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» Recelver Autonomous Integrity Monitoring
(RAIM)uses redundant GNSS measurements for
fault detection and exclusion (FDE).

¢c¢C2RIF8Q&a w!lLa dzaSa aAay3atsS 7
¢ supportsenrouteand terminal phases of flight (e.g., RNP 1)

¢ and is based on fixed assertions (since 1995) regarding G
nominal performance and fault rates.
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» Advanced RAIM (ARAIM)

¢ will usemultiple constellationsanddual frequencysignals

¢ meetmore stringent navigation requirementge.g., RNP
0.1 and LPV 200)

¢ Involvedeeperthreat analysis(e.g.,including multiple
satelliteand constellationwide faults)

¢ Incorporate anntegrity Support Message (ISM)

u ISM parameters (e.0P..;, P-onse Uura X ased on constellation service

provider (CSP) commitments aAdNSPoffline monitoring.

it ANSPs can add new constellations as they become available, and improv
ISM parameters over time.



Future Multi-Constellation GNSS wnos msrrureV

Joint Constellation GLKONASS

Galileo 25 to 35 visible SVs 'Béidou
at all times



Future Multi-Constellation GNSS  wrosmsrure¥

Better accuracy and greater redundancy
for integrity monitoring.

Higher probability of
having faulted satellites.



ARAIM Requirements o mermurel,

Table 1 Navigation requirements of RNP 0.1 and LPV-200

VAL Horizontal AL Integrity Risk Continuity Risk
(HAL) Requirement Requirement
RNPO.I  N/A 185 m 107 /hour 10"/hour to 10*/hour
(0.1 nm) /
LPV-200 35m 40 m 10" /approach 8 x 10°/15 sec

» For RNP 0.1he actualcontinuity riskrequirement is
dependenton traffic density and airspace complexity.

¢ 10%hour is suitablefor areaswhere many aircraft use the same
service and additional navigation tools are not available.

¢ 10%hour can be used for thareas otigh air traffic density and
airspace complexity, budackup means exist tmitigate LOC impact.

i We assume this requirement in the examples that follow.



Integrity and Continuity o e

w Thesatellite fault ratefor GPS is specified Bg,= 10°/SV/r
=4 10/K { £+ K I LILINRP | OK 06 KSNB Wl LI

¢ earlyfault detectionis needed for integrity(requirement is
107 per hour or approach) for both RNP 0.1 and also for260/

¢ Q: After detection isfault exclusionalso needed for continuity?

¢ For horizontal navigation witRNP 0.1 yes because even
0 M R,#=010° hr > 10% hr (the continuity requirement).

¢ For vertical + horizontal navigaton witlPvH n n = A G Q& VY ;
requirement is8x10°%15 secand R, ,;=4%108/SV/15 sec.

i So it depends on the number of visible SVs.

i Also on the prior probability of constellation faults.
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Fault state

probabilitiesP,,,
andP,, .. are fault
ratesx CSP mean
time to notify users
(M1 hr for GPS).
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Need for VARAIMEXclusion?  wwosmermured
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3-GNSS 4-GNSS
N AL
e I ' I
GNSS2 GNSSB
5/ 104 57 104

GNSS3 10~/10 GNSS4 10/10

105/ 104 105/ 10

104/ 104 104/ 104

Assuming 8 satellites in view for eaatonstellation

I continuity risk requirement can be meagxclusionnot needed
B continuity risk requirement cannot be megxclusionis needed

» Exclusion is required iInARAIM to meet the LRR0OO0 continuity
risk requirement when using 4 constellation (possibly 3 also).



Other Sources of OC winors strure ¥

» Radiofrequencyinterference,ionospheric scintillation

¢ a continuity riskallocatiorr i.e., margint needsto be defined
to account for thesevents (applies to SBAS and GBAS to0)

» Scheduled satelliteoutages

¢ CSP notifies users in advance, so these needmipigct
availability (unless users choose not to check, then continuity)

» Unscheduled satelliteoutages (USO)
¢ Probability of an SUSO:P,=2x104/SV/hr
¢ Can sometimes result loss of continuity (LOI)

u If it leaves an inferior S§eometrycausing Protectiohevels (PL)
to exceedalert limits (Al
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Other Sources of OC winors strure ¥

» Monitor False Alarms (FA)

¢ Probability of FAFSCA) IS controllable by setting detection
thresholds properly

¢ At least this one should be easy, right?
a X alnaf e =

w Autocorrelation(over time) of measurement error Is
critically important to P-,and LOC.

w[ SUQa Gl 1 SP.problet @ér arl-eMposiurg S
Interval of 1 hour.

¢ e.g., for RNP 0.4 H-ARAIM
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User Error: Multipath and Noise  nwos msmmureV

» Boeing787 FlightData: composite of autocorrelation traces:
¢ Rawcodeminus carrier (ionosphere removed)
¢ Traces with verjong correlationare caused by antenna grougelay.

Autocorrelation

P it i i i
0

Autocorrelation of Raw Code Minus Carrier Minus lono versus Lag (1657157 Satellite Seconds in 979 Chunks)
I I I

Average
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data courtesy of
Matt Harris (Boeing)
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User Error: Multipathand Noise rmos stV

w Raw multipath and noise is affected &grrier-smoothing of
the code

¢ The assumed filter time constant\lgf 100 sec

¢ lono-free scale factor:

¢ User error autocorrelation function:

.'.

Y (0) I, O

(T‘QIIJ + Qll )




Tropospheric Error
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o From RTCA DO 229E, Appendix R, Section R.4.1

G ¢ N2 LJ2 artoisisaNie odeled usingfiast-order Gauss
Markov process with a 30 minute correlatioimme (7 ) . The sigma
shall be scaled per theeopo residual error sigma equation defined
in Appendix A, Sectioi.4.2.5X [see plot below]

Note: The 30 minute correlation tintepresentativeof a typical
storm system passing K N2 dz3 K ®¢
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GPSatellite Orbit/Clock Error  wwesmsimureV'

» Weuseradialminusclockautocorrelation data averaged
over all GPSatellites Examples below for two satellites:

¢ data courtesy of Todd Walter (Stanford University)
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How to compute R,

Define £ is the number of tests in the time intervag-ohwhere 30is
the sample interval. Then,

0 (Q) }
p cB( Q)

v e = P TQ ,~.‘Y3“(‘))
and 0 (QD rA@(E)T>AA[Té(5

For example, fos-0 = 10 sec:

0 GhRQ ) p [p ¢B( T )]{p

ORB/CLK USER TROPO TOTAL

R(0) [n] 0.25 0.13 0.05 0.43
ROL/R(0)  0.9987 0.9724 0.9945 0.9902

[1] Pervan B, et al., & ¢ SStatisticAuto- and Crosscorrelation Effectson Monitor FalseAlert and
MissedDetectiont N2 0 I 6 RréclPONIZNG Montérey, CA January2017
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P-,over 1 hour

Prob of false alert over 1 hour
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0.5 sec sample interval

€= 2.3x105 -
......... 107 -===mmmmmm e - N - -
| |=——— one sample
== all epochs independent ;
— aCtual P_, 5.'33
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H-ARAIM R, Observations o sl

» Although time constant of dominant error source (SV orbit
and clock) is > 6 hours

¢ P-pover 1 hour isnuchlarger (about 200 times greater) than for
a single test

iG99 FFSOUADSE e AYRSLISYRSYyd al>
15 sec!

¢ The results are nearly the same even if user @mogdo and user
errors are removed
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Continuity Risk Equation  wrespsmweV |

» Account for all USO even:
I\IO

LOC a. P(Dk’ E |O )P + POther

k=0

¢ O:kI' n MNy,meaXsUSO on satellite subskt (k = 0 is outagdree.)

» Account for fault hypotheses undéx;:

I\'o Hk
Roc=a 88 P(D., E. [H.Q)R, %%KH%M

k=0(;|=0

(Controllable by Settlng FDE Thresholds)

z 'O:il  n H,, are aK fault mode combinations under USO condi@pn

[2] Zhai,Y, JoergerM., PervanB., & . 2 dzyQertinliEyRiskin HARAIMC 5 9PEbé of ION2017PacificPNT
Meeting, Honolulu,Hawaii,May 2017, pp. 20-35. 19



Integrity: PredictivePleye  wrospsmey |

» Predictive Protection Level
¢ OF f D ERt dza Aig WAABVRDBDHOZ29E

account for alfault conditions

¢ With this approach, the predictivBl:cs computed by weighing all outage
events with their prior probabilities.
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RNP 0.1 Availability
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Using GPS + Galileo with Detectant Exclusion

Iggg 1077 / hour Constellation 24GPS + 24GAL
CREQ 10_6 /hour Psat 10_5
RNP 0.1: 0.1nm (185m) 1 n-8 -4
HAL RNP 0.3: 0.3nm (556m) P.onst GPS: 107° / GAL: 10
VAL N/A T ouma 24m >
Coverage Range Worldwide byom 0.75m

assuming no USO

45N

Coverage (0.995) = 96%

USO accounted for

Coverage (0.995) = 90%
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