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RAIM ARAIM

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

ς¢ƻŘŀȅΩǎ w!La ǳǎŜǎ ǎƛƴƎƭŜ ŦǊŜǉǳŜƴŎȅ Dt{ ǎƛƎƴŀƭǎ ƻƴƭȅΣ

ς supports enrouteand terminal phases of flight (e.g., RNP 1),

ς and is based on fixed assertions (since 1995) regarding GPS 
nominal performance and fault rates.
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RAIM ARAIM

ωAdvanced RAIM (ARAIM)

ςwill use multiple constellations and dual frequencysignals

ςmeet more stringent navigation requirements(e.g., RNP 
0.1 and LPV 200)

ς involve deeper threat analysis (e.g., including multiple-
satellite and constellation-wide faults) 

ς incorporate an Integrity Support Message (ISM)

ü ISM parameters (e.g., Psat , Pconst, ůURA, Χύ based on constellation service 

provider (CSP) commitments andANSPoffline monitoring. 

ü ANSPs can add new constellations as they become available, and improve 

ISM parameters over time. 
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Joint Constellation

25 to 35 visible SVs
at all times

Galileo Beidou

Future Multi-Constellation GNSS

GPS GLONASS
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Future Multi-Constellation GNSS

Higher probability of 
having faulted satellites.

Better accuracy and greater redundancy 
for integrity monitoring.
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ARAIM Requirements

ω For RNP 0.1, the actual continuity riskrequirement is 
dependent on traffic density and airspace complexity.

ς 10-8/hour is suitable for areas where many aircraft use the same 
service and additional navigation tools are not available. 

ς 10-6/hour can be used for the areas of high air traffic density and 
airspace complexity, but backup means exist to mitigate LOC impact.

ü We assume this requirement in the examples that follow.
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Integrity and Continuity

ω The satellite fault rate for GPS is specified as RSAT= 10-5/SV/hr
= 4× 10-7κ{±κŀǇǇǊƻŀŎƘ όǿƘŜǊŜ ΨŀǇǇǊƻŀŎƘΩ Ґ мрл ǎŜŎύΦ

ς Clearly fault detection is needed for integrity(requirement is     
10-7 per hour or approach) for both RNP 0.1 and also for LPV-200.

ς Q: After detection, is fault exclusion also needed for continuity? 

ς For horizontal navigation with RNP 0.1 , yes, because even             
όм {±ύϊRSAT = 10-5/hr > 10-6/hr (the continuity requirement).  

ς For vertical + horizontal navigation with LPV-нллΣ ƛǘΩǎ ƴƻǘ ŀǎ ŎƭŜŀǊΥ
requirement is 8×10-6/15 secand RSAT= 4×10-8/SV/15 sec.

üSo it depends on the number of visible SVs.

üAlso on the prior probability of constellation faults.
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Need for V-ARAIM Exclusion?

Fault state 
probabilities Psat

and Pconstare fault 
rates × CSP mean-
time to notify users 
(Ṃ1 hr for GPS).
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Need for V-ARAIM Exclusion?

GNSS1-2
GNSS3

10-5 / 10-4

10-5 / 10-4

10-4 / 10-4

GNSS1-3
GNSS4

10-5 / 10-4

10-5 / 10-4

10-4 / 10-4

Assuming: 8 satellites in view for each constellation

continuity risk requirement can be met: exclusion not needed

continuity risk requirement cannot be met: exclusion is needed

3-GNSS 4-GNSS

ω Exclusion is required in V-ARAIM to meet the LPV-200 continuity 
risk requirement when using 4 constellation (possibly 3 also).
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Other Sources of LOC

ω Radio-frequency interference, ionospheric scintillation

ς a continuity risk allocationτi.e., marginτneeds to be defined 
to account for these events (applies to SBAS and GBAS too)

ω Scheduled satellite outages

ς CSP notifies users in advance, so these need only impact 
availability (unless users choose not to check, then continuity) 

ω Unscheduled satellite outages (USO)
ς Probability of an SV USO: PO = 2×10-4/SV/hr

ς Can sometimes result loss of continuity (LOI)

ü if it leaves an inferior SV geometry causing Protection Levels (PL) 
to exceed alert limits (AL)
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Other Sources of LOC

ω Monitor False Alarms (FA)
ς Probability of FA (PFA) is controllable by setting detection 

thresholds properly.

ς At least this one should be easy, right?  

üΧ ǎŀŘƭȅΣ no.

ω Autocorrelation(over time) of measurement error is 
critically important to PFAand LOC. 

ω[ŜǘΩǎ ǘŀƪŜ ŀ ƭƻƻƪ ŀǘ ǘƘŜ PFAproblem over an exposure 
interval of 1 hour.

ς e.g., for RNP 0.1 ςH-ARAIM 
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User Error: Multipath and Noise

ω Boeing 787 Flight Data:  composite of autocorrelation traces:  

ς Rawcodeminus carrier (ionosphere removed)

ς Traces with very long correlation are caused by antenna group delay.

data courtesy of 
Matt Harris (Boeing)

Average
mU 0
sU 0.38 m
tU 14 sec
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User Error:  Multipath and Noise

ωRaw multipath and noise is affected by carrier-smoothing of 
the code.  

ςThe assumed filter time constant is Ⱳ╕ 100 sec.

ς Iono-free scale factor:

ςUser error autocorrelation function:

Ὑ ὸ ‖„
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ά¢ǊƻǇƻǎǇƘŜǊƛŎ error shall be modeled using a first-order Gauss-
Markov process with a 30 minute correlation time (tT ) . The sigma 
shall be scaled per the tropo residual error sigma equation defined 
in Appendix A, Section A.4.2.5  Χ  [see plot below]

Note: The 30 minute correlation time representative of a typical 
storm system passing ǘƘǊƻǳƎƘΦέ

ω From RTCA DO 229E, Appendix R, Section R.4.1
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GPS Satellite Orbit/Clock Error

ω We use radial-minus-clock autocorrelation data averaged 
over all GPS satellites.  Examples below for two satellites:

ς data courtesy of Todd Walter (Stanford University)

Cesium Rubidiumregions of interest

s 0.5 m
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How to compute PFA

Define:  ὲis the number of tests in the time interval ὲɝὸȟwhere ɝὸis 
the sample interval.  Then,

ὖ ὲȟὯ ρ ρ ςɮ Ὧ ρ
ὖ Ὧ

ρ ςɮ Ὧ

ὖ ὯḊ
ρ

“
ÅØÐ

Ὧ

ς
ÁÃÏÓ

Ὑɝὸ

Ὑπ

For example, for ɝὸ= 10 sec:

ORB/CLK USER TROPO TOTAL

R(0) [m2] 0.25 0.13 0.05 0.43

R(Dt)/R(0) 0.9987 0.9724 0.9945 0.9902

[1] Pervan, B., et al.,ά¢ŜǎǘStatisticAuto- andCross-correlationEffectson Monitor FalseAlert and
MissedDetectiontǊƻōŀōƛƭƛǘƛŜǎΣέProcIONITM,Monterey,CA,January2017

and
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PFAover 1 hour
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H-ARAIM PFAObservations

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

ς PFAover 1 hour is much larger (about 200 times greater) than for 
a single test.

üά9ŦŦŜŎǘƛǾŜƭȅ ƛƴŘŜǇŜƴŘŜƴǘ ǎŀƳǇƭŜǎέ ŎƻƳŜ ŀǇǇǊƻȄƛƳŀǘŜƭȅ ŜǾŜǊȅ 
15 sec!

ς The results are nearly the same even if user and tropo and user 
errors are removed.
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Continuity Risk Equation 

ω Account for all USO events [2]:

ς Ok: kҐ лΣ м Χ NO , meansUSO on satellite subset k. (k = 0 is outage-free.)

ω Account for fault hypotheses under Ok:

ɀ Ὄ: iҐ лΣ м Χ Hk, are all fault mode combinations under USO condition Ok.

(Controllable by Setting FDE Thresholds)
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[2] Zhai,Y., Joerger, M., Pervan, B.,ά.ƻǳƴŘƛƴƎContinuityRiskin H-ARAIMC59ΣέProc. of ION2017PacificPNT
Meeting, Honolulu,Hawaii,May2017, pp. 20-35.
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Integrity: Predictive PLFDE

ω Predictive Protection Level

ς ŎŀƭƭŜŘ ά9ȄŎƭǳǎƛƻƴ [ŜǾŜƭέ in WAAS MOPS DO-229E

ς With this approach, the predictive PLFDEis computed by weighing all outage 
events with their prior probabilities.
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RNP 0.1 Availability

Using GPS + Galileo with Detection and Exclusion

presented in Fig. 8 are achieved using nominal ISM values in part A1 for all constellations. It is shown that 100% 

availability coverage for LPV-200 can be achieved for V-ARAIM FDE, when both integrity and continuity 

requirements can be simultaneously met. However, the average VPL in Fig. 8 is decreased in comparison with Fig. 

5c, which reflects the cost of reducing continuity risk by exclusion function.  

   

Fig. 8 VPL map using four -constellation V-ARAI M detection and exclusion. 

 

       

Fig. 9 H-ARAI M availability map using dual-constellation ARAI M detection and exclusion. 

 

Unlike showing VPL maps in figures 5 to 8, Fig. 9 illustrates worldwide availability performance for RNP 0.1 

using dual-constellation H-ARAIM FDE. In this simulation, GPS constellation fault is assumed to be 10
-8
, and * + , -  

= 2.4m is employed for both constellations. The result indicates that even with two constellations, our proposed 

exclusion scheme could provide high availability while fulfilling H-ARAIM integrity and continuity requirements. 

VI I . Conclusion 

This paper comprehensively investigates the fault exclusion problem in future multi-constellation, dual-

frequency ARAIM. The key contribution is establishing the theoretical basis to quantify the contributions of fault 

events on continuity risk, therefore allowing us to assess the desired exclusion function performance based on 

 
Fig. 3 Overall H-ARAI M Availability for  RNP 0.1 by Only Accounting for  Single SV USO 

 

In comparison with Figure 3, the availability results in Figure 4 account for multiple-satellite USO.  The availability is completely 

destroyed using the critical satellite approach because of the impact of critical satellite pairs, i.e., ! ! > 3 at many snapshots.  

However, the same coverage level as in Figure 3 can still be maintained with the new method. 

 

 
Fig. 4 Overall H-ARAI M Availability for  RNP 0.1 by Accounting for  Multiple SV USO 

 

 

Table 4. Availability Coverage for  RNP 0.3 

 
Critical Satellite 

Approach 

New Method  

(Same Budget) 

New Method  

(Different Budget) 

Only Single SV USO 46.38% 95.03% 95.71% 

Multiple SV USO 0.30% 94.39% 95.34% 

 

Table 4 summarizes the availability  coverage for RNP 0.3, in which the same trend has been observed using the three approaches 

as for RNP 0.1.  As mentioned in prior sections, the main reason for the significantly different performance level is the over 

conservativeness of the critical satellite approach.  Since the conditional integrity risk ! ! " #|! !
 is used to compare with !! " #  and the 

prior probabilities of USO are eliminated, the results of the critical satellite approach reflect a ñworst-caseò performance.  In 

contrast, the overall integrity risk of the new method is obtained by properly weighting ! ! " #|! !
 over different scenarios, so the 

corresponding results are more reasonable for predicting H-ARAIM availability.  Moreover, the performance evaluated with 

different budgets over USO conditions can be further improved by optimally allocating the continuity requirement, even though it 

may come at a cost in terms of computational load. 

 

Coverage (0.995) = 90%Coverage (0.995) = 96%

USO accounted forassuming no USO


