G -X

i

R where Az

x=Gwae)'c'wy ca

G’ :lcosEl,.j cosAz',cosEl sinAz, sinEV ,1] = ,_|20

cdt.

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.



@ PROTECTION LEVELS: Y =G - X

X =[AN,AE, AU, cdt] a (GTWG)—IGTW %

[ djzv dyy  dyy dNT_
d d> d d 2
— T _| "NE E EV ET b ) 2 )
NV EV v VT HPL =600 |—L—+ N & +dNE
_dNT der dyr de ] 2 2
_ (T 1T
S=(GTWGJ 6TwW VPL=533d,
AN
w, 0
W = R . _ 2 2 2 b -1
W, = (O-i,UDRE + 6i,UIRE|£=O + Gi,air + Gi,tropo)
N . \‘l\
_52 0 i -Ko-o o Ko
1
P = R . O-i2 = O-l%ﬂt + O-izUIRE + O-iz,air + O-I%IVOPO A~ N(O,I)
' 2 P(X|>5.33)=10"
0 Oy
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Users know the receiver-satellites geometry and can compute bounds on
the horizontal and vertical position errors.
These bounds are called Protection Levels (HPL and VPL). They provide

good confidence (10-7/hour probability) that the true position is within a
bubble around the computed position.

Protection
Level

True
Error

- Tail area Probability P(VPE>VPL) < 107 /sample

N
2 2 2 2 2
VPL :@ Z@/ Gi o Jz',ﬂt + Gi,UIRE + O-i,air T Gi,tropo

GEOMETRY

50
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: Fast Corrections
@ Ephemeris +
Long Term Corrections MT1, MT2,5,24, MT6,

+ =P Uohe MT25, MT7, MT12,
Clocks + MT9

Degradation Param.

IONO Corrections /

+
IONG ——b| Gl MT18

+
Degradation Param.

MT10

Y =Cl+ PRC — p" + At*™ +dt*™ +rel = TGD +IONO +TROP

2 2 2 2
O _O-ﬂt-l_GUIRE-I_Gair_l—G

2
tropo
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Fast and Long-Term Correction Degradation

2
O-2i = (O-UDRE + gfc +grrc +gltc +ger) 9ijp RSSUDRE =0 (MTIO)

O-zUDRE +£2fc +(92rrc +821tc +(c;2er R ljf RSSUDRE =1 (MTIO)

(=t +yy )2 \ MT25

Ep=a—5 —
MT2-6,24 |  fwery
14
i IODF ,UDRE
g o=C, o floor| e Iv\ ’ i
ltc,v0 Ite,v0 Iltc,vO | \ t = tof MT7
(when IODF # 3) ) /\ ai ]fc,i tlat
O ’ZJ(‘ t0<t<t0+lltciv1
gltc,vl = .
Crs 1 TG,y max {0, iy =00 =0, = Ihc_vl} , otherwise MT 1 O
Neither fast nor long term corrections BW () (jhc _Isb> (jll‘c vl
g — have time out for precision approach
er
C o CEIETE 1 lte_vl° C}tc_vO ’ 1 ltc_v0?

[
IODF ,IODF = #3 C RSS
i O/A/ , ( 70D Ft _IOD Fp )mod2 — 1 er? UDRE >
_ C C

o iono_ramp > ~~iono_step?
F)t=t,), GoDE,  ~10DF, )00y %1

I ,RSS.

iono? iono
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Degradation of Ionospheric Corrections

1

2 . 2 2 Fo 1_[RecosE]2 E
Oure = F pp Ounve ” [ R, +h,
2y : MT10
GUIVE = ZVVn (‘xpp7ypp)o-n,i0n0gl"id ? N = 407"3
n=l Brrc > (jltc_lsb > th_vl >
]lc Vl’QC VO’Ilc v0?
(Cowe+ Eomo ) »if RSS,,. =0 (MT10) e
2. L GIVE ono iono
O ionogrid = CerﬂRSS UDRE >
GZGIVE + gziono 5 # RS iono =1 (MTlO)
C'iono_ramp 2 C;ono_step 2
[iono’RSS;'ono
1—t;
61'0110 = Ciono_step ﬂ oor ( ]l.::io ) + C;'ono_ramp (t B ZLiono) MT26
Liono GIVE,
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@ SBAS Differential Corrections and Integrity:
The RTCA/MOPS

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 54
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Message Format

<—— DIRECTION OF DATA FLOW FROM SATELLITE; MOST SIGNIFICANT BIT (MSB) TRANSMITTED FIRST

<

250 BITS -1 SECOND >

212-BIT DATA FIELD

=

| 24-BITS
PARITY

6-BIT MESSAGE TYPE IDENTIFIER (= 2, 3, 4 & 5)
8-BIT PREAMBLE OF 24 BITS TOTAL IN 3 CONTIGUOUS BLOCKS

The corrections, even for
individual satellites are
distributed across several

e 250 bits individual messages.

e One Message per second
o All messages have identical format

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.
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EGNOS Broadcast Messages (ICAO SARPS)

MSG 0 Don't use this SBAS signal for anything (for SBAS testing)

MSG 1 PRN Mask assignments, set up to 51 of 210 bits

MSG 2to 5 Fast corrections

MSG 6 Integrity information

MSG 7 Fast correction degradation factor

MSG 8 Reserved for future messages

MSG 9 GEO navigation message (X, Y, Z, time, etc.)

MSG 10 Degradation Parameters

MSG 11 Reserved for future messages

MSG 12 SBAS Network Time/UTC offset parameters

og 1y °™* | Cenai s 1o+ Many Message Types
= arid bo Coordinated Through

MSG 18 lonospheric grid point masks

MSG 19 to 23 | Reserved for future messages Issues Data (IOD

MSG 24 Mixed fast corrections/long term satellite error corrections

MSG 25 Long term satellite error corrections

MSG 26 lonospheric delay corrections

MSG 27 SBAS outside service volume degradation

MSG 28 to 61 Reserved for future messages

MSG 62 Internal Test Message

MSG 63 Null Message
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: Fast Corrections
@ Ephemeris +
Long Term Corrections MT1, MT2,5,24, MT6,

+ =P Uohe MT25, MT7, MT12,
Clocks + MT9

Degradation Param.

IONO Corrections /

+
IONG ——b| Gl MT18

+
Degradation Param.

MT10

Y =Cl+ PRC — p" + At*™ +dt*™ +rel = TGD +IONO +TROP

2 2 2 2
O _O-ﬂt-l_GUIRE-I_Gair_l_G

2
tropo
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Issues of Data (IOD)

GPS > Long-te_r%} Corl::cs:ttions
Ephemetis Corrections small iy
(25) changes (2-5,24)
A ’
GPS |IODP e IODF,
Clock
\Y/V
PRN :
GLONASS Mack | 'f"teg"tt.y
DATA nformation
(1) (6)
/ oDS IoDP
Service Accelerati
Message Informatio
(27) (7)
lonospheri¢ lonospherid
Mask E»" Corrections|
(18) (26)
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upC Message Time-Outs:

Users can operate even when missing Messages

e Prevents Use of Very Old Data
e Confidence Degrades When Data is Lost
e JIODF: Detect Missing Fast Corrections

1 second
System Latency < >
> I
. ........ T T .......
The Correction is tof: Time of applicability | Last bit of message:
estimated by the (1st bit of message) | tof+1sec
master station

Correction time-Out
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Associated Maximum En Route, Precision
Data Message Update Interval | Terminal, NPA Approach
Types (seconds) Timeout (seconds) | Timeout (seconds)
WAAS in Test Mode 0 6 N/A N/A
PRN Mask 1 60 None None
UDREI 2-6, 24 6 18 12
Fast Corrections 2-5,24 60 (*) )
Long Term 24,25 120 360 240
Corrections
GEO Nav. Data 9 120 360 240
Fast Correction 7 120 360 240
Degradation
Weighting Factors 8 120 240 240
Degradation 10 120 360 240
Parameters
Ionospheric Grid 18 300 None None
Mask
Tonospheric 26 300 600 600
Corrections
UTC Timing Data 12 300 None None
Almanac Data 17 300 None None

(*) Fast Correction Time-Out intervals are given in MT7 [between 12 to 120 sec]

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.

60



PRN MASK (MT01)

Bit No 1 2 3 4 5 6 38 : 120 210
Value 0 | 0 1 1 0 | 1 0
PRN GPS GPS GPS GLONASS AORE

PRN 2 PRN 4 | PRN 5 Slot 1 PRN 120
PRN mask 1 2 3 21 29
Number

Up to 51 satellites in 210 slots.

Note: Each Correction set in
MT 2-5,5,6,7,24,25 its
characterized by its PRN-Mask
number, between 1 to 51.

Each MTO01 contains its associated IODP

Assignment

PRN

Slot
1-37 GPS/GPS Reserved
38-61 GLONASS
62-119 Future GNSS
120-138 | GEO/SBAS
139-210 | Future GNSS/GEO/SBAS/Pseudolites
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@»  Fast Corrections (MT2-5,24)

e Primarily Removes SA

Common to ALL users

Up to 13 Satellites Per Message
Pseudorange Correction /confidence Bound
Range Rate Formed by Differencing

UDRE degrades Over Time

e Acceleration Term in MT 7
e Reset when new Message Received

Manuel Hern
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©

Fast Corrections (MT2-5)

PRC(t):PRCn+RRCn(f—fn) Y = C1+PRC _p* _l_Atsat +dtsat

PRC — PRC
RRC, = z 0 +rel —TGD + IONO + TROP
tl’l o tO
<— DVECTION OF DATA FLOW FROM SATELLITE; MOST SIGNIFICANT BIT (MSB) TRANSMITTED FIRST
- D >
|<o or 2 BiTS) 250 BITS - 1 SECOND > REPEAT FOR 12
REPEAT FOR 12 MORE SATELLITES UDREI MORE SATELLITES
|
PR L L e
|I_<—13 12-BIT FAST CORRECTIONS >| 13 4-BIUDREIs )| ﬁ(::%sr
IODF (2 BITS)
6-BIT MESSAGE TYPE IDENTIFIER (= 2, 3, 4 & 5)
8-BIT PREAMBLE OF 24 BITS TOTAL IN 3 CONT US BLOCKS

wss. ~0 [urio) /

O’ = OUDRE +E fo + E e +Elic + Er
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63



Message Type 6

<—— DIRECTION OF DATA FLOW FROM SATELLITE; MOST SIGNIFICANT BIT (MSB) TRANSMITTED FIRST

< 250 BITS -1 SECOND >
IODF,, IODF,, IODF, & IODF, (2 BITS EACH)

AR REN RN AN Zan NN AN RNNARRNNR RN NN RRRNNARN

I 1 4-BIT\UDREI 24-BITS
< > U > PARITY
6-BIT MESSAGE TYPE IDENTIFIER (= 6)

8-BIT PREAMBLE OF 24 BITS TOTAL IN 3 CONTIGUOUS BLOCKS

Alarm conditions are

e Serves Two Purposes indicated with

IODF=3
— Alarm for Multiple Satellites
e Includes UDREs for all 51 Satellites

— Update UDRE in Between Fast Corrections

e More efficient Use of Bandwidth

e The receipt of MT6 with matching IODF<3 is equivalent
to another reception of last fast correction.
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Evaluation of UDREI

UDREIL | UDRE, Meters 62 UDRE
Meters?

0 0.75 0.0520
1 1.0 0.0924
2 1.25 0.1444
3 1.75 0.2830
4 2.25 0.4678
5 3.0 0.8315
6 3.75 1.2992
7 4.5 1.8709
8 5.25 2.5465
9 6.0 3.3260
10 7.5 5.1968
11 15.0 20.7870
12 50.0 230.9661
13 150.0 2078.695
14 Not Monitored Not Monitored
15 Do Not Use Do Not Use

Comment:

o With SA=off, the FC can be sent
less frequently than 6sec, but it is
still necessary to update the
“integrity status (UDREs)” at the
high rate.

e Prec. App: UDRE time-out =12sec

FC time-out between 12 -120 sec.

The MOPS (RTCA Do 229A) 2.1.1.5.2,
establish the satellites deselecting for:

-UDRE=14 (not monitored)
and
-UDRE=15 (don't use)

2.1.4.7.1: In addition, for
Precision Approach: UDRE<11.
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©

UDRE degradation: The fast correction was estimated |
by master station at some previous time t, -t

1 sec
t.,.(MT7) &> It (MT7)

The Correction is j— . .
estimated by the tn' Time of applicability

master station (1st bit of message)

FC Correcti
Oifr = O ure+E o +E e +Ee+E o .

Acceleration Term Lost Fast Correction Term
(Always included) (when IODF #3)

al,

(t_tUDRE 1, )2 Ere = 4 +t :rct (t_t”)

a
gfc 5
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EXAMPLE 1

(From WAAS MOPS: Practical Examples.
Todd Walter)
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I\:;:::. I\I'-Iaezts I\I';::sts PRC(t) RRC, Error O-zﬂt GZUDRE ngc gzrrc
Time (s) PRC, IODF, (m) (m)
tn (m)

-1 0.500 0 - - - - - -

-1 0.500 0 - - - - - -

5 -2.125 1 -2.563 | -0.4375 | 0.505 0.0957 0.0924 0.0033 0

-2.125 1 -3.875 | -0.4375 | 1.045 0.1141 0.0924 0.0217 0

11 -3.125 2 -3.292 | -0.1667 | -0.140 | 0.0957 0.0924 0.0033 0

11 -3.125 2 -3.792 | -0.1667 | -0.171 | 0.1141 0.0924 0.0217 0

17 -4.000 0 -4.146 | -0.1458 | 0.238 0.0957 0.0924 0.0033 0

17 -4.000 0 -4.583 | -0.1458 | 0.373 0.1141 0.0924 0.0217 0

17 -4.000 0 -5.021 | -0.1458 | 0.893 0.1699 0.0924 0.0775 0

17 -4.000 0 -5.458 | -0.1458 | 1.584 0.2954 0.0924 0.2030 0
30 29 -3.500 2 -3.458 | 0.0417 | 0.008 0.0964 0.0924 0.0033 | 0.00069
33 29 -3.500 2 -3.333 | -0.0417 | 0.479 0.1252 0.0924 0.0217 | 0.01111

36 35 -2.750 0 -2.625 | 0.1250 | 0.537 0.0957 0.0924 0.0033 0

39 35 -2.750 0 -2.250 | 0.1250 | 1.100 0.1141 0.0924 0.0217 0

FC update rate 6 sec
Param Mes. Type value Param Mes. Type value
O UDRE (m2) MT2 0.0924 t,., (sec) MT7 4
a (mm/s2) MT 7 4.60 B, _(m) MT10 0.15
I (sec) M7 12 RSS MT10 1
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Last Last Last O-zﬂt GZUDRE ngc 32

Mess. Mess Mess. PRC(t) RRC, Error rrc
Time (s) PRC, IODF, (m) (m)
tn Sm!
-1 L 0500 7’* _ _ _ _ _ _
-1 0.500 ( i ] i i
e
5 C-2.125 o505 | 0.0057 0.0924 { 0.0033 0
-2.125 1.045 | 0.1141 0.0924 0
12 11 -3.125 /| -3.202 | -0.1667 | -0.140 | 0.0957 0.0924/| 0.0033 0
15 11 -3.125 -3.792 | -0.1667 | -0.171 | 0.1141 0.094 | 0.0217 0
18 17 -4.000 -4.146 | -0.1458 | 0.238 | 0.0957 96924 | 0.0033 0
21 17 -4.000 -4.583 | -0.1458 | 0.373 | 0.1141 0.0924 | 0.0217 0
24 17 -4.940 .5.021 | -0.1458 | 0.893 | 0.1699 0.0924 | 0.0775 0

-5.458 | -0.1458 | 1.584 0.2954 0.0924 0.2030 0
-3.458 0.0417 0.008 (y{964 0.0924 0.0033 0.00069
-3.333 | -0.0417 | 0.479 0.1252 0.0924 0.0217 0.01111
-2.625 0.1250 0.537, 0.0957 0.0924 0.0033 0
-2.250 0.1250 1.}‘0 0.1141 0.0924 0.0217 0

27 17 A.000

30 29

33 20/ | -3.500
36 A5 -2.750

39 / 35 -2.750

PRC(t) — PRCn + RRCn (t _tn) (fi,ﬂt = [ME+62]%'+6277C+(€21ZC+62@’

oonuooco\nn—n

PRC, - PRC,
n [0) fc 2 n lat rre 4 tn —to n
RRC Time — Out Ifc=12sec
] = €..=0 wh . issed
At=t,—t,>1, PRC Time— Out UDRE Time-Out rc=0 when no mess. are misse
t—t >8At t—t,>1,+1 t-t,>13
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Last Last Last
Mess. Mess Mess. PRC(t) RRC, Error O-zﬂt GZUDRE ngc gzrrc
Time (s) PRC, IODF, (m) (m)
tn (m)
-1 0.500 0 - - - - - -
-1 0.500 0 - - - - - -
5 -2.125 1 -2.563 -0.4375 0.505 0.0957 0.0924 0.0033 0
-2.125 ,.J\ -3.875 -0.4375 1.045 0.1141 0.0924 0.0217 0
12 11 -3.125 ( 2 ’: -3.292 -0.1667 | -0.140 0.0957 0.0924 0.0033 0
15 11 -3.125 2 -3.79 \QQ -0.171 0.1141 0.0924 0.0217 0
18 17 -4.000 0 -4.146 -0.1458 . 0.0957 0.0924 0.0033 0
21 17 -4.000 0 -4.583 -0.1458 0.373 0.1 0.0924 0.0217 0
24 17 -4.000 -5.021 -0.1458 0.893 0.1699 0.092 \007{ 0
27 17 -4.000 ( 0 5-4-58——04458——1.584——0-2954——0-0924——0-2030—» 0
N
30 29 -3.500 2 -3.458 0.0417 0.008 0.0964 0.0924 0.0033 0.00069
33 29 -3.500 2 -3.333 -0.0417 0.479 0.1252 0.0924 0.0217 0.01111
36 35 -2.750 0 -2.625 0.1250 0.537 0.0957 0.0924 0.0033 0
39 35 -2.750 0 -2.250 0.1250 1.100 0.1141 0.0924 0.0217 0
PRC(t) = PRC, + RRC (t~1,) (fi,ﬂz‘ :OQKME-FéQﬁ-F(C/QWC-F&zltC-FéQaf
PRC - PRC,
RRC = 1
' t —t =Z(t-t,+1,, ) = 2e ) B oy )
n o gfc . n lat grrc = + r— tn
2 4 tn —1 o
RRC Time — Out Ifc=12sec
. . €,..=0 when no mess. are missed
At=t,—t,>1, PRC Time—Out UDRE Time-Out e
f—tn>8Af l‘—l‘n>[ﬂ,+1 t-t,>13
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Last Last Last
Mess. Mess Mess. PRC(t) RRC, Error O-zﬂt GZUDRE ngc gzrrc
Time (s) PRC, IODF, (m) (m)
tn (m)
-1 0.500 0 - - - - - -
-1 0.500 0 - . - - -
The IODEs are not in
5 -2.125 1 -2.5 Sequence and the user is 57 0.0924 0.0033 0
-2.125 1 -3.4 aware that a FC is missing. g1 0.0924 0.0217 0
12 11 -3.125 2 -3.3 RRCis formed using IODFs 55 0.0924 | 0.0033 0
15 11 -3.125 2 -3.7 out of sequence => Szrrc 11 0.0924 | 0.0217 0
18 17 -4.000 0 -4.146 | -0.1458 | 0.238 0.0957 0.0924 0.0033 0
21 17 -4.000 -4.5 1458 | 0.373 0.1141 0.0924 0.0217 0
24 17 -4.000 0 -5.021 | -0.1458 . 0.1699 0.0924 0.0775 0
27 17 -4.000 0 -5.458 -0.1458 1.584 0.2 % 0.2030 0
I 30 29 -3.500 -3.458 | 0.0417 | 0.008 0.0964 0.0924 sn.o& 0.00069
33 29 -3.500 ‘ 2 22333 00412 | 0470 | 01252 0.0024 0.0212 01111
36 35 -2.750 0 -2.625 0.1250 0.537 0.0957 0.0924 0.0033 0
39 35 -2.750 0 -2.250 | 0.1250 | 1.100 0.1141 0.0924 0.0217 0
PRC(t) = PRC, + RRC (t~1,) (fi,ﬂz‘ :OQKME-FéQﬁ-F(C/QWC-F&zltC-FéQaf
PRC, — PRC,
RRC = 1
" t _t =) . ( )2 — = fe Brrc ( )
n 0 gfc=_ t_tn+tlat grrc= + t_tn
2 4  t -t
RRC Time — Out Ifc=12sec
: = h . i
At=t —t > Ifc PRC Time — Out UDRE Time-Out €,rc=0 when no mess. are missed
f—1 >8At t_tn>[ﬁ:+1 t'tn>13
; .
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EXAMPLE 2

(From WAAS MOPS: Practical Examples.
Todd Walter)
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Ot = OURE+E 1o +E e +E e +E

a 2
e [ttt ot Tiaste [tume | 02, | 0%ome | @ | e | O =20 foone Hlur)
0 -1 2 (i} -1 0.052014 0.0520 0.000014 (i} e = al, N B.,. ( ‘g )
6 5 6 0 5 0.052014 | 0.0520 | 0.000014 0 " 4 1 -t !
12 11 6 ()} 11 0.052014 0.0520 0.000014 (i}
18 17 6 (i} 17 0.092414 0.0924 0.000014 ()}
24 23 6 (] 23 0.092414 0.0924 0.000014 0 8rrc=o when no
30 29 2 1 29 0.052014 0.0520 0.000014 (i} messages are missed
36 35 6 1 35 0.052014 0.0520 0.000014 (i}
42 a1 6 1 41 0.052014 0.0520 0.000014 (i}
48 a7 - - 41 0.052329 0.0520 0.000329 (]
54 53 6 1 53 0.092414 0.0924 0.000014 (]
60 59 - - 53 0.092729 0.0924 0.000329 (i}
66 65 6 2 53 0.094297 0.0924 0.001897 0 Param Mes. value
72 71 6 2 53 | 0.002696 | 0.0924 | 0.006296 0 Type
78 77 6 2 53 0.108310 0.0924 0.015910 0 GZUDRE 0.0520
84 83 6 2 53 0.430000 0.0924 0.337600 (i} (m2) MI26 | 0.0924
920 89 2 (i} 89 0.052074 0.0520 0.000014 | 0.000060 a
96 95 6 0 95 0.054732 0.0520 0.000014 | 0.002720 (mmy/s2) MT 7 0.30
102 101 6 0 101 0.061394 0.0520 0.000014 | 0.009380 MT 7 66
108 107 6 0 107 0.122814 0.0924 0.000014 | 0.030400 [fc (sec)
114 113 6 0 113 | 0.027104 0.0924 0.000014 | 0.034690 f, (sec) Mrz #
120 119 2 1 119 0.052014 0.0520 0.000014 0 B”C (m) MT10 0.15
126 125 6 1 125 0.052014 0.0520 0.000014 (i} RSS TI0 P
132 131 6 1 131 0.052014 0.0520 0.000014 0 UDRE
138 137 6 119 0.092696 0.0924 0.006296 (i}
144 143 6 119 | 0.108310 | 0.0924 | 0.015910 0 MT 2 update rate 30 sec
150 149 2 2 149 | 0.052014 0.0520 0.000014 ()} MT 6 update rate 6 sec

73
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Ot = OURE+E 1o +E e +E e +E

a )
Time Last Mes Last Mess Last Mes t & . = (t - tUDRE + tlat )
t(s) | t2,t6(s) Type TODF UDRE Pae | FPure & & e S
0 -1 ( 2 ) 0 -1 0.052014 0.0520 0.000014 0 (al, B, ( )
v ‘ grrc = + t - tn
6 5 3 N 0 5 0.052014 0.0520 0.000014 0 4 t, —t,
12 11 6 S | 11 | oo0s2014 | 00520 | 0.000014 0
18 17 6 0 \\17 0.092414 0.0924 0.000014 0 - -
24 23 6 0 2 0.092414 0.0924 0.000014 0 The recelp_t of M:I' 6 (with
- 5 (Az ) : ’\29 e — IODF<3) is equivalent
; _0.0000T7] -
S — " to another reception of
42 a1 6 1 41 0.052014 [\0.0520 0.000014 0
a8 a7 - - 0.052329 03950\ 0.000329 0
.y -
54 53 6 1 53 \1@14 0.0924 \\Qooom 0 UDRE Time-Out
60 59 5 5 53 0.0927\29\\ 0.0924 o.o?ds@ 0 t-typre>13
66 65 6 2 53 0.094297 N 0.001897\\ 0
72 71 6 2 53 0.092696 0.0924\\o\oosr“R C PRC RRC
78 77 6 2 53 0.108310 0.0924 0.015" (t 2t n (t —1 n)
84 83 6 2 53 0.430000 0.0924 0.337¢(
RRC PR PRC,
90 89 2 0 89 0.052074 0.0520 0.000! =N
n
96 95 6 0 95 0.054732 0.0520 0.000(
102 101 6 0 101 | 0.061394 0.0520 0.000014 | 0.009380
108 107 6 0 107 | 0.122814 0.0924 0.000014 | 0.030400 RRC Time — Out
114 113 6 0 113 | 0.027104 0.0924 0.000014 | 0.034690 At=t —t >1 7
120 119 2 1 119 | 0.052014 0.0520 0.000014 0 '
t—t, >8At
126 125 6 1 125 | 0.052014 0.0520 0.000014 0
132 131 6 1 131 | 0.052014 0.0520 0.000014 0 PRC Time — Out
138 137 6 3 119 | 0.092696 0.0924 0.006296 0 _
t—typre > 1, +1
144 143 6 3 119 | 0.108310 0.0924 0.015910 0
150 149 2 2 149 | 0.052014 | 0.0520 | 0.000014 0 Ifc=66sec
74
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Ot = OURE+E 1o +E e +E e +E

a 2
e | oo T ot [ sttes [ unee | 0%, | 0%pge | % | 0% | CF =5\ oone Hiun)
0 -1 (2) 0 -1 0.052014 | 0.0520 | 0.000014 0 . |4 I, N B, (t=1)
6 5 e 5 0.052014 | 0.0520 | 0.000014 0 " 4 1 -t !
12 11 6 e 11 | 0.052014 | 0.0520 | 0.000014 0
18 17 6 0 N\ 17 | 0092414 | 0.0924 | 0.000014 0 MT 6 is missed and
24 23 6 0 2 0.092414 | 0.0924 | 0.000014 0 t,pne FEMains at 41s,
30 29 (2) 1 29 52014 | 0.0520 V e the 2. t
36 35 s . %1_5% 060014 0 Inflating the &7¢c term
R
42 a1 6 1 . 0.0520 | 0.000014 0 .
48 47 0052320 | 0.082q | 0.000329 0 UDRE Time-Out
54 53 6 \1@14 0.0924 \\Qooom 0 ttypre>13
60 59 . ; 53 | 0.092720~] 0.0924 | 0.000829 0
66 65 6 2 53 | 0.094207 | Osgs | 0.001897 N_ o0
72 71 6 2 53 | 0.092696 | 0.0924 1NQ.006 =N
78 77 6 2 53 | 0.108310 | 0.0924 | 0.01% RC (t PRCn + RRCn (t - tn)
84 83 6 2 53 | 0.430000 | 0.0924 | 0.337 PR _ PRC
90 89 2 0 89 | 0.052074 | o0.0520 | 0.000 RRC TN 0
96 95 6 0 95 | 0054732 [ o0.0520 | 0.000f
102 101 6 0 101 | 0.061394 | 0.0520 | 0.000014 | 0.009380 :
108 107 6 0 107 | 0.122814 | 0.0924 | 0.000014 | 0.030400 RRC Time — Qut
114 113 6 0 113 0.027104 0.0924 0.000014 | 0.034690 At = t,—t, > I e
120 119 2 1 119 | 0.052014 | 0.0520 | 0.000014 0 -t >8Al
126 125 6 1 125 | 0.052014 | 0.0520 | 0.000014 0
132 131 6 1 131 | 0.052014 0.0520 0.000014 0 PRC Time — Out
138 137 6 3 119 | 0.092696 | 0.0924 | 0.006296 0 f =ty > 1 +1
144 143 6 3 119 | 0.108310 | 0.0924 | 0.015910 0
150 149 2 2 149 | 0.052014 | 0.0520 | 0.000014 0 Ifc=66sec
75
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Ot = OURE+E 1o +E e +E e +E

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.

a 2
Time Last Mes Last Mess Last Mes t E.=— (t tUDRE + tl ¢ )
ts) | t2,t6(s) Type TODF UDRE e 2 yore & & e L) ¢
0 -1 ( 2 ) 0 -1 0.052014 | 0.0520 | 0.000014 0 . = I £ B, (=t)
6 5 e 5 0.052014 | 0.0520 | 0.000014 0 " 4 tn —t,
12 11 6 S | 11 | oos2014 | 00520 | 0.000014 0
N
18 17 6 0 N, 17 | 0092414 | 0.0924 | 0.000014 0 IODF out of sequence,
24 23 6 o 2 0.092414 | 0.0924 | 0.000014 0 t,oge Will remain at 53s
30 29 (2) ( 1 )&—79— 6052014 | 0.0520 | 0.000014 0_—~T1 until the receip of the
36 35 e ‘\ 1 35 | 0.052 0.0520 | 0.000014_{= 0 next fast correction
42 a1 6 T a1 | o.052014 [\0.0520 | 0014 0 =
48 47 - - 0.052329 0.000329 0 UDRE Time-Out
54 53 6 1 53 2 | 0.0024 \\Qooom t-t,>13
60 59 - LT | 000273~ 0.0924 | 0.00 ~ o
66 65 6 2 53 | 0.094207 | Oags_4~Boo1897 N_ ©
S
72 71 6 2 53 | 0.092696 0924 N0.006 R C\ PRC RRC
78 77 6 2 53 0 10 0.0924 0.013" (t + (t —1 )
84 83 6 0.430000 | 0.0924 | 0.337
_ PRC,
90 89 2 ( 0 89 | 0052074 | o0.0520 [ o0.000( R RC
g
96 95 6 0 95 | 0.054732 | o0.0520 | o. ooo{
102 101 6 0 101 | 0.061394 | 0.0520 | 0.000014 | 0.009380
108 107 6 0 107 | 0.122814 0.0924 0.000014 | 0.030400 RRC Time — Out
xan asa | aonaeas | aasas | aapgo1s4 | 0.034690 At=t,—t,>1,
| NOTE: Because the IODF was not set to 3 and the user has |- - -
1 not missed 4 messages in row, they know that the service " 5 t—t,>8At
o provided is monitoring this and other combinations of old PRC Ti 0
| data and it is save for them to continue it use. 14 ° ime — Qut
. . 296 0
H Thence, it is using t-t,>13, instead of t-t ;. >13 for t=typre > 1 +1
- 10 0
H UDRE Time-Out.
: 0 Ifc=66sec
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Ot = OURE+E 1o +E e +E e +E

a 2
e | g Tostwes Tittes [t | 02, | 0%pme | 0 | e | OF =5l )
0 -1 2 0 -1 0.052014 | 0.0520 | 0.000014 0 . = I, N B, (=t)
6 5 6 0 5 0.052014 | 0.0520 | 0.000014 0 " 4 1 -t !
12 11 6 0 11 0.052014 | 0.0520 | 0.000014 0
18 17 6 0 17 0.092414 0.0924 0.000014 ()} The user is aware of a FC is
24 23 6 0 23 0.092414 0.0924 0.000014 ()} missing.
30 29 2 ( 1 )«—”—w 0-0520 0-0000 T o RRC is formed using IODFs
36 35 6 1 35 | 0.052014 | 0.0520 | 0.000014 o _A out of sequence => §2rr c
42 a1 6 1 41 0.052014 | 0.0520 | 0.000014 | _6 7
48 47 - - 47 | 0052329 | o0.520 | 0.0003;: PR(C (f) — PRCn 1L RRCn (f — tn)
54 53 6 1 53 | 0.092414 | 0.0924 001
60 59 - - 53 | 0.002729 | 0.09 0.0003: PR — P ch - P RCO
66 65 6 2 53 | 0.004207 [ 60924 | 0.0018¢ " { —t
72 71 6 2 53 o.ogzns/ 0.0924 | 0.006296 v ? 2
78 77 6 2 53 l/ﬁosno 0.0924 | 0.015910 0 _
84 83 6 | _#% | 0430000 | 00924 | 0337600 | g, RRC Time — Out
90 89 2 (o J¥| 8o [ 0052074 | o0.0520 | o0.000014 }*0.000060*, At=t,—-t,>1,
96 95 6 g 95 | 0.054732 | 0.0520 o.oooon}: 0.002720 "_- t—t >8At
102 101 6 0 101 | 0061394 | 0.0520 | 0.000014 | 0.009380 | =
> .
108 107 6 0 107 | 0.122814 | o0.0924 o.oooo14\;| 0.030400 B PRC Time — Out
114 113 6 0 113 | 0027104 | 0.0924 | 0.000014 'P,0.034690,¢
120 119 2 1 119 | 0.52014 | 00520 | 0000014 | 0 t=typre > 14 +1
126 125 6 1 125 | 0.052014 | 0.0520 | 0.000014 0
132 131 6 1 131 | 0.052014 | 0.0520 | 0.000014 0 UDRE Time-Out
138 137 6 3 119 | 0.092696 | 0.0924 | 0.006296 0 t-typpe>13
144 143 6 3 119 | 0.108310 | 0.0924 | 0.015910 0
150 149 2 2 149 | 0.052014 | 0.0520 | 0.000014 0 Ifc=66sec

77

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.



di,ﬂt :dLDQE+62}‘c+62n@+6lltc+6Qaf £, E%(t_119+tlat)2

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.

Tt"(:;a :;,s:sM(f; LasTtyI:: > Lars&;l::es tuore a? fit o? UDRE & fc & mc | opF 5. if|ac—1,/2]%0
0 -1 2 0 -1 0.052014 0.0520 0.000014 0 . |A’t 1,02 ch |
6 5 6 0 5 0.052014 0.0520 0.000014 0 Epe = [—‘+ ?J (1-119)
12 11 6 0 11 0.052014 0.0520 0.000014 0
18 17 6 0 17 0.092414 0.0924 0.000014 0 Alarm Condition (IODF=3)
24 23 6 0 23 | 0.092414 | 0.0924 | 0.000014 0 tuore backs to 119 (the last
30 29 2 1 29 0.052014 0.0520 0.000014 ()} received Fast Correction)
36 35 6 1 35 0.052014 0.0520 0.000014 0 /
42 41 6 1 41 | 0.052014 | 0.0520 | 0.000014 o/ UDRE Time-Out
a8 a7 - - a7 0.052329 0.0520 0.000329 0 / t-t;>13
54 53 6 1 53 0.092414 0.0924 0.000014
60 59 - - 53 0.092729 0.0924 0.000 -
or oo LRC(2) = PRC + RRC (t-t))
| NOTE: D924 0.006 PRC PRC
1 When IODF in either message is set to 3, then - 0_)(5" RRC = n__ o
| tupre="t, and is not updated to the time of MT6 |, 222 z m
920 89 2 (i} ( 89 Woszo 0.000014 | 0.000060 L~ o
96 95 6 0 95 | 0.054732 o.o% 0.000014 )ooﬁo
102 101 6 0 101 | 0.061394 96520 0,000014 | 0.009380 RRC Time — Out
108 107 6 (] 107 0.122814 M 0.000014 | 0.030400 At = ¢, —t, > Vi P
114 113 6 0 113 | 0.027 ~ 0.0924 0.000014 | 0.034690 f_ s S QAF
120 119 2 1, -(119) 4052414 0.0520 0.000014 0 "
126 125 6 17 | 125 0g62014 | o0.0520 | 0.000014 0 PRC Time — Out
132 131 6 1° [,£0.052014 0.0520 0.000014 0 =119 > [fc +1
138 137 6 0.092696 0.0924 0.006296 0
144 143 6 0.108310 0.0924 0.015910 0
150 149 2 0.052014 0.0520 0.000014 0 Ifc=66sec
78



©

Long-Term Corrections (MT25, 24)

e Primarily Correct Ephemeris Errors
— Also removes Slowly Varying Clock
- And discontinuities in Broadcast Ephemeris

— Separate Degradation Factors for Lost
Messages

e For GEO are contained in MT9

Manue

| Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.
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Long-Term Corrections (MT25)

<€—— DIRECTION OF DATA FLOW FROM SATELLITE; MOST SIGNIFICANT BIT (MSB) TRANSMITTED FIRST
< 250 BITS - 1 SECOND >
VELOCITY CODE = 0 IODP
(2 BITS) 24-BITS
2, | IS ! : MESSAGE | PARITY
| — '
ISSUE OF DATA; SEE [1]
PRN MASK NUMBER
6-BIT MESSAGE TYPE IDENTIFIER (= 25)
8-BIT PREAMBLE OF 24 BITS IN 3 CONTIGUOUS BLOCKS
S = SPARE (1-BIT)
ox(1) ox,, ox,, X XGPS | GLONASS Ox
(1) | =], [+] Ty [t —ty)—> | ¥ | =] Yorssaromss |+| D
_5Z(t)_ _520_ _520_ | Z | | ZGps/GLonass _52_

(1) = 5af0 T 5af1(t B to) i &ZfGo_) dt = dt Gps jGronass T O

GLONASS
(MT12)

Y =Cl+PRC -p*+ g +rel —TGD + IONO + TROP

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.
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GEO Coordinates and clock (MT 9)

<—— DIRECTION OF DATA FLOW FROM SATELLITE; MOST SIGNIFICANT BIT (MSB) TRANSMITTED FIRST

< 250 BITS -1 SECOND >

. . ) = 4-BITS
* Xe | Y | Ze | X6 | Yo | Z |Xc]Yc|Z3 PARITY

‘ |— ISSUE OF DATA, SEQUENCING BETWEEN 0 AND 255
6-BIT MESSAGE TYPE IDENTIFIER (= 9)

8-BIT PREAMBLE OF 24 BITS TOTAL IN 3 CONTIGUOUS BLOCKS
*ACCURACY EXPONENT; SEE SECTION 2.5.3 OF [1]

x| [x. ] [ % 1 X
V(O | =| Yo |+] Fo |t =t )+ = Fo |t =1,
z(8) | |z¢ | |26 | | Z5

dt(t) = Sag, + dag,, (t - t,)

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.
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LONG-TERM DEGRADATION PARAMETER

(GPS/GLONASS/GEO)
e GPS/GLONASS MTi0g
e vcode=1 (MT25, 24)
0 if 1y <t<ty+1I,
&y = Cztc_zsb 4 Cltc_vl maX(O,t0 — bt —1, — [Ztc_vl) otherwise

e vcode=0 (MT25, 24)

-1,
gltc - Cltc_vO I—I
ltc_v0
e GEO
o 0 ty<t<ty+ 1,
Ite — Cgeo_lsb + Cgeo_v ma)((o’ tO —t,t— tO — lgeo) otherwise

Gzi,ﬂt = GzUDRE ‘|‘52fc ‘|‘gzrrc ‘|‘gzltc ‘|‘gzer

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 82
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En Route Through NPA Degradation

e For Precision Approach a user is only allowed to miss one of
any particular message. However, the user can still operate in
less stringent phases of flight even if they have missed two or
any particular fast or slow correction messages.

Neither fast nor long term corrections
g — < have time out for precision approach

C Otherwise
L er

Gzi,ﬂt = GZUDRE ‘|‘82fc +82rrc ‘|‘(92h‘c +gzer

83
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: Fast Corrections
@ Ephemeris +
Long Term Corrections MT1, MT2,5,24, MT6,

+ =P Uohe MT25, MT7, MT12,
Clocks + MT9

Degradation Param. \

MT10

IONO Corrections

+
GIVE
+
Degradation Param.

Y =Cl+ PRC — p" + At*™ +dt*™ +rel = TGD +IONO +TROP

1 2 2
O —Gﬂt-I-GU[RE-I—Gair-I—G

2
tropo

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 84



@ lonospheric Corrections (MT26)

e Only Requiered for Precission Approach
— Grid of Vertical Ionospheric Corrections
— Users Select 3 0 4 IGPs that Surrounding IPP
e 50x50 or 10°9x100° for 559<Lat<559
e Only 109x100° for 559<|Lat|<850°
e Circular regions for |Lat|>859

— Vertical Correction and UIVE Interpoled to IPP
— Both Converted to Slant by Obliquity Factor

eIGP: Ionospheric Grid Point
eIPP: Tonospheric Pierce Point

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 85



GLOBAL IGP GRID

W180
N85|*

N75[« « o« o |o &

N65|¢

N55(« « «
N50(.*>

S50 [+ = -
S55

S65l« « .« | o o o] . . . 4

S75|s « « .

S85

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.
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IGP MASK Message (MT18)

< 250 BITS -1 SECOND >
1-SPARE BIT 24 pi7s
L 111 201-BIT MASK FIELD |L_PARITY

II_—Z-BIT ISSUE OF DATA (I0ODI)
BAND NUMBER (4 BITS)

NO. OF BANDS (4 BITS)

6

8

-BIT MESSAGE TYPE IDENTIFIER (18)
-BIT PREAMBLE OF 24 BITS TOTAL IN 3 CONTIGUOUS BLOCKS

30" 230" 230" 240" 230" O° 100 20T 320" 400 30 B0

IGP=201 ! |
(suported) -
70 L |
"R RE
RN
= | I
i | 1]
. [ |
IGP=125 40 _ I_ I_
(suported) . I
=0 ];IEI R
0" ||
1 | 1]
. |
GP=119 |10 7
(not supported) . ]
0

310" 220" 230" 240° 230 O 107 207 20" 407 507 8D

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.
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IONOSPHERIC DELAYS and BOUNDS (MT26)

<
<

<—— DIRECTION OF DATA FLOW FROM SATELLITE; MOST SIGNIFICANT BIT (MSB) TRANSMITTED FIRST

>
>

250 BITS -1 SECOND
> REPEAT FOR 14 MORE GRID POINTS

—— 24-BITS
L 111 Ll 2 1 3 1 4 15 1 6 1 7 1 8 1 9 110111 112 ] 13 ] 14 | 15 |ls|] PARITY
| L GIVEI (4 BITS)
| | IGP VERTICAL DELAY (9 BITS) IoDI
BLOCK ID (4 BITS)
BAND NUMBER (4 BITS)
6-BIT MESSAGE TYPE IDENTIFIER (= 26)
8-BIT PREAMBLE OF 24 BITS TOTAL IN 3 CONTIGUOUS BLOCKS
S = SPARE (7 BITS)
310 320 330 340 350 ] 10 20 30 40 50 B0

GIVEI
(number)
BN=3 .
IGP=178 e
oo (color)
Pos=10 ._1?_12_1_1 9 B
.13131110?
15131210 E
BN=3 1515121196
IGP=125 151513129 B
BI=0 20°
Pos=5
20°
| |
31 D'° 32n° 3300 SdI-D" Sﬁno no 1no Eno SD.U 4ﬂ° 500 ﬁn°
88
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o

ESTB Sep 12th 2002

10° 207 30" 40" 307 B

I I
417001.1
# 15 15 15 .ng
ST
151592909 @ g;ﬁ?zﬁ 22234568
151511864 2222232323886
151542906 @ 2272 1,22 2 3 2"374 CF
15159227 @ 2 2 21 2222 283
Si2iEMe @ @FaEaaaaEas
151212107 555 7 57 67 867 8
NE
151213117 6 & 1ofafiz 12111111111 1 1 M_
12107 '6 7 1012 '

13115{5 8 o1z
12118 ‘6 B Aoiz

310" 320" 330" 340" 350" O

10° 207 30" 40" 307 B

13.0
-13.5
120

-10.3

1.5

0.0



_310° 320° 330" 340" 350° 0° 10° 20" 30° 40° 50" 60°

BNEDEEREEIN IONOSPHERIC PIERCE

s osupmmmm= i
o ARSNERERE <N P POINTS (IPP)
Foramma -
50" 50°
40° 40° ‘
30" i -|' Iso“
20° (B > 20°
| ik —
10° L\ 10°
310° 320° 7:6“ 340° 350° 0° 10° 20° 30° 40° 50" 60°
IPPs trajectories
................... IPP
‘.------“--l“‘ Slant Delay -

Vertical Delay

-
LA
sun®
unn®
an®
wut®
-----
"
e
v
.
v
.
.
.t
Py

Ionospheric Layer
(350 Km in height)
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|GPs Selection Rules

e Four Distinct Grid Regions
— First look for Surrounding Square Cell

— Else Seek Surrounding Triangular Cell

— If Neither Available for 59x59° look at
109x1009

— From 759 to 859 Interpolate Using Virtual
IGPs

— No correction possible if Not Surrounded

Manue

| Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.
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LN
LN
|l
\4
ey
(O
—

207 407 307 B0

=

10°

2107 3207 330" 2407 Asor
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@ The selection of Interpolation Grid points

|Lat| <= 55
® Supported IGP
O Not Supported
1st 2nd
<+ IPP
+ <
3th 4th
@ ® ® O ® O
@ o @ O @ @
<+
+
@ O @ @ O @

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.
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The selection of Interpolation Grid points
55<|Lat| <= 75

@® Supported IGP
1st

® ) O Not Supported
<+ IPP
310" 207 230" 240" 350" O 10° 20" 20" 407 30" B0
<+ A I I A D N S O
@ O
70 To°
= = e
680" ‘ET:: E”ﬁjﬁa &0
an I 1 1 1 EJ T 1
.5:" — i BN BN Bl e m e Be W -5:].
@ O BEREE Ij—:F'I 1| I.._..i].qb ="
“ - R T«
o EEEEEEARE e am v
= :::::é::j:. S Y
. 1| | 1 | ™ [~ .
+ L T = 10
, . o A m u o = - i o
310" 2207 230" 20T A0 O 100 200 20T 407 30 BOD
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@ The selection of Interpolation Grid points

0 P = F*F%T_:.ﬂr _ %w:
+ - E:?in ﬁg’?ﬁﬁ -

= 10
Linear interpoled IGP = tumd— it ED_JG-

=0t 0 10" 200 20T 400 5O

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 95
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The selection of Interpolation Grid points

N\

"

2
E 3
2
"4

L85

85<|Lat]

310" 320" 230" 240" 330" O

10° 207 20" 40" 307 BO°

e ©
ﬁm_' T =
_____ — Emipe

. f:.} lm-

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.
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@ lonospheric Delay Interpotation

W, =(1-x)y W, =xy
o, @ q
x= ﬂ‘ipp_ﬂ’l
A
‘ y: ¢ipp_¢l
Ag
o, — ‘ .T?x
W =1-x)(1-y) " C W=x(1-y)
4 MT26
vpp ( ) Z_:‘ (xpp b ypp )Tvi Tvi
i 1
R, cosE 2| 2

[Ci = _Tspp(ﬁ'pp9¢pp): _Fpp .Tvpp(ﬂ’pp9¢pp) Fp _ll(ReeJrh]J ]

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 97
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lonospheric Delay Interpotation

W, =y i

I

AM
y: ¢ipp_ﬁ

Ag

W, =l-x-y W,=x
4 MT26
Topp (/Ipp ’¢pp ) = 2—1: VVZ (x o> Y pp )Tvi T,

:

R, cosE

IC; = o (ﬁ'pp ’¢pp ) - _Fpp “Topp (ﬂ’pp ’¢pp ) T = [l( R, +hy

J

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.



@ lonospheric Delay Interpotation

wW,=(-x)y
2
=(1-x01-y) bW =xy
\ — ‘qﬁipp_gso‘
- V="
4 ﬂ'ipp ﬂS
W, =x(1-y) 0w (I-2y)+y
4 MT26
TVPP (/Ipp ’¢pp ) = Z VVZ (x pp’ Y pp )Tvi T

. Vi
i=1

2
R, cosE

1
2
lCi = " Topp (ﬂ'pp 9¢pp) / op " Cpp (lpp’; PP) o _ll(ReeJrh]j ]

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 99




lonospheric Delay Interpotation

W,=y
2
W=1-x-y L =0
\ _‘qjipp_gso‘
- T
] Dy
W,=x = o0 —(1-2y)+y

4 MT26
"PP( ) Z (xpp >V op )Tvi T

Vi
i=1

2
R, cosE

1
2
lCi = " Topp (ﬂ'pp 9¢pp) / op " Cpp (lpp’; PP) o _ll(ReeJrh]j ]

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 100




Degradation of Ionospheric Corrections

1

2 . 2 2 Fo 1_[RecosE]2 E
Oure = F pp Ounve ” [ R, +h,
2y : MT10
GUIVE = ZVVn (xpp7ypp)o-n,i0n0gl"id ? N = 407"3
n=l Brrc > (jltc_lsb > th_vl >
]lc Vl’QC VO’Ilc v0?
(Cowe+ Eomo ) »if RSS,,. =0 (MT10) e
2. L GIVE ono iono
O ionogrid = CerﬂRSS UDRE >
GZGIVE + gziono 5 # RS iono =1 (MTlO)
C'iono_ramp 2 C;ono_step 2
[iono’RSS;'ono
1—t;
(S}Ono = Ciono_step ﬂ oor ( IiZZO ) + (jiono_ramp (t B ZLiono) MT26
Liono GIVE,

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 101



SBAS
Performances

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 102



UPC

GNSS Performance Requirements

gAGE research group of Astronomy and Geomatics

ICAQ’s GNSS Standards and Recomendation Practices (SARPS)

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.



INTEGRITY RISK REQUIREMENTS:

1x10-7/approach
(150 sec)

e Failures GPS/GLONASS/GEO

e Corruption data thought GEO link

¢ Hard, soft and WANet failures

PA: Signal In Space
2x10-//approach
(150 sec)

Ground System / \ Fault Free Case
1x10-//approach

(150 sec)

Induced by ground segment
measurement data noise and

algorithmic process (when no
GPS/GLONASS/GEO sat failures, no
ground segment/user equip failures)

|

HPL, VPL

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.
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@ PROTECTION LEVELS

To protect the user against misleading information (MI) due to data
corrupted by the noise induced by the measurement and algorithmic
process when the system is in a nominal state.

Protection
Level

True
Error

P(VPE>VPL) < 107 /sample

Koo o y Tail area Probability
il 2 2 2 2 2
VPL :@ Z@/ Gi — Gi,ﬂl‘ + Gi,UIRE + O-i,air T Gi,tropo

GEOMETRY

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 105



East

dv+d, |dy-d;
HPLthdmajorth\/ N2 E+\/ N2 Eids,

e PA: SIS Integrity requirement: 2x10-7 /approach
= K,=6.0, K=5.33 (Gaussian distrib.)
- Only 1 indep sample per approach (150s)
- A half of the total integrity allocated to VPL (= 1077 /sample)
- HPL bounding prob. taken as negligible

and only one dimension is used for HPL (= 10-9/sample)

e En Route to NPA: SIS Integ. req. 1x10-7/hour
= K= 6.18 (Rayleigh distrib.)
- 10 indep samples per hour
- A half of the total integrity allocated to HPL
- Worst case assumption d,,;;=dai0r (= 5x10°/sample)

A4

VPL=K d,

X ~N(0.)

p(X|>K,)=10" = K, =533
p(X|>K,)=10" =K, =6.0
Y ~ Rayleigh
p(Y|>K,)=5-10" =K, =6.18

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.
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Alert Protection
Limits Levels
(HAL,VAL) (HPL,VPL)

NSE: TrueError
(HPE, VPE)

e Each epoch, HPL/VPL are comﬁared with the Alert
Limits (HAL/VAL) defined for the operation mode:

— Hazardously Misleading Information (HMI): NSE> HAL or VAL
= INTEGRITY RISK

— Misleading Information (MI): NSE > HPL or VPL
=>»Out-Of-Tolerence cond.

e The system is set unavailable when XPL > XAL

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 107



STANFORD PLOTS

Alarm Epochs

System Unavailable

VERTICAL Perf. over 85617 epochs

keafM]

Hazardously
Misleading
Information

95th E
Percentile E‘

of VPL

Normal
Operation
Region

o 5 1d 11 = A0

U (I, Misleading

95th Percentile :
of VPE Alert Limit Information

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 108



Horizontal Performance ESTE over 85680 epnchs Vertical Performance ESTE over 88650 epochs

: : 5 Sys‘tem Llnavallable 5 5 : ]
A5 EEEE. Pl e Gooooo Adarm Epochs: 135 ... Boooooono Boooooo ol 4

[\ﬂl
epochS:D

EPYA & CAT

...... f""'"E""""\39‘84243?%""""?""";"""' APV

99 8883?5%

10

Mumber of Paoirts per Pixel
Mumber of Poirts per Pixel

oM
spochs: 0

10 20 a0 40 50 B0
YPE (m)

10 20 30
HPE (m)

Yertical Performance ESTE over 396580 epochs

Wertical Performance ESTE over 35680 epochs
a0 o .

—da-. -

System Unavallable
Alarm Epachs 3865

|
epochs: 0

Mumber of Points per Pixel

o

Mumber of Points per Pixel

o

ml
epochs D

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 109



ESTB Performances in
Barcelona during 2002

e The ESTB is a full-scale real-time prototype of the EGNOS system,
but it is reduced in size and capabilities.

e Therefore it has to be noted that the results obtained with ESTB will
not be the same as the final EGNOS performances.

e EGNOS will benefit from a better infrastructure and a more
developed and robust design.

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 110



95th HPE and VPE percentiles

I
ESTB Update
April 16th

.

=in

—=— VPE

RTCA/DO-229A | RTCA/DO-229B “« HPE

:
;
b

O =~ N W b 01 O N 0 ©
—_

...... NNOTANNO——NOO—ANMOT-NNO-—NOOTANNO——NOT—NMO— NNO ™~
\—\—\—\—(\I(\INNQ’C‘)O’)C‘)Q‘Vﬂ'ﬂ'LDLOLOLOLOGD(O@(OI\I\I\I\OOOOOOOOOOOUCDO)O)OOOOOF\—\—\—NNN
COCOLOOOOOQOOOQQOOCQO0O0 COOCCOOOOCOOOOQ ™= v v = v v v v T
NNC\INNNNC\INC\INC\INNNNC\INNNNC\INNNNNNNNNNNNNNNNNNNNNNNNNNNN
S85258358888538383853833
NANANANNANNNANANNANAN  Operation Horizontal Accuracy 95% | Vertical Accuracy 95%
NPA 220 m N/A
VPE 95t Percentile APV 220 m 20 m
typically lower than 4 m SRAY 16 m SED
CAT-I 16 m 6-4 m
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95th HPL and VPL percentiles

35 |

30 i ESTB Update
' / \ April 16th

Y A -/

WA L e,
VB ey kY LAY

RTCA/DO-229A | RTCA/DO-229B

OMNTY T NI T~ONMNT O~ OLUNDNOMNOOMONMNTST T~ OO ANDNIDNDNOMNOMNTNTT—OLUOND
T ANOO~ANINOT~ANANO T~ —ANOOT~TANMO~ANINO T~ ~ANOO~ANANO T ~ANO T~ ANMO~—ANANO ™~

e NNNNTONNF S FLO LD LD LG G OO0 0 PBDBHROOSO O AN NN
COCOOO0ORROOCOOOOOOOOCOOO0OOCORCCOOOOOOOT ¥ ¥ v v T T T«
ANANNNANANNANNNANNNANNNANNANANNNNNANNNANNNANNNNNNANNNANNANNNANANNANAN
[eoleololeololololololololololololololololole . K . ; .
QRARARKIAKKRKRKIRIARIKKKKKK]Y  Operation Horizontal Alarm Limit Vertical Alarm Limit
NPA 556 m N/A
VPL 95t Percentile APV 556 m Al
typically lower than 20 m APV-I 40 m 20 m
CAT-1 40 m 12 m
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Availability

LA S 2o = T S A A A CA S CAAIAASS A SA S S Y Y
A a—

9 R
85 | : ——H-APV
80 VAV ——V-APV]
75 vi

70

65 B I S AVED i V-CATI
60 ESTB Update

55 | va April 16|th R |

50

RTCA/DO-229A | RTCA/DO-229B V-APVII

Several times APVII
availability > 99%
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Availability (zoom)
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Several times APVII

availability > 99%
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“ertical Performance ESTE over 84925 epochs

Basica”y NO LOIs after B e, ........... ..... Systen Unavloble ........... .....

Alarm Epochs: 5

~ April 16th, except for I .

epochs:D

—
_
w

September 12th. See LOl “gem- . T
analysis in example 8. - T o et
- T R é
T w ML
120ﬁ _ =30 . ; - E
1 - : ; : epcu::hs:_D .E
100* T ] b .. - ......... M| ...................... ..... -1012

80+ 10

| — | z z z : 0 10
60 0 20 ;41 & &0
| /PE fm)

40" 0 V-APVII
20. \ H V-APV
= H-APVII

ESTB Update
April 16th
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EXAMPLE 3 :

Large Protection Level Values
(ESTB January 10th 2002)

4 satellites used in the computations

Manue

| Hern

andez

-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002.
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382579 sweek

36966 sec of day (UTC) 382580 sweek
/ — January 20021 Vertical Poszition Error, WPL 36967 sec Of day (UTC)
29
21 9
' \ 30
Few number
of satellites and 120
100 F bad geometry .

SEE00 SES00 FF000 FF200 37400 FFE00 37a00 SE000
zec of day CUTC)
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Which satellites are being used?

N. Sat. used

382579 sweek
36966 sec of day (UTC)

January 2002: Vertical Position Error. WPL

Z‘} Tl & T
14" .

\

Few number
of satellites and
bad-geometry

382576 11 4 : 30 5 : 21 7 i
382577 11 4 : 30 5 : 21 7 11 F
382578 11 4 : 30 5 : 21 711 : | ‘K\\
382579 11 4 : 30 5 : 21 7 11
382580 11 5 : 30 5 : 21 7 10 :
382581 11 5 : 30 5 : 21 7 10 : °
382582 11 5 : 30 5 : 21 7 10 :
382583 11 5 : 30 5 : 21 7 10 : g
382584 11 5 : 30 5 : 21 7 10

/ :

y 4 %
N. Sat. in view

B No ephemeris

382580 sweek
36967 sec of day (UTC)

~
-

-
e

— Py
/

\ 3

.

\\/_
A M

W,

. Used for nav.

No differential Corr. [ UDRE>10

FF000 37200

37400

F7a00

37E00 FG000

The MOPS (RTCA Do 229A) 2.1.1.5.2, establish the satellites

deselecting for:

-UDRE=14 (not monitored)

-UDRE=15 (don’t use)

2.1.4.7.1: In addition, for Precision Approach:
UDRE< 11.
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EXAMPLE 4 :

Fast Correction degradation
(ESTB January 10th 2002)

4 or 5 satellites used in the computations
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a=5.8mm/s’> t, =18

t—t =t—t, <5s(tipically)

10th January 20020 YPL and MT10-MT7

Ll : : . | |
VPL (MTi0=0 » B
g N. =zatellitez uzed x 10 +
fc VPL CHTi0=0, MT7: ai=0)  ®
o] o] o] o} o] o]
451E H EL = a? a " EEE ]
FPON-F: o g R - N
'&E&'&@@-&-%%&@E@&@¢¢-¢¢-$¢-&¢-&¢

a

dl =+ 4 24+ 44+ e+ 6 FTFF+HFTHT T T LG0T i e i - o o R R

AUDRE

meters

35 r |
o o} o] o o]
o} o] o] u] o] m
_ - 5 ® g B EEIE -
"¢¢-¢¢ A A Y E L R LS
a0 1 1 1 L I
7300 7390 7400 37410 720 730 a7dd0

zec of day CUTC)
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Gzi,ﬂt

O-zUDRE +82fc ‘|‘(C;2rrc ‘|‘gzltc ‘|‘52€r

10th January 2002: YPL and MT10-MTY

WPL C(MTL0=0 3 ®
N. zatellites used » 10
VPL CMT10=0, MT7: &iz0)  * -

&

45
&
Dodan
z
A’/lsatellites
45 11->10
OpoEpEO i
i
v Eﬁ#ﬂ EE ooo
AUD IE mﬁ?ﬁﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ
RE E [ooRogcRoRuEoRoRo ool
a0 b sk 535 0 1 1636
1059
37200 IF250 37300 37350 3700 37450 37E00

zec of dayg C(UTC)H
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EXAMPLE 5 :

Periods without Nav. Sol.
(ESTB, February 14th 2002)

Manuel Hernandez-Pajares, J. Miguel Juan , Jaume Sanz , Xavier Prats , February 2002 . 122



Sec of Week Message Type [PRN of Satellites in use Ana|ySiS of Feb ]_4th
. 413846 MT02 11 14 20 28 29 31
413847 MT03 11 14 20 28 29 31
413848 MT04 11 14 20 28 29 31
413849 MT25 11 14 20 28 29 31
413850 MT00 11 14 20 28 29 31
413851 MT26 BN4 BI1 11 14 20 28 29 31
§ 413852 MT26 BN4 BI1 11 14 20 28 29 31
~ 413853 MT26 BN4 BI1 11 14 20 28 29 31
a 413854 MT26 BN4 BI1 11 14 20 28 29 31
413855 MT26 BN4 BI2 11 14 20 28 29 31
0 413856 MT26 BN4 BI2 11 14 20 28 29 31 SIS anomaly that
s 413857 || MT26 BN4 BI2 11 14 20 28 20 31| should be solved
by 413858 || MT26 BN4 BI2 11 14 20 28 29 31 with MT6 broad.
413859 MT26 BN4 BI3 20 28 29 31
413860 MT26 BN4 BI3 31
413861 MT26 BN4 BI3
413862 MT26 BN4 BI3 " "
413863 MT26 BN4 Bl e MT26 repetitions (alarm condition).
413864 MT26 BN4 Bl4 e FC updated after 21 seconds.
413865 MT26 BN4 Bl4 The satellites are deselected after
Sleee | mze Bk Bl 12sec, due to the UDRE Time-Out.
. 413867 MT02
413868 MT03 11 14 1 3. 5YSTEMS
413869 MT04 11 14 20 28 29
413870 MT00 11 14 20 28 29 31 %
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EXAMPLE 6 :

Analysis of PRC (PRN10)
Large Values
(ESTB February 14th 2002)

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 124



g

far)

dix

20

meters
—

-6

PRC Analysis: DOY=0d45

PRC: A1l =at.
FRC: PRN 10

=L ddLE 3 N ]! da__ 11
e —— e !
SOy'RT T Ml T o "I s r
T T S T -
1 1 1 1 1 | |
426000 428000 430000 432000 434000 436000 433000

zeconds of GPE weelk

Q)
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PRC Analysis: DOY=0d45
E':' 1 1 1 1 1 |

PRC: A1l =at.
FRC: PRN 10 ®

it

meters
—

_El::l 1 1 1 1 1 | |
A2 a0 28000 30000 A 3E 000 &30 4 3a000 433000 Q)

zeconds of GPE weelk
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PRC Analysis: DOY=0d45

= | | | | | I I
: : : : : PRC: All =at. :
PRC: PEN 100 o
' ' ' ' ' Broad. clock: PRW 10+
Ll S e e e Codt_clock: PRW 10 = |

meters

G2G000 23000 30000 32000 & 3 G 3G000 G 3F000 e Q00
zeconds of GPE weelk
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EXAMPLE 7 :

LOI when High PRC for PRN10
(ESTB February 14th 2002)

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 128



Analysis of Feb 14t2002: LOI when High PRC for PRN10

Hotizantal Yedommsnce ESTE aver 86127 eanche
PRC and LORE far FRN 10
g ‘ i ; : : Sy=tern Unavaikshle : E
A5 T LV g et NS, S
. . . . | E
< opichs: O3

e

APV 2 CAT 5//

(5]

Mumber of Poinle per Pixel

1
—
(o ]

PRC [ri] shd LORE [

—
[}

:n-n

—
i

__L The Iarge PRC thatJumps | |
at steps of 90s, induces HE ()

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

periodic peaks every 90s ‘ | | ==

, tothe navigation solution. =1, | | | |
: SIS Anomal
% It produces LOI conditions. . ﬂi\ B y L. /f\

E 5 i
5 i f : 5 .
E 7‘“1' | I | : 3] U IOV WO SR S SR
[y I B ‘ ; : g

I ' 7 £

bl
PR if

ST
SOtk

L
L
g.. ﬁr\
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MTOZ: PRC for zatellite PRW1O

10
I I I I anlt recent. PRC  #
PRCt2 o
=21
=30 &
: .
o E o
O] o o]
e LU o B EE *
n o ol 4
g o o —
P} A E o
= o]
_50 . E_% i
——
o 5]
-_EE
-80 |- & & .
o]
e ™
L =
o]
70 In -
—gn b 1 ] 1 1 1
453200 o500 34 E00 434500 535000 435200

Secondz of GPE weelk
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MTOZ: PRC for zatellite PRW1O
_q'l::l 1 1 1 1 1

L

Iﬁnst recenf PRC
B PRCCLD

meters

_?5 1 1 1 1 1 1 1
434194 434196 434195 434200 434202 434204 434206 434203 434210

Secondz of GPE weelk
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EXAMPLE 8 :

LOls due to wrong ionospheric

corrections
(ESTB September 12th 2002)
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HOR

HORIZONTAL Perf. over 86298 epochs

UPC1 and UPC2 16Km baseline

UPC1
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40 8]
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Epochs: 99.9513 %
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—| 25 P
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L TN
= MI=42
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HPE (m)
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20
= TR
20 i"—- e =
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o
>
10 HMI
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5
o T T T T
Q ko] 10Q 14 20 28 30
VPE {m)

lag (M)

log (M}

—

-
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o RAN e “
40 2 a
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25 1y z
e Hil
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15 1T e ,
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. e S w
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Sep 12t 2002 MI analysis

HPE and HPL in UPC

meters

A4 FO00 A1 7500 o G0 15500 A 9000 A4 9500 200
Seconds of GPS week
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Sep 12t 2002 MI analysis

HPE and HPL in UPC

L 3 : : : :

meters

-----

A4 FO00 A1 7500 o G0 15500 A 9000 A4 9500 200
Seconds of GPS week
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@ Sep 12t 2002 MI analysis

Ionospheric Correction

30 J J J

A1l satellites =@
CPRN 17 e

Other
Satellites

STEC cmeters of L1 delaw

I e

L L L L
A4 FO00 A1 7500 o G0 15500 A 9000 A4 9500 200
Seconds of GPS week
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Sep 12t 2002 MI analysis

UIRE

! ! Other satellites @
: : CUPRN 17 e

zig UIRE cmetersz of L1)

0.4 I I 1 I !
A1 Foc 417500 da8000 41 G500 419000 o1 9500 o 20000
Seconds of GPS week
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Sep 12t 2002 MI analysis

ELEVATION

418000 sweek ' ! ! Other satellites =
FRN 17 ¢
Other
24 Satellites
4
17
20 b
T —— . — #
PRN 17
417000 41?I5c:u::u 413:::-1::& 413I5cm 419;31::--:' 419I5-::|c3 420000

Secohds of GPS week

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 138



@ Sep 12t 2002 MI analysis

418000
10" #° 30" 40" 500 6O
— — 130
4170011 e
# 15 15 15
2 W20
. I
I 151542107 4 23-272 221234588 | oo
50 s, 15151186 4 2 E_‘*IE"E 2233 asg '
' 151592906 @ 2,22 1,222 3 287 F H 75
40" 151502029 @ 2 2 20 222252133
I Si2iEMe @ @FaEaaaaEas = 6.0
a’ 154212107 558 7 57 &7 8E@ 8
151312117 68 fol =" AR RERRERAEERE M-— 45
20" 12107 ‘6 7 1012 k
I 12116.6 & fof2 - =0
10° 12118 6,6 1012 ‘s

ﬂ. ] ] ] ] ] I ] ﬂﬂ

210" 320" 230" 340" 230" 00 107 207 A0° 407 307 BO



@ Sep 12t 2002 MI analysis
418000

210" 2207 230" 340° 330" O 10 207 20T 407 = el

210" 220" 230" 340° 230" O 10 20" A0 407 =0 el

=

0.0 1.5 2.0 4.5 6.0 ) 20 105 120 125 150



PART Il

EGNOS and Civil Aviation
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@ Civil Aviation Navigation

e VFR : Visual Flight Rules
Visibility better than 5 Km — 8 Km

e IFR : Instrumental Flight Rules
Radionavigation Aids

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 142



@ Radionavigation Aids

Non Directional Beacon (NDB)
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@ Radionavigation Aids
VHF Omnidirectional Ranger (VOR)
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@ Radionavigation Aids
Distance Measuring Equipement (DME)
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Radionavigation Aids

Instrumental Landing System (ILS)

LOCALIZ !_
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@ Radionavigation Aids
Instrumental Landing System (ILS)
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@ Radionavigation Aids
Instrumental Landing System (ILS)

Horizontal and Vertical guidance

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 148




Radionavigation Aids

Radar Vectoring
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@ Phases of flight

Terminal En route Terminal
Manouvering Area Manouvering Area
(TMA) o . (TMA)

Taxi Take off Departure Cruise Arrival Approach ''MalAPP 1o,; Missed

landing Approach
b VOR
NDB DME Non Precision ILS Precision
NDB

Radar Vectoring
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IFR Cruise

114,00 E#;;:;;E E
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IFR Arrivals
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IFR Approach
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@ Avionics

- -

2SR e S
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@ RNAYV concept

e RNAV = Area Navigation

Navigation using flight tracks joining ANY
two points without the need for the overfly
of specific ground facilities.

Basic RNAV (B-RNAV) = + /- 5NM accuracy
Precision RNAV (P-RNAV) = +/- 1NM accuracy

Manuel Hernandez-Pajares, J. Miguel Juan, Jaume Sanz, Xavier Prats, February 2002. 156



@ RNAYV concept

e RNAV = Area Navigation

Navigation using flight tracks joining ANY
two points without the need for the overfly
of specific ground facilities.

e More flexibility

e |Less fuel consumption

e Delay reduction (bottle necks)
e Noise reduction
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@ RNAYV concept

RNAV (Area Navigation)
— VOR/DME
— DME/DME
— INS
— LORAN C
— GPS + RAIM
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@ RNAYV concept

RNAV (Area Navigation)
— VOR/DME
— DME/DME
— INS
— LORAN C

— GPS + RAIM ‘415427N\
022343E

403519N
011456E
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@ RNAYV application (spain)

B-RNAV B-RNAV I P-RNAV free
routes routes : routes?
FL 245 :
Optional B-RNAV |
routes FL 150 :
: 2
Conventional Conventional (;?:;:%I : 4D RNAV:
l
routes routes routes |
TMA ' P-RNAV
Exceptional Optional P-RNAV : procedures?
B-RNAV procedures procedures | Vertical
Conventional Conventional : Guidance
procedures procedures ,
| 4D RNAV?
|
1998 Mar 2003 . 2005
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RNAV application (spain)

B-RNAV B-RNAV I P-RNAV free
routes?

routes routes '

|FL 245

I Optional 4D RNAV?
lonal g_RNAV

routes routes

Exceptional Optional P-RN
B-RNAYV procedures

Conve
procedures

procedures :
, 4D RNAV?

1998 Mar 2003 12005
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@ Vertical Guidance

Nowadays RNAV procedures are only 2D
For precision approaches Vertical Guidance is also needed

Decision Height Visibility
CAT -1 200 ft (60m) > 800 m
CAT -1I 100 ft (30m) > 400 m
CAT -III  100ft-o0ft* >400m-0m*

* Variable in function of aircraft , crew, airport facilities,... certification
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Vertical Guidance

EGNOS is designed to meet P-RNAV with
vertical guidance (APV)

ILS EGNOS

Very precise approaches: CAT-I performnances
CATI, CATII, CATIII

Straight approaches Curved approaches

Local coverage Global coverage with constant
accuracy
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Example: Nice approaches
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See [3]: Approaching Nice with the EGNOS System Test Bed. Satellite Navigation and Positioning world show, NavSat 2001
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Benefits of EGNOS
in Civil Aviation

Primary Means of Navigation - Take-Off,
En Route, Approach and Landing

More Direct Routes-Not Restricted by Location
of Ground-Based Navigation Equipment

| Precision Approach Capability-At any
Qualified Airport in U.5.

Decommissioning of Older, Expensive
Ground-Based Navigation Equipment

ReducedSimplified Equipment
on Board Aircraft

- Increased Capacity-More Aircraft Allowed
| in Given Airspace Without Increased Risk
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That's all,
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