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ABSTRACT

The Local Area AugmentationSystem(LAAS) and the
Wide Area AugmentationSystem (WAAS) are ground-
basedapplicationsof differential GPSto supportaircraft
terminal navigation and precisionapproach. Due to the
safety-criticalnatureof LAAS andWAAS operationsand
the resulting stringentintegrity requirementson system
performancel AAS andWAAS groundfacilities mustbe
able to detectary hazardoussignal anomalieswithin a
prescribedtime-to-alarm(3 secondsfor LAAS Cateyory
| precisionapproach). One classof signal-in-spacdail-
uresthat is difficult to detectwithout specializedmoni-
toring is deformationsof the C/A codesignalsbroadcast
by GPSsatellites. Sincecodecorrelatorspacingsand RF
front-end bandwidthsmay vary betweenground and air-
borneGPSrecevers,thesedeformationsptherwiseknown
as “evil waveforms, may producehazardoudifferential
rangingerrorsat the aircraft unlessthe affectedsatellites
arepromptly detectedandexcludedfrom the broadcasset
of differentialcorrections.

Thispaperescribesheconstructiorandtestingof aproto-
type real-timesignal quality monitor (RTSQM) described
in [1]. Thefirst sectiondescribesheimplementatiorof the
prototypeon a personalcomputerwith multiple serialin-
putsreadingdatafrom customizedsPSrecevers. Thedis-
cussioncoversseveral designissuesof particularinterest,



including systemtiming, simultaneougprocessingf mul-
tiple datastreamsandanalysisalgorithms(includingdelta
andratio testsusingthe in-phasevaluesof multiple corre-
latorsassignedo eachsatellite). Thissystems designedo
be integratedinto the StanfordLAAS groundsystempro-
totype,known asthe Integrity Monitor TestbedIMT).

The secondsectiondescribegestingof the real-timemon-
itor underboth nominaland anomaloussignal conditions
and presentresults. The overall test setupusesan arbi-
trary waveformgenerato(AWG) andRF circuitry to drive
two customizedrecevers. After collecting nominal data
to establishrealisticthresholdsfor SQM test metrics,the
threatspaceof a specificfailure mode,the secondorder
stepanomalydescribedn theLAAS GroundFacility Spec-
ification[2], is exploredin detail.

INTRODUCTION

The Global Positioning Systemoffers a robust sourceof

three-dimensiongbositioninformation. Thanksto its ver

satility, GPSis finding increasinglywidespreadisein civ-

il applications. One classof applicationscurrently under
active researchis Ground-BasedAugmentationSystems
(GBAS), in which a ground referencestation provides
differentialcorrectiongo mobile usersfor precisenaviga-

tion. In aviation applications GBAS may alsobe usedfor

precisionapproachandlanding. A detaileddescriptionof

one sucharchitecturethe Local Area AugmentationSys-
tem (LAAS), is presentedh [3].

As with ary othervariantof GPSusedin safety-of-lifeap-
plications,the LAAS mustmeetstrict specification®nin-
tegrity, availability and continuity if it is to be usedfor
landing aircraft. In somecasesthesespecificationdead
to conflictingrequirementsandmeetingall of themsimul-
taneouslyis a major challengefacingsystemdesignergo-
day. In particulay the LAAS mustbe ableto correctlyde-
tectandflag any conditionwhich would causehazardously
misleadinginformation (HMI) to be broadcasto airborne
userswithin 3 secondgthe specifiedLAAS Ground Fa-
cility time-to-alarm).On the otherhand,the systemmust
not be so conserative asto signal alarmsin responsego
minor, non-hazardougterruptions,asthis would leadto
unacceptablyfow systemcontinuity. Theserequirements
arethe primary motivationfor thedesignof the RTSQM.

REAL-TIME MONITOR HARDWARE

This sectiondescribeghe hardware usedto performreal-
time monitoring. Because long-termgoalfor this system
is seamlessntegrationinto the IMT, the designobjective
was an easily scalablesystem(especiallyto include ad-

ditional recevers)whosedetailedoperationwas simpleto
controlandmaodify, if necessaryThe hardwaresetupcon-
sistsof two basiccomponentsa GPSrecever capableof
providing raw datafor monitoringand a computerto log
thedataandprocesst in realtime.

Customized GPS Receiver

Accuratemonitoringof the GPSsignalbeingtracked by a

recever requiresa moredetailedpictureof the signalthan

is typically available.Ordinarily, arecever'sraw correlator
outputsaretreatedasanintermediataesultin the process
of computingpseudorangeandassuchare unavailableto

the enduser Additionally, a typical recever usesa single
correlatorpair to track a particularsignal, so the shapeof

theunderlyingcorrelationpeakis notdirectly obsenable.

For this researchwe useda speciallymodified NovAtel
MiLLennium recever whose48 correlatorswere all as-
signedto a single channel. The recever usesa corven-
tional narrov correlatorpair (0.1-chip spacing)for signal
tracking; the additionalcorrelatorsare slaved to the code
phaseestimateprovided by the trackingpair. Becausehis
receveris capableof trackingonly onesatelliteat a time,
it cannotcalculatea positionfix. Onthe otherhand there-
ceiver locatesandtracksan existing signalnormally once
initialized with thatsignal's PRNcode,andit producegre-
ciselythedetailedpictureof thecorrelationpeaknecessary
for signalmonitoringandanalysis.A pictureof the nomi-
nal recever outputis shovn in Figurel. The48-correlator
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Figure 1: Single-channed8 correlatorrecever

receverproducesaw correlatoroutputsat1 Hz, aswell as
estimatesf carrierto-noiseratio, Dopplershift, andtime
taginformation.



A secondcustomizedeceier wasalsoincludedin the ex-

perimentalsetup. This recever is similar to the one de-
scribedabove, exceptthatits 48 correlatorsareevenly dis-
tributedacrosssix channelsWhile this allocationprovides
a lessdetailedpicture of the correlationpeakon a given
channel,it is still sufiicient to calculateary of the pro-
posedSQM test metrics discussedoelov. This recever
can computea position fix and conducta sky searchfor

new satellitedik e any corventionalrecever. As suchiit is

appropriatefor incorporationinto an operationaRTSQM,;

the single-channetecever, on the otherhand,is primarily

usefulfor algorithmdevelopmentandtesting. The single-
channelrecever wasusedfor collectingthe experimental
datapresentedn this paper

Thedatafrom bothreceversis savedto alog file andpro-
cessedn realtime by a standarcgpersonaktomputeyasde-
scribedin thenext section.

Data Processing Platform

Thereceveroutputsarefedto atestplatformconsistingof

a550 MHz Pentiumlll personatomputemwith 256 MB of

memoryrunningthe GNU/Linux operatingsystem.Simul-

taneouslatacollectionfrom thetwo receversis doneusing

a GTek Cyclonesix-portserialcardandthe standardserial

portdriverscontainedn theLinux kernel. A simpleC pro-

gramprovidescommunicationhandlesall commandsent
to the recevers on the multi-port card, and logs all data
comingfrom thereceversto ASCII files. All dataprocess-
ing is donein Matlah

Thereal-timeoperationof the systemwasverified by log-
ging live satellitedatafrom both receverssimultaneously
overthecourseof severalmonths.The communicatiorbe-
tweenthereceversandthe parsingroutinesworked asex-
pectedgeneratindASCII log files of approximately36 MB
during 7-hourdatacollectionruns. Correctoperationwas
alsoobsenedacrossend-of-weekime tagrollovers.

TEST METRICS

In thissectionwe describaheoperationgperformedonthe
incomingraw correlatordata.

Priorto processingsmoothedlatais obtainedrom theraw
correlatoroutputsdescribedn the previous sectionby us-
ing aHatchfilter with N = 100 for datacollectedat1 Hz:

1 N-1

Ismooth[k] = Nlraw[k] + N

Theresultingsmoothedlatais combinednto a setof alge-
braicexpressionsvhosevalueswill becomparedo known
thresholdgduring monitoring. In the remainderof this pa-

Ismooth [k - 1]

per, wewill examinenominalandanomalousignalperfor
manceusingthe deltatestmetric,definedas

A:I:of‘fsetl, toffset2 = Aioﬁ"setl - Aioi’fset2 =

(I—offsetl - I+0ffset1) . (I—offsetZ - I+0ffset2)

2- Iprompt
andthreeratio testmetrics,definedas
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The rationale for using these quantities(instead of the
more cornventionalcomparison®f codephasefrom indi-
vidual correlatorpairs)is discussedn [4]. The expected
thresholddor thesemetrics,usingcorrelatorspacingcor-
respondingo SQM variant2b (d = 0.1,0.15,0.2 chips),
arecomputedrom empiricallycollectedive datain [5]. In
all, eleventestmetricswereconsidereddeltatestsfor two
pairsof spacingsandthreeratio tests— average,positive,
andnegative, asdescribedabove — for eachof the spacings
individually).

In orderto verify theexpectedhresholdsith thereal-time
monitorsetupJive datawascollectedfor afull pasof PRN
20. The elevation angleandthreeof the test metricsare
shaowvn in Figure2. Eachmetric stayswell within the ex-

Elevation angle (degrees)

90

75

60

45

30

15 -0.01

0 1 2 3 4 5 6 0 1 2 3 4
Time (hours) Time (hours)

Test metric: R.ioos, p Test metric: Rio1, p

1.05

0 1 2 3 4 5 6 0 1
Time (hours)

3 4 5
Time (hours)

Figure 2: Threetestmetricsfor afull passof PRN20

pectedthresholdgindicatedby the dashedines) through-
out the durationof the run, asexpectedfor nominaldata.
The “flaring” at the beginning and end of the datasetis
mostlik ely dueto multipath,whichis known to causdarg-
ererrorsatlow elevationangles.The nearlynoiselessiata



showvnin the R 05, p plot maybeexplainedby observing
thatthis is the tracking pair for this recever, sowe would
expectthe earlyandlate correlatorsamplego be balanced
atall times(within the noiseof thetrackingloop).

FAULT MODEL

We next turn our attentionto possiblesignalfaultsandtheir
effectson the proposedestmetrics. To date,a hnumberof
satellite-base@nomalieshave beenreportedin the litera-
ture. A corruptedC/A codespectrumwasobsened on a
healthysatellitein [6]. A transienttodeoutageglaterfound
to be associatedvith software uploadsfor Block Il satel-
lites) wasreportedin [7]. A clock eventwhich causedl,
carrierand C/A coderangeratesto exceedthe Selectve
Availability NTE specificationdor velocity andaccelera-
tion wasreportedn [8].

In this paperwe considera specificclassof digital, analog
andmixed-modesignalfailuresknown asthe secondrder
stepanomaly asdescribedn [2]. Thethreatspacefor this
anomalyis definedby threekey parameters:

A, the amountof lead or lag in the falling edgesof the
distortedC/A codewith respecto the nominalpositionof
thoseedges;

fa, theringing frequeng associatedavith the edgesof the
distortedC/A code;and

o, thedampingcoeficientassociateavith thatringing.

A snapshobf the completefailure mode, including both
the digital-domainfailure describedoy A andthe analog-
domainfailuredescribedy f4 ando, is shovnin Figure3
(the dashedine is the nominal C/A code). The resulting
correlationpeakis shavn in Figure4. It is worth noting
thatthedistortionsdescribedy f4 ando maybemodeled

asasimpletwo-polelinearnetwork for analyticalpurposes.

Thelead/lagdistortiondescribedoy A, onthe otherhand,
cannotbe easilymodeledby alinearsystem.

In the next section,we considerthe problemof generating
corruptedsignalsof the type describedabore andevaluat-
ing their effectson pseudorangerrors.

ARBITRARY GPSSIGNAL GENERATION

Becausét isimpracticalto rely onanactualsatellitefailure
to testthereal-timemonitor, it is necessaryo generatgest
signalslocally. Thisis accomplishedby combininga stan-
dardRF signalsourcewith aprogrammablearbitrarywave-
form generato(AWG), which generates.sampledrersion
of theC/A code.
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Figure 3: Theoreticakffect of second-ordestepanomaly
on C/A codewaveform(digital andanalogfailures)

For this experiment,the code was sampledat 40 points
per chip (f; = 40.92 MHz). The output of the AWG

was modulatedup to the GPScarrierfrequeny at L; =

1575.42 MHz, filtered, and attenuatedo an appropriate
power level. This signal was fed into the antennainput

of the48-correlatorecever describedreviously. A block
diagramof the overall signalgeneratiorsetupis shavn in

Figure5.

Severalfeaturesareworthnoting. First,theentiregenerator
is tied to a commonclock. The 10 MHz synchronization
signal alignsthe carrier zero crossingsand the C/A code
chip edgesasrequiredfor reliablesignaltracking.

Anotherimportantconsiderations signalpower. Thelev-
elsnecessaryo ensurecleanRF mixer operationresultin
a modulatedsignalat approximately0 dBm, which easily
saturateshe RF front endof therecever. This signalmust
be droppedby roughly 125 dB to approximatehelevel of
arealGPSsatellite.In oursetup theattenuatiorchaincon-
sistsof 110 dB of fixedattenuatiorandavariable) — 30 dB
padto modelequivalentC'/ Ny valuesfrom 30 — 52 dBHz
This representshe full rangeobsenedat all possibleele-
vationangles.

A final considerationis signalparity. In orderto betrack-
able thelocally generatedignalmustcontainenoughvalid
navigationdatabitsto pasghereceverparity check,asde-
scribedin [9]. Thisis doneby first creatingtwo 20-epoch
stringsof C/A code,one with eachpolarity, representing
individual bits of navigationdata. A sequencef 30 care-
fully chosendatabits (600 epochsof C/A codein all) is
thenprogrammednto the AWG, resultingin a signalthat
passeshe parity checkasrequired.
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Second-order step anomaly  fq =3.0 MHz o =2.0 MNep/sec A = 300 nsec
T T T T T T

Normalized Amplitude

0
Spacing (chips)

Figure 4: Theoreticakffect of second-ordestepanomaly
on correlationpeak(digital andanalogfailures)

Calibration with nominal data

Onceatrackablesignalis generatedthe next stepis to cal-

ibratethesettingson thevariableattenuatoto C'/ Ny levels
reportedby thereceiver. Nominal C/A codedatawasfedto

thereceverateachattenuatosettingandthreeC' /N, read-
ings were recordedapproximately30 secondsapart. The
averagecalibrationreadings,shovn in Figure 6, arerea-
sonablylinearacrosgheusefulrangeof attenuatosettings
(thereceverloseslock atanattenuatiorsettingof 23dB).

From the calibration data, three attenuator settings
(8,14,and20 dB) were chosento representhigh, mid,
andlow elevation satellites(with C'/Ny of approximately
48,41,and33 dBHz, respectiely). Six hoursof nominal
datawere loggedat eachsettingto verify thatthe C'//Ng
valuesreportedby the recever were stationaryover time.
Theresultsareshavnin Figure7. TheC'/N, valuesreport-
edby thereceverthroughoutall threerunsremainedquite
stableandagreedreasonablyvell with the calibrationdata
shavn above.
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Figure 6: Calibrationof variableattenuatosettings

REAL-TIME FAILURE DETECTION

Thefinal part of this experimentinvestigateghe real-time
simulationof transientsignalfailures,thatis, the dynam-
ic respons®f the (smoothed}estmetricsto instantaneous
onsetf signalanomalies.

Threefaultcasesvereconsideredor thesecond-ordestep
anomaly Theparametersreshovn in Tablel. A realcor-
relation peak (distortedby fault case3) is shovn in Fig-
ure 8. Note that the distortedpeakis virtually indistin-
guishablefrom the nominal peaknearthe very top — this
suggestshatany testmetricsinvolving correlatorspacings
narraverthanabout0.1 chipsmaynotbeableto detecthis
anomaly

Faultcase| fq (MHz) | o (MNep/se¢ | A (nseg
1 10.0 6.0 30
3 7.6 0.8 0
5 10.0 0.8 90

Table 1: Second-ordestepfaultcaseparameters
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Threesix-hourdatasets(representindigh, mid, andlow
elevation satellites)were collected for fault casel and
mean(expected)valueswere computedfor the eleventest
metricsover eachrun. Data setswere also collectedfor
fault cases3 and5 for high elevation satellites. The ex-
pectedvaluesof thetestmetricsfor all five runs,aswell as
for thenominalcaseslescribedn the previoussectionare
summarizedn Table2.

In orderto simulatereal-timesignalfailures,the recever
wasfirst suppliedwith a nominalsignalandtrackingwas
maintainedor approximatelyhalf anhour. The signalwas
thenswitchedto a secondrderstepwaveformof the same
(underlying)amplitudeandall resultingchangesn thetest
metricswererecorded.

Initially, the signal was switched directly on the front
panel of the AWG. It was obsered, however, that the
slight switchingdelay (approximately0.5 sec)consistent-
ly causedhereceverto losesignallock, resultingin large
discontinuitiesn thetestmetrics. Instead the two signals
were programmednto separatehannelof the AWG and
asimpleSPDTswitchwasusedto simulatethe onsetof the
signalfailure. This approachresultedin aninstantaneous
respons@n the displaywith nolossof lock.

One-hourdatarunswererecordedor fault casel at high,
mid, and low valuesof C'/Ny. Additionally, two runs
wererecordedor fault cases3 and5, both at high C'/Ny.
Four representatie testmetricsare shavn for eachof the
fault casesin Figures9-11. In eachplot, the nominal-
to-anomalougransitionis indicatedby the blue line and
the place where each test metric crossesthe detection
thresholdis shovn by the greenline. The thresholds,jn
red, arefor a high elevation satellite (elevation = 75°),
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Figure 8: Correlation peak resulting from second-order
stepanomalyfault case3

asdescribedn [5].

ANALYSISOF RESULTS

The dynamicsimulationsshaw thatthe proposedestmet-
rics areall reasonableffective at detectingthe sudderon-
setof secondorder stepanomalies althoughthe optimal
metric dependson the fault case. Both the positive ratio
andA testsaregoodchoicesfor detectingfault casel; the
negative ratiotestseemdsbestsuitedfor faultcase3; andall
butthe R_¢ o5, p testdetectfaultcaseb within 10seconds.

Ontheotherhand,thethreerunsof fault casel atvarying
equialentelevationangledetectiorthresholdsuggesthat
the negative ratio testwould be optimal for this fault case
onlow elevationanglesatellites.The A testdid not detect
thefaultatall.

Surprisingly several test metricsthat use correlatorsam-
pleswith spacingdessthan0.1 chip wide correctlydetect
the fault case3 anomalydiscusseckarlier All threeratio

testsat 0.05 chip detectthe anomalywithin 22 seconds.
The A4g.1, +0.05 testalsodetectsthe anomalywithin this

time. By comparisonthe A 1.1, +¢.05 testis significantly

slower, requiring65 secondso exceedthedetectiorthresh-
old. The Ry testis evenworse,taking253 seconds.

Table 3 summarizesthe detectiontimes for the three
different fault casesassuminghigh elevation detection
thresholds.Table 4 summarizesthe detectiontimes for
fault casel for high, medium,andlow elevationdetection
thresholds.
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Test FC1 | FC3 | FC5 which would have resultedin a persistenalarmunderop-
metric High | High | High erationalconditionsand renderedthe detectionalgorithm
Ao.075, £0.05 9 65 2 substantiallyuselessThis problemwasrectifiedby replac-
Ao, +0.05 15 18 3 ing someof the RF cablesin the experimentalsetupwith
Rioos p 33 19 4 semi-rigid lines, shieldingthe AWG channelswitch, and
Rioors. P 28 25 3 repeatinghe calibrationprocedure.
Rioa, P 22 | 253 6
R_o.05, P 47 15 13
R oo P 61 14 2 CONCLUSIONS AND FUTURE WORK
R_o1, P 67 | 13 2 . . N :
Rio0s. P 7 22 > This paperdescribesa prototypereal-time signal quality
R+0.07;3 P 12 20 2 monitor for GPSsignals. The systemis basedon a pair of
R+0.1 1; 12 70 3 modifiedGPSreceierswhosetrackingchannelsareoutfit-

Table 3: Time-to-alarm(secondsYor three secondorder
stepanomalieghigh elevationcase)

Oneproblemobsenedduringtheinitial collectionof nom-
inal datawasthat the meanvalue of someparticularmet-
ricsdid notremainconstanacrossuccessie runs. For the
A tests,thesedifferenceswere negligible. For the other
metrics, however, the differencebetweenthe meanswas
actually larger than the spanof the detectionthreshold,

tedwith supplementargorrelatorsfor the purposeof pro-
viding additionalinformation aboutthe correlationpeaks
beingtracked. This informationis thenusedto compute
testmetricsfor eachincomingsignalin realtime. There-
ceiverscantrackbothlive andsimulatedGPSdata.

An arbitraryGPSsignalgeneratois alsointroduced.This
apparatuss usedto generatesyntheticGPSsignals,both
nominalanddistorted,which aretracked normally by the
receversin the RTSQM. The testmetricsassociatedvith
thesesignalsarerecordecandanalyzed.



Ao, +0.05

\ !
0 500 1000 1500 2000 2500 3000 3500 4000 4500

I
0 500 1000 1500 2000 2500 3000 3500 4000 4500

I N .
Q'i WM
o 0.94F T T T T e T s .
S
T 0.935f -
8
0.93t | | i | | | ! i
0 500 1000 1500 2000 2500 3000 3500 4000 4500
0.97F T T T T T T T =
k- - - - - - - S - - - ST - T T o= T T T T T T T T T T T T T T
A, PO - T T T T\ e e
& 0.965[ : , : : -
=]
e 096 -

0 500

!
1000 1500 2000

!
2500 3000 3500 4000 4500

Simulation time (seconds)

Figure 10: Testmetricsfor faultcase3

A classof signalfailuresknown asthe secondorder step
anomalyis introducedandcharacterizedSeveral versions
of this signal anomaly are programmedinto the signal
generatorand the dynamiceffects of thesesignalson the
RTSQM arepresented.

Thisresearclsuggestseveraladditionalinterestingexper

iments. First, the RF circuitry shouldbe properlyshielded
and packagedas notedin the previous section. A mixer
with a higheroutputrangemight alsoimprove the tracka-
bility of thesyntheticallygeneratedignalatlow carrierto-

noiseratios.

Secondijt would beinformative to repeathe dynamicsig-
nal fault testsseveral times to more preciselydetermine
which testmetricsareoptimalfor a givenfault case.

A third setof questionswvorth investigatingconcernsover-

all systemnoise.Thesetupdescribedn thisresearchs en-
tirely free of multipathdistortion,whereashe experimen-
tally determinedhresholdsn [5] werecomputedusinglive

GPSdatacollectedin afairly harshmultipathervironment.
It shouldbe possibleto simulatethe effects of multipath
with carefulprogrammingf theAWG, additionalRF hard-

ware(splittersandlong cables)or both.

Finally, the flexibility of the signal generatotasnot yet
beenfully exploited. For example,it would be interesting
to comparehe“instant-on”signalfailuresdescribedn this
paperwith more subtleanomaliesby varying the duty cy-
cle betweennominal and distortedwaveformswithin the
AWG. Other simulationsof interestwould include addi-
tional secondorderstepcasesaswell asothersignalfault
models.
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Figure11: Testmetricsfor faultcaseb
Test Nominal Fault case 1 Fault case 3 | Fault case5
metric Low Mid High Low Mid High High High
Ato.075, +0.05 || -3.254e-3 8.459e-5 3.099e-4| -2.577e-3 -2.623e-3 -2.652e-3| -8.821e-4 1.131e-2
Ato1, £0.05 -5.743e-3 1.119e-4 4.742e-4| -6.410e-3 -6.516e-3 -6.617e-3| -7.821e-3 2.704e-2
Rio.o5, P 0.9580 0.9658 0.9675 | 0.9707 0.9701 0.9705 0.9577 0.9889
Rig.015, P 0.9274  0.9387 0.9413 | 0.9477 0.9469 0.9474 0.9307 0.9741
Rioa, P 0.9002 0.9123 0.9148 | 0.9247 0.9240 0.9245 0.9121 0.9548
R_o05, P 0.9577 0.9657 0.9675 | 0.9707 0.9700 0.9706 0.9576 0.9892
R_q.015, P 0.9238 0.9387 0.9416 | 0.9451 0.9442 0.9449 0.9296 0.9857
R_ o1, p 0.8942  0.9123 0.9153 | 0.9184 0.9174 0.9179 0.9042 0.9819
Rio.05, P 0.9583 0.9658 0.9676 | 0.9707 0.9702 0.9705 0.9579 0.9887
Rio0.075, P 0.9309 0.9387 0.9410 | 0.9502 0.9495 0.9500 0.9318 0.9625
Rioa, p 0.9062  0.9122 0.9144 | 0.9311 0.9305 0.9310 0.9201 0.9272

Table 2: Summaryof expectedvaluesof testmetrics




Test FC1 | FC1 ]| FC1
metric High | Mid | Low
A0.075, 40.05 9 33 | nd.
A1, +0.05 15 35 | n.d.
Rio.os, P 33 50 33
Rio.075, P 28 43 35
Rios, p 22 36 38
R_o.05, P 47 63 36
R_o.o15, P 61 63 25
R o1, p 67 63 19
Ryo.05, P 7 38 32
Rio.ors, P [ 34 | 53
Riou p 14 | 32 | 73

Table 4: Time-to-alarm(seconds)for secondorder step
anomalyfault casel (high, medium, and low elevation
case)
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