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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 stringent integrity requirementson system
performance,LAAS andWAAS groundfacilities mustbe
able to detectany hazardoussignal anomalieswithin a
prescribedtime-to-alarm(3 secondsfor LAAS Category
I precisionapproach). One classof signal-in-spacefail-
ures that is difficult to detectwithout specializedmoni-
toring is deformationsof the C/A codesignalsbroadcast
by GPSsatellites.SincecodecorrelatorspacingsandRF
front-endbandwidthsmay vary betweengroundand air-
borneGPSreceivers,thesedeformations,otherwiseknown
as “evil waveforms,” may producehazardousdifferential
rangingerrorsat the aircraft unlessthe affectedsatellites
arepromptlydetectedandexcludedfrom thebroadcastset
of differentialcorrections.

Thispaperdescribestheconstructionandtestingof aproto-
type real-timesignalquality monitor (RTSQM) described
in [1]. Thefirst sectiondescribestheimplementationof the
prototypeon a personalcomputerwith multiple serial in-
putsreadingdatafrom customizedGPSreceivers.Thedis-
cussioncoversseveral designissuesof particularinterest,



includingsystemtiming, simultaneousprocessingof mul-
tiple datastreams,andanalysisalgorithms(includingdelta
andratio testsusingthe in-phasevaluesof multiple corre-
latorsassignedto eachsatellite).Thissystemis designedto
be integratedinto theStanfordLAAS groundsystempro-
totype,known astheIntegrity Monitor Testbed(IMT).

Thesecondsectiondescribestestingof thereal-timemon-
itor underboth nominalandanomaloussignalconditions
and presentresults. The overall test setupusesan arbi-
trary waveformgenerator(AWG) andRFcircuitry to drive
two customizedreceivers. After collecting nominal data
to establishrealistic thresholdsfor SQM testmetrics,the
threatspaceof a specificfailure mode,the secondorder
stepanomalydescribedin theLAAS GroundFacility Spec-
ification [2], is exploredin detail.

INTRODUCTION

The Global PositioningSystemoffers a robust sourceof
three-dimensionalpositioninformation. Thanksto its ver-
satility, GPSis finding increasinglywidespreadusein civ-
il applications.Oneclassof applicationscurrentlyunder
active researchis Ground-BasedAugmentationSystems
(GBAS), in which a ground referencestation provides
differentialcorrectionsto mobileusersfor precisenaviga-
tion. In aviation applications,GBAS mayalsobeusedfor
precisionapproachandlanding. A detaileddescriptionof
onesucharchitecture,the Local Area AugmentationSys-
tem(LAAS), is presentedin [3].

As with any othervariantof GPSusedin safety-of-lifeap-
plications,theLAAS mustmeetstrict specificationson in-
tegrity, availability and continuity if it is to be usedfor
landingaircraft. In somecases,thesespecificationslead
to conflictingrequirements,andmeetingall of themsimul-
taneouslyis a majorchallengefacingsystemdesignersto-
day. In particular, theLAAS mustbeableto correctlyde-
tectandflagany conditionwhichwouldcausehazardously
misleadinginformation(HMI) to be broadcastto airborne
userswithin

�
seconds(the specifiedLAAS GroundFa-

cility time-to-alarm).On the otherhand,the systemmust
not be so conservative as to signal alarmsin responseto
minor, non-hazardousinterruptions,as this would leadto
unacceptablylow systemcontinuity. Theserequirements
aretheprimarymotivationfor thedesignof theRTSQM.

REAL-TIME MONITOR HARDWARE

This sectiondescribesthe hardwareusedto performreal-
time monitoring.Becausea long-termgoalfor this system
is seamlessintegrationinto the IMT, the designobjective
was an easily scalablesystem(especiallyto include ad-

ditional receivers)whosedetailedoperationwassimpleto
controlandmodify, if necessary. Thehardwaresetupcon-
sistsof two basiccomponents:a GPSreceiver capableof
providing raw datafor monitoringanda computerto log
thedataandprocessit in realtime.

Customized GPS Receiver

Accuratemonitoringof theGPSsignalbeingtrackedby a
receiver requiresa moredetailedpictureof thesignalthan
is typically available.Ordinarily, areceiver’sraw correlator
outputsaretreatedasan intermediateresultin theprocess
of computingpseudorangesandassuchareunavailableto
theenduser. Additionally, a typical receiver usesa single
correlatorpair to track a particularsignal,so the shapeof
theunderlyingcorrelationpeakis not directlyobservable.

For this research,we useda speciallymodified NovAtel
MiLLennium receiver whose48 correlatorswere all as-
signedto a single channel. The receiver usesa conven-
tional narrow correlatorpair ( ����� -chip spacing)for signal
tracking; the additionalcorrelatorsareslaved to the code
phaseestimateprovidedby thetrackingpair. Becausethis
receiver is capableof trackingonly onesatelliteat a time,
it cannotcalculateapositionfix. Ontheotherhand,there-
ceiver locatesandtracksan existing signalnormallyonce
initializedwith thatsignal’sPRNcode,andit producespre-
ciselythedetailedpictureof thecorrelationpeaknecessary
for signalmonitoringandanalysis.A pictureof thenomi-
nal receiveroutputis shown in Figure1. The48-correlator
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Figure 1: Single-channel48 correlatorreceiver

receiverproducesraw correlatoroutputsat 3 Hz, aswell as
estimatesof carrier-to-noiseratio, Dopplershift, andtime
taginformation.



A secondcustomizedreceiverwasalsoincludedin theex-
perimental4 setup. This receiver is similar to the one de-
scribedabove,exceptthatits 48 correlatorsareevenlydis-
tributedacrosssix channels.While thisallocationprovides
a lessdetailedpicture of the correlationpeakon a given
channel,it is still sufficient to calculateany of the pro-
posedSQM test metricsdiscussedbelow. This receiver
can computea position fix and conducta sky searchfor
new satelliteslike any conventionalreceiver. As such,it is
appropriatefor incorporationinto anoperationalRTSQM;
thesingle-channelreceiver, on theotherhand,is primarily
usefulfor algorithmdevelopmentandtesting.Thesingle-
channelreceiver wasusedfor collectingthe experimental
datapresentedin this paper.

Thedatafrom bothreceiversis savedto a log file andpro-
cessedin realtime by a standardpersonalcomputer, asde-
scribedin thenext section.

Data Processing Platform

Thereceiveroutputsarefedto a testplatformconsistingof
a 5256� MHz PentiumIII personalcomputerwith 78589 MB of
memoryrunningtheGNU/Linux operatingsystem.Simul-
taneousdatacollectionfrom thetwo receiversis doneusing
a GTekCyclonesix-portserialcardandthestandardserial
portdriverscontainedin theLinux kernel.A simpleC pro-
gramprovidescommunication,handlesall commandssent
to the receivers on the multi-port card, and logs all data
comingfrom thereceiversto ASCII files. All dataprocess-
ing is donein Matlab.

Thereal-timeoperationof thesystemwasverifiedby log-
ging live satellitedatafrom both receiverssimultaneously
over thecourseof severalmonths.Thecommunicationbe-
tweenthereceiversandtheparsingroutinesworkedasex-
pected,generatingASCII log filesof approximately

� 9 MB
during7-hourdatacollectionruns. Correctoperationwas
alsoobservedacrossend-of-weektime tagrollovers.

TEST METRICS

In thissection,wedescribetheoperationsperformedonthe
incomingraw correlatordata.

Priorto processing,smootheddatais obtainedfrom theraw
correlatoroutputsdescribedin theprevioussectionby us-
ing aHatchfilter with :<;=�>�8� for datacollectedat � Hz:

?�@�ACBDBFEHG%I JLK ; �
:

?DM�NPOQI JLKLR :TSU�
:

?D@&ACBDBFE&GVI J SU� K
Theresultingsmootheddatais combinedinto asetof alge-
braicexpressionswhosevalueswill becomparedto known
thresholdsduringmonitoring. In theremainderof this pa-

per, wewill examinenominalandanomaloussignalperfor-
manceusingthedeltatestmetric,definedasWYX B$Z[@�\]E]^

,
X BFZ[@�\]EH_ ; WYX B$Z[@�\]E]^ S WYX B$Z @&\]EH_ ;` ? a BFZ[@�\]EP^ S ?�b B$Z @&\]E]^�c

7ed ?Df M�B�A f E S
` ? a B$Z[@�\]EH_ S ?�b B$Z[@�\]EH_ c

7ed ?�f M�B�A f E
andthreeratio testmetrics,definedas

g X B$Z[@�\]Eih j ;
` ?[a B$Z @&\]E Rk?�b B$Z[@�\]E�c

7ed ? f M�B�A f E
g b B$Z[@�\]Eih j ;

? b B$Z[@�\]E
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gla B$Z[@�\]Eih j ;
? a B$Z[@�\]E
? f M�B$A f E

The rationale for using thesequantities(insteadof the
moreconventionalcomparisonsof codephasefrom indi-
vidual correlatorpairs) is discussedin [4]. The expected
thresholdsfor thesemetrics,usingcorrelatorspacingscor-
respondingto SQM variant2b ( mn;o�%�
�2p$�%�
� 5qp$�%� 7 chips),
arecomputedfrom empiricallycollectedlivedatain [5]. In
all, eleventestmetricswereconsidered(deltatestsfor two
pairsof spacingsandthreeratio tests– average,positive,
andnegative,asdescribedabove– for eachof thespacings
individually).

In orderto verify theexpectedthresholdswith thereal-time
monitorsetup,livedatawascollectedfor afull passof PRN
20. The elevation angleand threeof the testmetricsare
shown in Figure2. Eachmetric stayswell within the ex-
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Figure 2: Threetestmetricsfor a full passof PRN20

pectedthresholds(indicatedby thedashedlines) through-
out the durationof the run, asexpectedfor nominaldata.
The “flaring” at the beginning and end of the dataset is
mostlikely dueto multipath,which is known to causelarg-
er errorsat low elevationangles.Thenearlynoiselessdata



shown in the
g X.|~} |�� h �

plot maybeexplainedby observing
that this

�
is the trackingpair for this receiver, sowe would

expecttheearlyandlatecorrelatorsamplesto bebalanced
at all times(within thenoiseof thetrackingloop).

FAULT MODEL

Wenext turnourattentionto possiblesignalfaultsandtheir
effectson theproposedtestmetrics.To date,a numberof
satellite-basedanomalieshave beenreportedin the litera-
ture. A corruptedC/A codespectrumwasobserved on a
healthysatellitein [6]. A transientcodeoutage(laterfound
to be associatedwith softwareuploadsfor Block II satel-
lites) wasreportedin [7]. A clock eventwhich caused� ^
carrier and C/A coderangeratesto exceedthe Selective
Availability NTE specificationsfor velocity andaccelera-
tion wasreportedin [8].

In thispaper, weconsideraspecificclassof digital, analog
andmixed-modesignalfailuresknown asthesecondorder
stepanomaly, asdescribedin [2]. Thethreatspacefor this
anomalyis definedby threekey parameters:

W
, the amountof lead or lag in the falling edgesof the

distortedC/A codewith respectto thenominalpositionof
thoseedges;� �

, the ringing frequency associatedwith theedgesof the
distortedC/A code;and
� , thedampingcoefficientassociatedwith thatringing.

A snapshotof the completefailure mode,including both
the digital-domainfailuredescribedby

W
andthe analog-

domainfailuredescribedby
� �

and � , is shown in Figure3
(the dashedline is the nominalC/A code). The resulting
correlationpeakis shown in Figure4. It is worth noting
thatthedistortionsdescribedby

� �
and � maybemodeled

asasimpletwo-polelinearnetwork for analyticalpurposes.
The lead/lagdistortiondescribedby

W
, on theotherhand,

cannotbeeasilymodeledby a linearsystem.

In thenext section,we considertheproblemof generating
corruptedsignalsof the typedescribedabove andevaluat-
ing their effectsonpseudorangeerrors.

ARBITRARY GPS SIGNAL GENERATION

Becauseit is impracticalto rely onanactualsatellitefailure
to testthereal-timemonitor, it is necessaryto generatetest
signalslocally. This is accomplishedby combininga stan-
dardRFsignalsourcewith aprogrammablearbitrarywave-
form generator(AWG), whichgeneratesasampledversion
of theC/A code.

0 1 2 3 4 5 6

−2.5

−2

−1.5

−1

−0.5

0

0.5

1

1.5

2

2.5

PSfrag replacements

Second-order step anomaly ���D����� � MHz �2����� � MNep/sec ���.����� nsec

A
m

pl
itu

de

Time (chips)

Figure 3: Theoreticaleffect of second-orderstepanomaly
on C/A codewaveform(digital andanalogfailures)

For this experiment,the codewas sampledat 40 points
per chip (

� @ ;��-��� �27 MHz). The output of the AWG
wasmodulatedup to the GPScarrier frequency at � ^ ;�>5-�65�� �L7 MHz, filtered, and attenuatedto an appropriate
power level. This signal was fed into the antennainput
of the48-correlatorreceiverdescribedpreviously. A block
diagramof theoverall signalgenerationsetupis shown in
Figure5.

Severalfeaturesareworthnoting.First,theentiregenerator
is tied to a commonclock. The �>� MHz synchronization
signalaligns the carrierzerocrossingsand the C/A code
chip edges,asrequiredfor reliablesignaltracking.

Anotherimportantconsiderationis signalpower. The lev-
elsnecessaryto ensurecleanRF mixer operationresultin
a modulatedsignalat approximately� dBm, which easily
saturatestheRF front endof thereceiver. This signalmust
bedroppedby roughly �>785 dB to approximatethelevel of
arealGPSsatellite.In oursetup,theattenuationchaincon-
sistsof �2�~� dB of fixedattenuationandavariable��S � � dB
padto modelequivalent ��� : |

valuesfrom
� ��S�527 dBHz.

This representsthe full rangeobservedat all possibleele-
vationangles.

A final considerationis signalparity. In orderto betrack-
able,thelocallygeneratedsignalmustcontainenoughvalid
navigationdatabits to passthereceiverparitycheck,asde-
scribedin [9]. This is doneby first creatingtwo 20-epoch
stringsof C/A code,onewith eachpolarity, representing
individual bits of navigationdata. A sequenceof 30 care-
fully chosendatabits (600 epochsof C/A codein all) is
thenprogrammedinto theAWG, resultingin a signalthat
passestheparity checkasrequired.
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Figure 4: Theoreticaleffect of second-orderstepanomaly
on correlationpeak(digital andanalogfailures)

Calibration with nominal data

Onceatrackablesignalis generated,thenext stepis to cal-
ibratethesettingsonthevariableattenuatorto ¯�°D±l² levels
reportedby thereceiver. NominalC/A codedatawasfedto
thereceiverateachattenuatorsettingandthreēe°�±³² read-
ings wererecordedapproximately30 secondsapart. The
averagecalibrationreadings,shown in Figure 6, are rea-
sonablylinearacrosstheusefulrangeof attenuatorsettings
(thereceiver loseslock at anattenuationsettingof ´8µ dB).

From the calibration data, three attenuator settings
( ¶�·�3~¸%· and ´8¹ dB) were chosento representhigh, mid,
andlow elevation satellites(with ¯e°�± ² of approximately¸2¶%·F¸V38· and µ8µ dBHz, respectively). Six hoursof nominal
datawere loggedat eachsettingto verify that the ¯�°D±l²
valuesreportedby the receiver werestationaryover time.
Theresultsareshown in Figure7. The ¯�°D±l² valuesreport-
edby thereceiver throughoutall threerunsremainedquite
stableandagreedreasonablywell with thecalibrationdata
shown above.
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Figure 6: Calibrationof variableattenuatorsettings

REAL-TIME FAILURE DETECTION

Thefinal partof this experimentinvestigatesthereal-time
simulationof transientsignal failures,that is, the dynam-
ic responseof the(smoothed)testmetricsto instantaneous
onsetsof signalanomalies.

Threefaultcaseswereconsideredfor thesecond-orderstep
anomaly. Theparametersareshown in Table1. A realcor-
relation peak(distortedby fault case3) is shown in Fig-
ure 8. Note that the distortedpeak is virtually indistin-
guishablefrom the nominalpeaknearthe very top – this
suggeststhatany testmetricsinvolving correlatorspacings
narrowerthanabout¹�Ã�3 chipsmaynotbeableto detectthis
anomaly.

Fault case Ä ÅlÆ MHz Ç ÈÉÆ MNep/secÇ ÊËÆ nsecÇ
1 3~¹�Ã ¹ Ì%Ã ¹ µ2¹
3 Í Ã Ì ¹%Ã ¶ ¹
5 3~¹�Ã ¹ ¹%Ã ¶ Î2¹

Table 1: Second-orderstepfault caseparameters
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Threesix-hourdatasets(representinghigh, mid, andlow
elevation satellites)were collected for fault case1 and
mean(expected)valueswerecomputedfor theeleventest
metricsover eachrun. Data setswere also collectedfor
fault cases3 and5 for high elevation satellites. The ex-
pectedvaluesof thetestmetricsfor all five runs,aswell as
for thenominalcasesdescribedin theprevioussection,are
summarizedin Table2.

In order to simulatereal-timesignal failures,the receiver
wasfirst suppliedwith a nominalsignalandtrackingwas
maintainedfor approximatelyhalf anhour. Thesignalwas
thenswitchedto asecondorderstepwaveformof thesame
(underlying)amplitudeandall resultingchangesin thetest
metricswererecorded.

Initially, the signal was switched directly on the front
panel of the AWG. It was observed, however, that the
slight switchingdelay(approximately���Ø5 sec)consistent-
ly causedthereceiver to losesignallock, resultingin large
discontinuitiesin thetestmetrics. Instead,the two signals
wereprogrammedinto separatechannelsof theAWG and
asimpleSPDTswitchwasusedto simulatetheonsetof the
signalfailure. This approachresultedin an instantaneous
responseon thedisplaywith no lossof lock.

One-hourdatarunswererecordedfor fault case1 at high,
mid, and low valuesof ��� : |

. Additionally, two runs
wererecordedfor fault cases3 and5, bothat high ��� : |

.
Four representative testmetricsareshown for eachof the
fault casesin Figures9-11. In eachplot, the nominal-
to-anomaloustransitionis indicatedby the blue line and
the place where each test metric crossesthe detection
thresholdis shown by the greenline. The thresholds,in
red, are for a high elevation satellite(elevation ;Ù�652Ú ),
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Figure 8: Correlation peak resulting from second-order
stepanomalyfault case3

asdescribedin [5].

ANALYSIS OF RESULTS

Thedynamicsimulationsshow that theproposedtestmet-
rics areall reasonablyeffectiveat detectingthesuddenon-
set of secondorder stepanomalies,althoughthe optimal
metric dependson the fault case. Both the positive ratio
and Ê testsaregoodchoicesfor detectingfault case1; the
negativeratio testseemsbestsuitedfor faultcase3; andall
but the Ü³ÝÞ²�ß ²¦à�á>â testdetectfaultcase5 within 10seconds.

On theotherhand,thethreerunsof fault case1 at varying
equivalentelevationangledetectionthresholdssuggestthat
the negative ratio testwould be optimal for this fault case
on low elevationanglesatellites.The Ê testdid not detect
thefault at all.

Surprisingly, several test metricsthat usecorrelatorsam-
pleswith spacingslessthan ¹%Ã
3 chip wide correctlydetect
the fault case3 anomalydiscussedearlier. All threeratio
testsat ¹�Ã ¹2ã chip detectthe anomalywithin ´2´ seconds.
The ÊYä.²~ß å¦á~ä(²�ß ²¦à testalsodetectstheanomalywithin this
time. By comparison,the ÊYä(²�ß åDá>ä.²~ß ²¦à testis significantly
slower, requiring Ì2ã secondsto exceedthedetectionthresh-
old. The Ü ä.²~ß å testis evenworse,taking ´2ã6µ seconds.

Table 3 summarizesthe detection times for the three
different fault casesassuminghigh elevation detection
thresholds.Table 4 summarizesthe detectiontimes for
fault case1 for high, medium,andlow elevationdetection
thresholds.
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Test FC1 FC 3 FC5
metric High High HighW X(|�} |¦ó$� h X(|�} |¦�

9 65 2WYX(|�} ^Dh X.|~} |¦�
15 18 3g X.|~} |¦� h~�
33 19 4g X.|~} |¦ó$� h~�
28 25 8g X.|~} ^Dh��
22 253 6gla |~} |¦� h~�
47 15 13g a |~} |¦ó$� h~�
61 14 2gla |~} ^Dh��
67 13 2g b |~} |�� h~�
7 22 2g b |~} |�ó�� h~�
12 40 2geb |~} ^¦h>�
14 70 3

Table 3: Time-to-alarm(seconds)for threesecondorder
stepanomalies(highelevationcase)

Oneproblemobservedduringtheinitial collectionof nom-
inal datawasthat the meanvalueof someparticularmet-
ricsdid not remainconstantacrosssuccessiveruns.For theW

tests,thesedifferenceswere negligible. For the other
metrics,however, the differencebetweenthe meanswas
actually larger than the spanof the detectionthreshold,

which would have resultedin a persistentalarmunderop-
erationalconditionsandrenderedthe detectionalgorithm
substantiallyuseless.Thisproblemwasrectifiedby replac-
ing someof the RF cablesin the experimentalsetupwith
semi-rigid lines, shieldingthe AWG channelswitch, and
repeatingthecalibrationprocedure.

CONCLUSIONS AND FUTURE WORK

This paperdescribesa prototypereal-timesignal quality
monitor for GPSsignals.Thesystemis basedon a pair of
modifiedGPSreceiverswhosetrackingchannelsareoutfit-
tedwith supplementarycorrelatorsfor thepurposeof pro-
viding additionalinformationaboutthe correlationpeaks
being tracked. This information is thenusedto compute
testmetricsfor eachincomingsignalin real time. There-
ceiverscantrackbothliveandsimulatedGPSdata.

An arbitraryGPSsignalgeneratoris alsointroduced.This
apparatusis usedto generatesyntheticGPSsignals,both
nominalanddistorted,which aretracked normally by the
receiversin the RTSQM. The testmetricsassociatedwith
thesesignalsarerecordedandanalyzed.
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Figure 10: Testmetricsfor fault case3

A classof signal failuresknown asthe secondorderstep
anomalyis introducedandcharacterized.Severalversions
of this signal anomaly are programmedinto the signal
generatorandthe dynamiceffectsof thesesignalson the
RTSQM arepresented.

This researchsuggestsseveraladditionalinterestingexper-
iments.First, theRF circuitry shouldbeproperlyshielded
andpackaged,asnotedin the previous section. A mixer
with a higheroutputrangemight alsoimprove the tracka-
bility of thesyntheticallygeneratedsignalat low carrier-to-
noiseratios.

Second,it would beinformativeto repeatthedynamicsig-
nal fault testsseveral times to more preciselydetermine
which testmetricsareoptimalfor a givenfault case.

A third setof questionsworth investigatingconcernsover-
all systemnoise.Thesetupdescribedin this researchis en-
tirely freeof multipathdistortion,whereastheexperimen-
tally determinedthresholdsin [5] werecomputedusinglive
GPSdatacollectedin afairly harshmultipathenvironment.
It shouldbe possibleto simulatethe effectsof multipath
with carefulprogrammingof theAWG,additionalRFhard-

ware(splittersandlong cables),or both.

Finally, the flexibility of the signalgeneratorhasnot yet
beenfully exploited. For example,it would be interesting
to comparethe“instant-on”signalfailuresdescribedin this
paperwith moresubtleanomaliesby varying the duty cy-
cle betweennominal anddistortedwaveformswithin the
AWG. Other simulationsof interestwould include addi-
tional secondorderstepcases,aswell asothersignalfault
models.
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Test Nominal Fault case 1 Fault case 3 Fault case 5
metric Low Mid High Low Mid High High HighW X(|�} |¦ó�� h X(|�} |¦�

-3.254e-3 8.459e-5 3.099e-4 -2.577e-3 -2.623e-3 -2.652e-3 -8.821e-4 1.131e-2W X(|�} ^Dh X.|~} |¦�
-5.743e-3 1.119e-4 4.742e-4 -6.410e-3 -6.516e-3 -6.617e-3 -7.821e-3 2.704e-2g X(|�} |¦� h��
0.9580 0.9658 0.9675 0.9707 0.9701 0.9705 0.9577 0.9889g X(|�} |¦ó$� h��
0.9274 0.9387 0.9413 0.9477 0.9469 0.9474 0.9307 0.9741g X(|�} ^Dh��
0.9002 0.9123 0.9148 0.9247 0.9240 0.9245 0.9121 0.9548g³a |�} |¦� h��
0.9577 0.9657 0.9675 0.9707 0.9700 0.9706 0.9576 0.9892g a |�} |¦ó$� h��
0.9238 0.9387 0.9416 0.9451 0.9442 0.9449 0.9296 0.9857g a |�} ^Dh��
0.8942 0.9123 0.9153 0.9184 0.9174 0.9179 0.9042 0.9819g b |~} |¦� h��
0.9583 0.9658 0.9676 0.9707 0.9702 0.9705 0.9579 0.9887g b |~} |¦ó$� h��
0.9309 0.9387 0.9410 0.9502 0.9495 0.9500 0.9318 0.9625gôb |~} ^Dh��
0.9062 0.9122 0.9144 0.9311 0.9305 0.9310 0.9201 0.9272

Table 2: Summaryof expectedvaluesof testmetrics



Test FC1 FC 1 FC1
metric High Mid LowW X.|~} |�ó�� h X.|~} |��

9 33 n.d.WYX.|~} ^¦h X(|�} |¦�
15 35 n.d.g X(|�} |¦� h~�
33 50 33g X(|�} |¦ó�� h~�
28 43 35g X(|�} ^Dh~�
22 36 38g³a |�} |¦� h~�
47 63 36g a |�} |¦ó�� h~�
61 63 25g a |�} ^Dh~�
67 63 19gôb |�} |¦� h>�
7 38 32g b |�} |¦ó$� h~�
12 34 53gôb |�} ^Dh~�
14 32 73

Table 4: Time-to-alarm(seconds)for secondorder step
anomalyfault case1 (high, medium, and low elevation
case)
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