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ABSTRACT

One of the difficulties inheentin useof Globd Naviga
tion Satellite Systemg(GNSS)for safetyeritical appica-
tions is the needto insureuserintegrity in the faceof an
unbaindal arrayof possiblefailuresin the GNSSsatellite
signals.GPSsatellitesfor examge, aregeneally operate
until failure,andsomeof thosefailureswill causerangirg
errois which impactuserintegrity. Grourd-basedsatellite-
operdor solutiors to this prodem arecomple« and costly

and have difficulty alerting usersof the failure quicHy.
Modelsfor possiblesatellitefailureshave beendevelgped
but areimperfectbecausef thelimited statisticalinforma-
tion availableto the satelliteoperatos andto the civil user
community.

As aresult, it is difficult to supprt the single-gilure as-
sumptionmadeby Recever Autonanous Integrity Mon-
itoring (RAIM) or to certify that SpaceBasedAugmen
tation SystemqSBAS) and Ground BasedAugmentation
SystemgqGBAS) safelydetectall threateing satellitefail-
ures. In addition whensatellitefailuresoccur they must
be detectedand sortedout from an array of possiblefail-
uresin SBAS and/orGBAS ground systemspr elsecon-
tinuity will be sacrificedunneessarily Thesedifficulties
wouldbegreatlylessenedf integrity monitaing werecon-
ductedwithin thesatelliteconstellatioritself sothatimme-
diatewarnings couldbetransmittedo users.

We have developedandareprotaypingamethal for Satel-
lite AutonamousIntegrity Monitoring (SAIM) that coud

be appliedto future GNSSsatellitessuchas GPSIIl. The
processingdemandson SAIM aremuchlighter thanthose
on a LAAS or GBAS ground systembecausesachsatel-
lite’s SAIM function monitors the rangirg signalsof the
satelliteit is attachedo ratherthanthe 12 or moresatellites
thatmustbe simultaneasly handel by SBAS andGBAS.

This paper describesour SAIM conceptin detail and
presentdestresultsfrom a SAIM software prototype now

unde development.This pratotypehasbeentestedagainst
nomiral satellitesignals(to confim that fault-free alarms
arerareenolghto suppat civil aviation contiruity require-

ments)andseveral classef failed signals. Practicalim-

plemertationissuessuchassatellitemultipathandrecever

clock calibraion will alsobeaddresed.



Intr oduction

As satellitenavigation is usedfor awiderarrayof civil and
military applicatis, insuring the safetyof the broalcast
signalsanddatais a higherpriority thanever. Civil avia-

tion precisionapprach,for exampe, hasvery little room

for erra, andtheintegrity requiementsfor this operatio

mustbe very tight to satisfy modern civil aviation safety
standard.

One challerge to assuringhigh integrity is that the sys-
temsrespomible for detectingfailures mustalertthe user
in aslittle as1-2 secondsrom the time whenthe failure
becones hazardus. Becausethis is beyond the capali-

ity of the existing GPSconstellationjntegrity monitaing

hasbeendesigred into SpaceBasedand Grourd Based
AugmaentationSystemgSBAS andGBAS). Tight integrity

requiementshave madethe designof thesesystemsvety

compex, andwhena groundbasedstationdiscovers afail-

ure,it still takesseveralsecondto assurghatusergeceve
the alert. In addition no single grownd stationcan con-
stantlymonitoragivensatellitefor morethanseverd hous
atatime.

We suggesta simpler more cost-eficient implemetta-
tion by adding Satellite Autonanous Integrity Monitor-
ing (SAIM) onloardnavigation satellitesthemseles. This
would significantly simplify the integrity monitoing re-
quirenents for augnentationsystemsand usersbecause
eachsatelliteis constantlymoritoredto alevel of integrity
sufiicientfor almostall applicatiors.

As part of its researchon the Local Area Augmerna-
tion System(LAAS) Grownd Facility (LGF) designfor
GBAS, Stanfordhasalreadydevelopedthe Integrity Mon-
itor Testbed(IMT), which is a protaype of the integrity
monita's requirel for an operatimal LGF [1]. The IMT
provided a startingpoint for the designof the SAIM pro-
totypethatis describedn this paper Several aspectghat
are unique to SAIM, suchasremoval of the montor re-
ceiver clock bias, arediscussedn detail, and preliminary
testresultsareshavn thatdemorstratethe potertial of this
concep.

1 Gods and Motivation

As notedabove, theintegrity requrementsof civil aviation
applications canbe met by augnentationsystemssuchas
SBAS andGBAS, but the designof thesesystemss com-
plicated by the needto monitor for an array of possible
failuresthataredifficult to evendefine. Thisincreaseshe
costof thesesystemsgelaysheircertification,andrestricts
their useoncethey arefinally fieldedandappoved

For exanple, to satisfyrequiranentsfor Catayory | preci-
sion appoacheqinstrunent guidarce down to a 200foot

decisionheiglt), the navigation systemmustbeableto de-
tect failuresand warn userswithin 6 secondsafter they

becone a hazad. For CAT Il/lll appoachego decision
heights of 100feetor less,thathnumbe goesdown to 2 sec-
onds. Grourd-basedntegrity monitoiing, suchasthatim-

plemenedwithin SBAS andGBAS, hasa hardtime meet-
ing thosespecificatios, sincea ground-kasedsystemmust
first detecthefailureandthenalertusersviaits mechaism

for broadtastingdifferential correctiondata. All of these
stepamposetime delays andthepossibilityof missedcor

rectionmessagefurther extends the time within which a
warningcanbeguaranteed.

In addition "standalone"usersthat opeate without aug-
mentationsystemshave cometo expect similar protectia
agairst systemfailures. Someprotectian for stand-alor
usersis providedtodayby Recever Autonomousintegrity
Monitoring (RAIM), but thatappioachhasits weaknases,
asdescribedn Section2.1below. It is not possibleto rely
on todays GPS Operatiomal Control Segment(OCS) for
rapidwarnirg of failures.OCSfailurealertingis evenmore
daurning thanthatfor SBAS andGBAS, asOCSmustcon-
tacta GPSuplink stationonce a failure hasbeendetected
andhave it senda messagé¢o updatethe signalof the af-
fectedsatelliteso that usersstopapplying it to their posi-
tion fixes. It is unreasnableto expectthe currentOCSto
provide warningsin lessthan10- 20 minutes[10Q]. Future
OCSenharementto provide fasterwarnirgsis possible,
but giventhe difficulties mentiored above, it would be al-
mostimpossibleto provide warnings within 2 secondg€o
satisfyall civil userneed.

SAIM resoles the problemof rapidfailure alertingby in-
tegrating detectionand alerting within the satelliteitself.
Onceafailureis detectedn the satellite,a messagés sent
to thesignalprocessoto changehetransmissionmessage
suchthatit is immediatelyunusake. This shouldmale it
possibleto alertfailureswithin 1 secondwhich meetsall
currenly-ervisionedtime-to-alertrequiraments.

To be useful, SAIM shouldhave the ability to detect,ata
minimum, the following satellitefailure modes:

Abnormal signal power levels. Signalpower levels sig-
nificantly above or below specifiedlevels candisruptthe
ability of usersto trackthe affectedsatelliteandcouldin-
creasdheresultingrangng errors.

Distortion of pseudorandomcodesignals. Deviations in
thepseudoandan codesignalpatterrs, suchasis believed
to have occuredon GPSSVN 19in 199 [11], cancause
pseudoangeerrois. Differertial userswith tight accurag
andintegrity limits arethreateedif thereferenceanduser



recevers differin haw they receve andtrackthedefamed
signalg[12].

Code/carrier divergence.Mostmodermrecevers useboth
the GPScodeandcarriersignalsto provide more accurate
rangirg measuements. If thereis a divergencebetween
these,theserange measuremntswill becomeerraneous
over time.

Excessve clock acceleraton. At the heartof eachGPS
satellitelies anatomicclock thatis keptsynchonizedwith
GPSsystentime. However aswe will seelater, it doesnot
take muchof a divergene@ from GPStime to causeserious
pseudoangeerrois to emepge. Augmentedusersgeneally
remove theseclock errois whenthey applydifferentialcor
rections,but unuswal clock dynanics introduceerross into
usercorretionsfor thelateng, or age,of thecorrections.

Err oneousnavigation data. Each GPS satellite broad
castsits positionvia the epheneris andalmanaanessages
in the GPSnavigation data,and satelliteclock correctin
coeficients are provided in anothe datamessage.Large
erross in thesemessagewill causeerras for standalone
and(to alesseregree)differertial users.

SingleEvent Upset(SEU)navigation signaldegradation

of digital payloads. The next geneation of GNSSsatel-
lites will likely be equipped with more and more digital

circuitry for rangng signalgeneratio, but the spaceervi-

ronmentcanbe harnful to suchequipmentandmay cause
suddenunpredicted'bit-flips" in digital signals.

Ideally, SAIM would be built into future navigation satel-
lite designsso that signalsare moritored asthey aregen-
erated. This may be technicallyfeasible,but it is more
practicalto designSAIM asa moduar "add-:" to exist-
ing GNSSsatellites. This would allow a separateageny,
suchasa Civil Aviation Autharity, to procure and certify
the SAIM compmentandthenprovideit to the GNSSop-
erator Evenif this is not necessarymodula SAIM mini-
mizesthe chargesthatarerequred to existing navigation
satellitedesigrs andlimits theinterfacebetweerSAIM and
thesatelliteto two items: (1) ameango recevethesatellite
signals,and(2) ameando alertthe satellitewhenafailure
is detected A patentfor this implementationof SAIM is
now pendng.

2 SAIM Integrity Benefitsfor Stand-aloneand Aug-
mentedUsers

SAIM is designedo significantlyenhancethe integrity of

all GPSusersby redwing the probability of alatentspace-
segmeri failurebeingpresentn usemeasuremas. Figure
1 summaizes thesebendits for the two classesof users
(stand-éneandaugnented)thatarediscussedbelow.

2.1 Benefitsfor Stand-done Users

Themajority of GPSusergodaydo nothave accessgo dif-

ferential corrections (which can correct for and warn of

satelliteanomalies) andthusrely on the accuagy andin-

tegrity of the transmittedsatellite signalsthemseles. An

estimateof the integrity of the existing GPSsignalswas
madein the GPSStandad Positionirg Service(SPS)Sig-
nal Specificatiorf7]: nomorethanthree(3) "majorservice
failures"shouldoccu peryearacrosshe entireconstella-
tion, wherea "major servicefailure"is definedasafailure
that causesa userpseud rangeerror of greaterthan 150
meters.Threesuchfailuresin oneyearacrossheexisting

24-satelliteprimary constellationcombired with an aver-

ageOperdional ControlSegmert Responséme of 6 hous

impliesastatefailureprokability of 8.6 x 10 ~° persatellite
perhou. More typical numterswould be on the order of

one suchfailure per yearanda 30-nminute respmsetime,

which would give a prabability of 2.4 x 108 persatellite
perhou [7].

Becauseof the conseratismin the failure likelihood and
duration usedto derive the former prabability, the civil

commuity has geneally accepteda value of 10—* per
satelliteperhourasanupperbourd [8]. However, it shoud

be notedthatsomecivil GPSapplicatios, suchasaircraft
precisiorappoachwouldbethreatenedy failuresthatare
not"major* accordhng to the above definition.

SAIM would greatlyimprove stand-aloe userintegrity by

acting as an additioral "screen"on satellite failures be-
fore they affect users. The integrity monitors that make

up SAIM will be designedo supprt a missed-detectio
probability (Parp) of 0.001 or lessfor faultswhich cause
stand-aloe rangirg erras of 20 metersor more. Thus,

the actualintegrity provided to stand-alae userswill be

at leastthree ordes of magnitude betterthanit is today

andshouldbe goodenowgh to meetthe 10 =7 perhourre-
quirenentsfor civil aviation Signal-inSpacentegrity (this

numter appliesto lengtty operatims; predgsion appoach
exposuretimesare150- 250seconds)]. It will alsosup-
port the needsof military userswho would like to be able
to bourd the magritude of erras in muritions guidarce to

redu@ theprokability of collateraldamag.

Integrity for stand-aloe userstodayis basedon Recever
Autonanousintegrity Monitoring (RAIM) [6]. RAIM is
a usefu techniqe, but it haslimitations that do not ap-
ply to SAIM. RAIM requres redundantsatellitegeomety
(at least5 or 6 satellitesin view) to checkthe healthof
eachsatellitemeasurmentagainsthe othes, which limits
useravailability andis lesssensitve to failureson multi-
ple satellitesat the sametime. SAIM, on the otherhand
will provide integrity to eachsatelliteindividually, sousers
will geneally beableto navigate safelywith only 4 visible
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Figurel: Summaryof SAIM Integrity Benefits

satellites.RAIM maystill have arole to play in detectingy
anonaliesin thevicinity of agivenuser suchasRF inter-
ferene, thatwill notbecoveredby SAIM.

2.2 Benefitsfor AugmentedUsers

Becauséherangng accuray andintegrity guaanteegro-
vided for the existing GPS Standad PositioningService
fall shortof whatis neededor civil aviation navigation,
the FederalAviation Administrationis developing Wide
AreaandLocal Area Augmentation SystemgWAAS and
LAAS) to provide differential corrections and integrity
monitaing to userswith tight requrements. One of the
rolesof WAAS andLAAS is to detectthe satellitefailures
that threatenintegrity and alert usersaccordngly, either
by excluding the affectedsatellite from the set of broad
cast correctionsor, for less-segere failures, by increas-
ing the broadtaststandarddeviation of rangirg errass for
thatsatellite(after apgying differertial corrections).With
SAIM in place,this burdenwill belifted for mostWAAS
and LAAS installations,which meansthat thesesystems
eitherwill notbe necessarpr will have less-stringenre-
quirerments makingthemeasietto field, certify, andafford.

For exanple, LAAS systemdfieldedto meetthe require-
mentsof Catayory | precisionappr@ch(whereguidarceis
required down to a 200-foot decisionheight)arerequirel
to achieve a Signal-inSpacentegrity of 2 x 10~7 per150
secondappoach[6]. SAIM will be ableto achieve that

level of integrity againstsatellite failures; thus relieving
Catgory | LAAS of that resposibility. Becausediffer-
entialcorrectimsarebasedn refererwerecever measue-
ments,LAAS mustalsodetectfailuresin therefererce re-
ceiversaswell asary otherfailuresaffectingtherefererce
recever measurenms. With SAIM in place thedifficulty
in separatingatellitefailuresfrom referere recever fail-
uresis greatlyreduceecauseecever failureswill befar
more prokable than satellite failures(roughy 2.4 x 10=*
vs. 10~7 perhou). If therangng accuagy of future GPS
satellitesis small enowgh to make differential correctims
nolongernecessaryo achieve the Category | accurag and
alert-limit requirenents[9], it may be possibleto achieve
Catgyory | operatios without ary augmetation, althoudn
thisis afaroff prospet

Thetightestcivil-aviation requirenentsapply to Categyory
Il precisionappr@achesdown to a 50-foot or lower deci-
sion heigh. In this case the Signal-inSpaceintegrity re-
quirenentis 10~? per250-secad apprach[6]. Furthe-
more,becaus¢heaccuray andalert-limit requrementsor
Catagyory lll aremuchtighterthanfor Catagory|, it seems
likely thatLAAS differentialcorrectionswill continueto be
necessaryegadlessof the extert of future GPSmodern-
ization. Evenso,SAIM wouldrediwcethe missed-detectio
prokability agairst satellite failuresrequred of Cateyory
Il LAAS by threeordes of magrntude. Thisis notatrivial
benefit,asit is mucheasierto achieve a missed-detectio
probability of 10~2 asopposedto 10~%. Again, because
refererce recever failureswill be far morecomman than



satellitefailures, the task of diagnsing the causef fail-
uresdetectedy LAAS would be mucheasieyandthis has
significantimplications for the degree of redundng and
softwarerequred of theLAAS groundsystem.

3 Satellite Autonomousintegrity Monitoring (SAIM)

As notedin Sectionl, it is desirableto designSAIM as
anadd-m to existing navigation satellitessuchthat SAIM

is essentiallyan "on-boardaugnentation”to the satellite.
This suggeststhatexisting designdor airpat-basedsBAS
ground systemsansene asa modelfor how to implement
SAIM onasatellite.As partof its LAAS researchStanfod
hasdevelopedthe Integrity Monitor TestbedIMT), which
is a pratotypeof the LAAS Grourd Facility (LGF) thatin-

cludesthe integrity mornitors neededo meetcivil-aviation

integrity requrementsin the absencef SAIM [1]. While
it is not the only meansof implemening SAIM, the IMT

senesasagoda basisfor SAIM protaype devdlopmert.

3.1 Intr oduction to the IMT

The IMT, which is now in its secondversion,corsists of
threemain parts. After receving and decodilg the GPS
signalonthreeredurdantGPSrefererterecevers with an-
tennasseparateduficiently to make multipatherrors sta-
tistically indepenlent,a first phasentegrity monitoing is
perfamed separatelyon eachof the satellitestracked by
eachGPSrecever (onesatelliteon onerecever is known
asa "chanrel"). The primary intent of the first phaseof
monitaing is to detectsatellitefailures,althoudh ary fail-
ure that affeds a given channelwill be picked up. In the
secondphaseof moritoring, measuremntsare combned
acrossrecevers on eachof the satellitesin view in order
to identify potentialfailureson asinglerecever. Executive
Monitoring (EXM) overseeshoth phase®f integrity mon
itoring and decideswhich measuremes, if ary, are un-
healthyandmustbe excludedfrom use. A block diagran
of theIMT is includedin figure2.

Signal-in-SpaceReceive and Decode(SISRAD) is thein-
terfacebetweerthe SAIM monitorrecevers (three NovA-

tel OEM4 L1-only GPSrecevers)andtheintegrity proces-
sor. It convertsraw receverdatainto aninternaldatastruc-
ture suitablefor our integrity tests. This includescarrier
phaseand pseudoangemeasuremntsfrom the recevers
alongwith thedecoednavigation data[l, 5].

SignalQuality Recever (SQR)and Signal Quality Mon-
itoring (SQM) montor signalpower levels andcheckfor
the existenceof evil waveforms on the satellite signal by
trackingthe C/A codeat multiple correlato spacingg12).
In the IMT, the SQR recever function is similar to SIS-

RAD but is carried out by separateNovAtel Millennium
receverswith multiple-carelatorfirmware SAIM monita
recevers shouldinclude both SISRAD andSQRfunctions

[1,5].

Smoothingis performedontheraw pseudoangemeasue-
mentsusinga modfied first-order FIR filter thatusescar
rier phaseto aid the smootling process. Thisis oftendore
insideGPSrecevers,but we wantto have contrd overthe
smootling processalongwith doing integrity monitaing
on raw pseudoangedata. Thefilter appliesthe following
two equatios [1]:

1
B

B-1

] PRy (K)+ [—] PRyroj(k) ()

Phun(®) = | -

PRyroj(k) = PRum(k — 1) +0(k) —0(k —1)  (2)

Here,B is eitherthe numter of epochssincethefilter was
resetor 200 (whicheveris lower), sincewe would like our
filter to have reacled steady-statafter200epodtis. PR,
isthesmootledpseudaangeandPR,. 4., istheraw pseud
rangefrom the recever. 8 is the carrier phasefrom the
recever whosepseua range we aresmoothing

Measurement Quality Monitoring (MQM) perfams
checkson pseudoangeand carrier phaseseparately For
pseudoangewe perfam whatis comnonly calledaninno-
vationtest. Thatis, we calculateheraw pseudoangemea-
suremenfor eachepod andsubtractheprojectedoseude
rangeobtainedby projectingthe smodhing filter forward
from the previous epoch This differenceis compredto a
threshdd thatis driven by noisein theraw pseudoanges.

Clock monitoiing is performedusingthe carrierphase.A
second-ordermodelis constructedrom the lastten mea-
suremets receved (with 2 Hz updates5 second of mea-
suremetsareused).Step ramp andacceleratiomstimates
arecomptedfrom theresultusinganinnovationtest(lat-
estvalueminus valuepredictedrom thefit of the previous
epoch) for the stepteststatisticandthe 1stand2nd-order
coeficients of the polynamial fit for ramp and accelera-
tion, respectrely. Code-carier divergerce is also mon-
toredusinga 200-secad moving averag to estimatethe
divergencerate.

Data Quality Monitoring (DQM) is resposible for
monitaing navigation messagesomirg from the satel-
lite. Checkingthe accuncy of the epheneris and clock
corretion messageis particulaly important. All decodd
navigation datais checledfor transmissiorerrasusingthe
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Figure2: IMT Block diagran

parity checls built into the datawords. Whena new or up-
datedepheneris messages broadtast, we compae it to
oldermessageto corfirm thatthe latestdatais reasonaly
close[13].

Executive Monitoring (EXM) usestheresultsfrom all of
thetestssofar andtakesthe apprgriateactionif faultsare
detected.As anexamge, if a certainfailureis discovered
on only one of the threereferencerecevverson morethan
onesatellite,thatrecever is excluded from further conti-
bution to differentialcorrectiors. Anotherpossibilityis a
failurethatis discovered on a given satelliteon morethan
onerefererme recever. In that case,the affectedsatellite
will beexcluded (no correctionswill be broadtastfor it by
LAAS).

EXM contintes monitaing the excluded measurerants
andwill "self-recaver” if thefaultis clearly deterninedto
beover. InthelMT, this self-recoery processs attempte
no morethantwo times. If the failure still shawvs up for
thatrecever, it is declarechon-geratioral, perding exter-
nalintervertion andmainterancel[1].

Once the integrity monitas describedabove have been
actedupon EXM constructsa comnon set of satellites.
A satelliteis in thecommonsetif all receversaretrackirg

it with healthymeasurerant (it passesll of the integrity

monitas sofar). Thesesatellitesnow enterthe next phase
of integrity montoring.

Corredion generation. Candidhte pseudrang and car

rier phasecorrectionsare computedfor eachsatelliteand
recever by subtractinghe theoetical range (basedon the
broadtast satellite ephemds and clock navigation data)
from the measuredange. This is the centralstepin Dif-

ferential GPS— whenusersapply the corrections, rangirg
errois that are correlatel betweenrefererwe and userre-
ceiversarecanceledut.

Referenceaecever clock adjustmenis thenperformedus-
ing the candidate correctionsof the satellitesin the com-
monset. After this step,the correctims areapproximately
zero-nean. The corredion that will be broadtastfor a
given satelliteis the averageof the clock-adjustedcand-
datecorrectios from eachrecever trackingthat satellite,
pendng approal from the two setsof monitoralgoithms
describechext andconfirmatia thatthe averagedcorrec-
tion falls within acceptale bounds[1].

Multiple Reference ConsistencyCheck (MRCC) com-
paresthe canddate pseudrangeandcarrierphasecorrec-
tionsacrosshethreedifferentrecevers. Thisis dore using
"B-values"thatgive a numeic representatio of how well
agivenrecevers measuremntcompmresto whattheother
recevers measuredor the samesatellite.

The following exanple illustrateshow B-valuesare cal-
culated. Referenceaecever 1 providesa candidate clock
adjustedpseudrange corretion of 10 m for a givensatel-



lite, recever 2 givesa correction of 11 metersput recever
3 gives a corretion of 30 meters.In this case the correc-
tion of recever 3 appeas erroreous. If recever 3 hasin
factfailed,the corredion errorthatwould resultis the dif-
ferene betweenthe averagel corretion from all threere-
ceivers(17 m) andthe averagd correctionfrom (healtly)
recevers 1 and2 (10.5m), or 6.5meters.Thisis definedto
betheB-valuefor receier 3 onthatsatellite.

B-valuesfor eachsatelliteandrecever are conputedand
checled againstthreshold driven by code-ase multi-
path, which shouldbe indeendentamory the refererce
recevers. If oneor moreB-values exceed its threshold
a setof logical stepsis undetakenin the secondphaseof
EXM (seebelow) to deternine whichmeasuremntsareer-
roneas, andthenthe secondbhaseof processingmustbe
repeatedstartingwith "correctiongeneation"[1].

The ¢ — p Monitor usesB-valuesas inputs and esti-
matestheir meansand standarddeviations, ensuringthat
they are within specificatios. In addition Cumulatve
Sum(CUSUM) monitois areapplied,asdescriledin [14].
Thesemonitors are designedo catchsmall violations of
the expectedmeanerror in the corrections (zerg andthe
error standadl deviation broadtastby the LGF [15]. Such
violations may not be appaentimmedately: the lengthof
time required for detectionis geneally inversely propor-
tional to the degree of increasedntegrity risk. Significant
increasesn integrity risk will almostalways be detected
within 30 minutes[14].

Executive Monitoring (EXM) now takesthe resultsfrom
all of the secondphase of testsandmakesa final decision
on appoving or rejectingeachsatellite and recever. A
satelliteis retainedin the comnon setif it is seenby all
recevers andpassesill of theintegrity tests. Userslisten-
ing to the LAAS VHF databroadtastcanthendifference
the correctims compued by the IMT from their measurd
pseudoangesto improve positionirg accuagy. Satellites
for which correctios are not broadcastare consideed to
beunhe#hy andcanrot beused.

3.2 Adapting the IMT for SAIM

ThelMT is desigredto operae from thegrowund; thussome
modificatins are neecekd to apply it to SAIM. When a
monita recever antena is locatedon a GPSsatellite that
satellitewill mostlikely be the only satellitethat recever
cantrackbecausé¢herecevedpower from thatsatelliteon
whichthereceveris installedis mary ordes of magnitue
greaterthanthatfrom othersatellites.With only onesatel-
lite to work with, thereceiver cannad acquirea positionfix

nor directly solve for the receier clock offset. Thus, our
pseudoangeand carrierphasemeasurerentswill have a

largeuserclock drift in them.

In orderto closelymonitorthe receved satellitesignals,it
is necessaryo carefdly remove this recever clock drift.
We do not want to be too aggessve in doing so, since
we want to be still ableto catchharmfu ramperras in
the satelliteitself. Notethat,in SAIM, thereis no needto
geneate pseudrang corrections(box H in figure 2) for
usergto apply Correctioncalculatiors areretainedas"by-
products”of IMT-like processing.

4 Recever Clock Drift Removal

Themonita recever’sability to keeptrackof timeis hand
icappedby the factthattypicd recever oscillatorshave a
difficult time stayingexactlyfixedonthedesiredrequengy.
However, givenstableenvironmenal condtions, the oscil-
lator frequengy typicdly remainsslightly off by a nearly
constanamour.

Therecever clockfrequeng/ canbewritten as:

chvr = fDes + AfRC’UT (3)

whereA f is therecever's frequency deviation in Hz and
fDes is the desiredocillator frequancy. Two things make
up the essentialof a clock a frequeng oscillatoranda
courter. Assumingthatour counteris ideal, therecever’s
estimateof GPStime canbewritten as[2]:

A
T(t) — churt + TStart —t+ chvr
Des Des

t+ TStart (4)

whereT'(t) is our estimateof GPStime in second, and
Tsiare 1S OUr initial guessof GPStime. We will assume
that A f is fairly constant(for crystaloscillators,this is a
valid assumptia if the temperatte staysconstant) thus
thetime drift will belinear[2].

It is possibleto examire this suppaition with measurd
pseudoangedrifts from existing receiers. In a simpleex-
perimert, a NovAtel Millenium GPSreceveris connectd
to aWelNavigatesingle-hiannelGPSsimulator(seefigure
8 for aillustrationof this setup). Thepseudoangeandcar
rier phaserepoted by therecever arelogged Theresults
canbeseenin figure4.

As theorypredicts figure 4 is a straightline, andthe mea-
sureddrift is aprodmetely 2100 km/hr. If our monitorre-
ceiver wereto usea crystal oscillatoron L1, this would
correspnt to a frequerty deviation of only 3 kHz, which
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Figure4: Recever clock drift: rougHy 2100km/hr. Data
is geneatedusingthe measuremntsetupin figure 8. Note
thatthedatawasshiftedsuchthatthefirst pseudrang was
0.

is adeviation expectedhomindly from Dopplereffeds for
a grourd- baseduser This drift is muchlarger thanour
true pseudrang measurmentdeviations (due to nominal

measuremnterrorsfor afixedrecever) of several meters.

Even when more-alvancedoscillator typesare used, the
drift rate still staysfairly high. Measuremets taken us-
ing a rubidium oscillator as a refererce oscillator for the
NovAtel Millennium GPSrecever revealed that, relative
to the GPSconstellationtime, the rubidium oscillatorstill

createdaclockdrift of rougHy 6.7 us/h thattranslatesnto
2 km/hr of pseudoangedrift.

Again consideing equation4, therecever’'s time estimate
errorwill be:

Achvr
L1

Terr(t) =Tgps — Trcor = t+ TInit (5)

Corverting this into pseudoangeerror (multiplying with
¢), theuserclock drift is obtaired:

A CcoTr
D(t) = C% t + cTrnit (6)
N—_—— B
A

Sincethetrue pseudoangeis constanfor afixedrecever,
it shouldbeincludedin B. Hence,we canperform "IMT -
like" correctian calculatioswhile remaoving theuserclock
drift. Giventhe linearity of drift, a least-squags methal
is suitable. It is known that A and B do not chang that
muchover time andthatthe drift termwill dominatepseu-
dorargemeasurments.Henceit is possibleto take the past
valuesof the measuremas andfit themto a least-squares
line. This line is prgectedforward to the current epot
andsubtractedrom the curren epod’'ssmeasurerant, re-
moving thedrift andperfamingthecorrection calculation
This apprachhasbeentestedin Matlab by usingthe last



10 epocls to constret a least-squarebnear fit. The dif-
feren@ betweenthe linear predictionand current pseud
rangeis showvn in thefollowing figure.
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Figure 5: Filter clock predction erras using the least
squaresnetha

One problemwith usingthe least-squags linear fit is the
computationalcostof redang it every epoch.However, by
usinga Kalmanfilter, it is possibleto retainsimilar clock
drift removal propertiesfor afractionof the computational
cost (in fact, Kalmanfilters may be more accuratesince
they take all of the pastdatainto consideation).

The Kalmanfilter is anoptimalsolutionof thegeneal lin-
ear estimationproblem. Considera linear processof the
form:

X(n+1)=AX(n)+ BU(n) + W(n) @

whereA, B areknovn constanmatricesandW is a Gaus-
sianrandan noisevectorwith knovn meanandvarian@.
A Kalmanfilter providesthebestRMS estimateof X(N+1)
givenall pastvaluesof C X(N) whereC is a constanima-
trix.

Transfering thisgenerasolutionto thedrift estimatgrob-
lem, define a two-statevecta X contairing the current
clock drift and drift rate. This systemis assumedo be
inputfree for the time being althoudn clock temperatte
couldbeaddedasaninput. The A matrixis given by [4]:

Y e

The statisticalprocesse®f the Gaussiamandm vectorW
aremodela in the form of a covariance matrix. The for-

mula (see[4] for details)usedfor calculatingthe covari-
ancematrixfor W (V) is givenby [4]:

3 2
spAt+ 555 s 50 9)

@= .‘;‘fATt2 SfAt

wheres; andsy arederived from Allan variarcesho and
h_» (propertiesof theoscillator)by thefollowing formulas

[4]:

Sf = 2h0 (10)

Sp = 87T2h_2 (11)

Furtherdetailsof Kalmanfilters canbefound in [3].

The Kalmanestimatorcanbe appliedin a similiar fashon
asthe least-squarefit — the Kalman estimatorgererates
this epach’s pseudoangevalueinsteadof theleast-squares
line. As wasdore for the least-squagsfit, the difference
betweerthe Kalmanestimateor thecurrentepach andthe
actualmeasuredraluefor this epochgivesthe estimation
errorfor the currentepod (presentedn figure 6).
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Figure6: Kalmanfilter clock prediction erras

By compring figures5 and6, we canseethatthe perfa-
manceof the Kalmanfilter is slightly betterthan that of
our least-squaresstimator The real gain, however, is in
the severely rediwced compuation power. Informal mea-
suremets (a tic-toc pair in Matlab) reveded that a dual-
PentiumIl/400 processormachinerequired 550 seconds
to execue the leastsquaes estimatefor a 13-hour dataset



but only 17 secondso processthe Kalmanestimate.Re-
ducedcomputationalload providesthe ability to have ser-
eralKalmanfilters runring in parallelfor the samecompu
tationalcost. This is quite useful,sinceit is now possible
to getbroadercoverageof theerrorspace.

For examge, if we setthe feedbackrequeng to its max-
imum (feedtack every epocl), estimationnoise will go
down, but thefilter will adaptquickly, hencewhenasmall
harmiul rampis introduwcedthe MQM partwill fail to de-
tectit. Thus,it is a goodsteperra detectorbut doesnot
detectramperroisthatwell. Thefeedtackfrequeng/ coud

alsobe setto a somavhatslower rate. This increase®sti-
mationnoise,yielding higherthreshold. However, it does
not adaptas quickly, soits strengthsand weakressesare
reversedfrom the previous case(the slower-feedbackKilter

is abetterrampdetecto but is notasgoad in detectingstep
erros).

A solutionto this dilemma is to usetwo or more Kalman
filtersrumingin parallel,eachremoring estimatedeceier

clock biasesfeedingthe subseqgant monitor algorithms.
As suggestedabove, onewould have a high feedbak fre-
guercy (aimedat steperras), andanothernewould have
alowerfeedtackfrequeng (aimedatrampor otherslowly-

changng erros).

5 Matlab SAIM Prototype

Usingthe IMT model describd above alongwith recever
clock estimationa SAIM softwareprotaype hasbeende-
velopedin Matlah In this first version the signalquality
monitas (SQM andSQR),c — p andthe DQM moritors
arenotyetimplemerted.

As mentined earlier the pratotype is to have several
KalmanMQM setsrumingin pardlel (looking attheblock
diagran in figure 3 a KalmanMQM block is everything
but therecever partandthe SQM/SQRblocks). A revised
block diagramof the SAIM protaypeis shovn in figure7.

To derive detectionthreshdds for eachmonitor (after re-
cewver clock removal), we examned the test variables
mean(if nonzero)andstandardieviationfrom severd sets
of nomiral data. After remaving ary meanbias, multiply-
ing the standarddeviation by a "K-value" between6 and
7 to yield the threshold Assumingthat the test variabie
is Gaussiaror is overboundedby a Gaussiardistribution
with the measureatandad deviation, the probaility of a
falsealarm(athresholdbeingcrossedunder nomnal con-
ditions)is only 10~ or lower, which is well below exist-
ing contiruity specificationgor civil aviation (note thatthe
overall loss-of-cantinuity probability, whichis ontheorder
of 10~° peropeation, mustbe divided amorg mary mon

‘ Momnitor Recerver ‘

./\

Kalman Kalman .. Kra]man
Prefilter 1 Prefilter 2 Prefilter N
4 v 4
Medified Modified | , ., . | Modified
MOQM MQM MQM

.=

‘ Executive logic ‘

Figure7: SAIM block diagamasusedin the Matlab pro-
totype, seefigure 3 for a more detailedillustration of a
KalmanMQM block

itor algorithms and parallelfilters). In the current SAIM
protaype, two Kalman-MQM blocks are used. The one
aimedat detectingsteperrors feedtacksevery epod, and
theonefocusedon slower-changingerrois feedbaks evety
10epocls.

In orderto testour Matlab implemenation andto derive

nomiral testthreshdds asdescribedhbove, a WelNavigate
single-clannelGPSsimulator(GS-100Q wasconfiguedto

give a nomnal GPSsignal,which wasfed into a NovAtel

OEM3/Millennium GPSrecever, logging thecarrierphase
(in cycles)and pseudrang (in meters)every secondap-

proximately 13 hous. A laptopPCwith Windows 98 was
usedto log thedata.

WellNavigate single
channel GPS simulator

QOO |
K/ﬂp Novatel GPS

receiver

PC |« |

Figure 8: Measuremant setup,using a WelNavigate GS-
100 single chanrel simulatorfeedinga NovAtel Millen-
nium CA/Coderecever

In order to simulate the presenceof three recevers in

SAIM, threeindepenlent40-ninute (2500 secondsdata
fragmentswere extracted from the 13-hour set. To make

thetestmorerealistic,the sign of oneof the pseudoanges
wasflipped (to simulatethedrift of a differentrecever).



5.1 Injecting asteperror

The SAIM pratotypewasfailure-testedy injectinga car
rier phasesteperror This wasdore purelyin softwareby
addirg the stepto all measuremntson all receversaftera
givenepoch

Sincethe Kalmanfilter requiesaboutl00epahsto settle,
thefirst 200epocls of the prefilteled dataareremoved be-
fore passingt to theIMT. Thedeviation of the currentcar
rier phasameasuremsa from theforwardproje¢edsecond
ordermodelis examired(seetheIMT MQM descriptionn
Section3.1). Theresultscanbeviewedin figure9.

Deviation of carrier phase from second order model, reciver 1
T T T

T
— Actual data
—— Thresholds

0.4

0.3

02

o
-

Deviation [m]

=)

-0.21

I I I
500 1000 1500 2000 2500
Epoch

Figure9: Carrier phasedeviation from our secondorder
modé, here using the fasterKalman pre-filter The in-
jectedsteperra shouldhave an effects arourd the 800
epochmark.

Thereis indeeda spike occurrirg arourd 800 secondsnto
the measuementsin figure 9. Zoomirg in shavs thatthe
MQM compamentcatcheshis errorimmediately Figure
10 shows the samelMT varialde for the slower Kalman
filter.

As expeded, the high test statistic noiserequres a high
threshdd, thusthe steperroris not detected. It is possi-
ble by zooming in to seea smallimpactof the steperra
arourd the800epochmark; hawever, theresultingspike is
atnominal levelsanddoesnot crossour threshdds.

5.2 Injecting aramp error

In this test,a 0.65m/secramperroris injectedinto all of
the pseudaaingemeasuremntsafterthe 1000epochmark
(oneepochis onesecond. Again,the Kalmanfilter needs
100secondto settle,sothefirst 200second of prefiltereal
dataareremoved befole cortinuing to the IMT phase. It
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Figure 10: Carrier phasedeviation from a secondorder
modé (seeSection3.1 for details),hereusingthe slowver
Kalmanprefilter Again, theinjectedsteperra shouldtake
effectarownd the800epochmark.

is interestingto note that this ramp error is significantly
smallerthantheonecausedy aclockanonaly discovered
onSVN 22o0nJuly 28,2001 [16].

The monita designedto catchlarge pseudrang errors
is the innovation test. It compaes the forward-pojected
smootledpseudoangeto thecurrentraw pseudoange(see
Section3.1 for more details,andalsoreferto [1] and[5]
for amorecomgete descriptiof. For the fastKalmanfil-
ter, theresultsarein figure11.
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Figurell: Raw pseud rangedeviationfrom our smoothe
pseudoange,hereusing the fasterKalman prefilter The
injectedramp error should appear arownd the 800-epot
mark.

A spike arourd the 800-epot markis found asexpected
However, that spike is not large enoudn to trigger the



threshdd. ThefastKalmanfilter simply adaptstoo fastso
thatthe montor doesnot have a chanceo detecttheramp
error We now obsenre the samelMT testvarialle on the
slower Kalmanfilter. Theseresultsaredisplayedn figure
12.
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Figurel2: Raw pseud rangedeviationfrom our smoothe
pseudoange, here using the slower Kalman prefilter
(0.1Hz)

Although the threshold are abou five times higher, the
spike causedy theinjectedrampis abaut tentimeshigher
soherelMT hasno troule detectingheerror However it
is importart to notethatthe spike doesnotlook like aramp
(it doesnot contirue to infinity). Therearetwo forcesat
work. First we have the Kalmanfilter desigredto cut out
thelargerampcausedy theuserclock drift via feedlack.
The Kalmanfilter will eventwlly adaptto the charge in
the slopeof theramp Second the pseudrangsare put
through asmodhingfilter andthatfilter toowill eventually
catchup.

6 Conclusionsand futur e work

It hasbeenshown that SAIM is a feasible,cost-efective
solution to achieve tightered integrity requirements for
all GPS userswhile reducirg the degree of augnenta-
tion needéd by civil-aviation users. The resultsof SAIM
protaype testinghave partially demorstratedits ability to
rapidly detecterrois thathave occuredor could occuron-
boardGPSsatellites.

TheMatlabSAIM pratotypesenesasatool to aidresearch
in SAIM sinceonecaneasilytry out different algoiithms
and combnations of Kalman filters for monita recever
clockremoval andsuppats extensve failuretesting.How-
ever, muchwork still remainsto be done. For onething,
an interfacebetweenSAIM outpus and satellite ontoard

systemaeedsto be developed(remenber thatthe SAIM

concepadwarcedhereis amoduar addonto existing GPS
satellitedesigns).In addtion, a thoroughstudyis needd
into the effectsof receving GPSsignalsfrom arecever lo-

catedon the side of the transmittingGPSsatellite. Local
multipath (reflectiors of othersatelliteequipnent suchas
solarcells)will affect our recevedsignalquality andthus
impactthe detectiorthreshold we cansetwith acceptale
false-alarnrates.In addition, we mustconfirmthatmoni-

toringthesidelobeallows SAIM to detectll possiblgaults
in themainlobeof thesignal.

Finally, as mentione above, for morethoraugh coverage
of the possiblesatellitefailure spaceiit is betterto have
severalKalmanfilters runnirg in parallelwith differen set-
tingsto remove the recever clock bias. It still remairs to
do anoptimization of how mary Kalmanfilters areneede
andwhat their paraméer settingsshouldbe to bestcover
thefailurespace.
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