Sensor013 13, 79797999; doi:10.3390/s130607979

SENSOrs

ISSN 14248220
www.mdpi.com/journal/sensors

Article

Rate-Gyro-Integral Constraint for Ambiguity Resolutionin
GNSSAttitude Determination Applications

Jianchengzhu **, Tao Li *, Jinling Wang ?, Xiaoping Hu * and Meiping Wu *

! Departmenbf AutomaticControl, Collegeof MechatroniceandAutomation

NationalUniversity of DefenseTechnology DeyaStreet109,Changsh&10073 Hunan Ching
E-Mails: Xphu@nudtedu.cn(X.H.); meipingwu@263.n€tM.W.)

Schoolof SurveyingandGeospatiaEngineeringUniversity of New SouthWales,Sydney
NSW 2052 Australig E-Mail: Jinling.Wang@unsw.edu.au

*  Authors to whomcorrespondencghouldbe addressed,;
E-Mails: zhujiandeng201&0126.com(J.Z.); litao_nudi@yahoocomcen(T.L.);
Tel.: +86-07318457-6305(ext. 82M) (J.Z.); +86-073184576305(ext.8206) (T.L.);
Fax:+86-0731:84576305(ext.8212.

Received3 May 2013 in revised form: 31 May 2013Accepted12 June 2013
Published:21 June 2013

Abstract: In the field of Global Navigation Satellite System (GNSS) attitude
determination,the constraintsusually play a critical role in resolving the unknown
ambiguities quickly and correctly Many constraintssuch as the baseline length, the
geometryof multi-baselinesandthe horizontalattitudeangleshavebeenusedextensively
to improve the performanceof ambiguity resolution.In the GNSS/Inertial Navigation
System (INS) integrated attitude determination systens using low grade Inertial
Measurementnit (IMU), theinitial headingparameter®f the vehicleareusuallyworked
out by the GNSSsubsysteninsteadof by the IMU sensorsndependentlyHowever,when
a rotation occurs the angle at which vehicle hasturnedwithin a shorttime spancan be
measureccuratelyby thelIMU. This measurememill betreatedasa constraintnamelythe
rategyro-integal constraint,which canaid the GNSS ambiguity resolution.We will use
this constraintto filter the candidatesn the amhguity searchstage.The ambiguity search
spaceshrinks significantly with this constraintimposedduring the rotation, thus it is
helpful to speeding up the initialization of attitude parametersunder dynamic
circumstancesThis paperwill only study the applicationsof this new constraintto land
vehicles The impactsof measuremengrrorson the effect of this new constraintwill be
assessedor different gradesof IMU and current averageprecision level of GNSS
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receives. Simulationsand expermentsin urbanareashavedemonstratedhe validity and
efficacy of the newconstrainin aiding GNSSattitudedeterminations.

Keywords: ambiguity search space GNSS attitude determination; rategyro-integral
constraintjandvehicleapplication

1. Introduction

Ambiguity resolutionis a coretechniquein GNSSrelative positioningand attitudedetermination
Thereis no essentialdifferencebetweenthe two applicatiors in termsof this technique.Unlike the
relative positioning, however, the distancesbetweenantenmas are constantand short in attitude
determinationgenerallyrangingfrom a few metersto dozensof meters.Therefore,more constraints
exist in attitude determinationand the doubledifference (DD) carrier phasemeasuremenis more
precise than relative positioning These constraintshave become very important for ambiguity
resolutionin attitudedetermination.

There exist many constraintsapplied to ambiguity resolution. The baselinelength is a readily
availableandwidely usedconstraint The ambiguily searchspacecanbe reducedfrom 3D to 2D by
using this constraint[1]. The elevatiors measuredoy a tilt meter were usedfor aiding ambiguity
resolutionin asinglebaselineorientationdeterminatiorsystem2]. The correctambiguitycombination
can be fast fixed with the two constraintsunder static condition [3]. Otherwise,both the baseline
lengthandtrigonometricfunction constraintscanbe usedto shrink an expandedsearchingellipsoidal
spaceto a propersize,which maintairs the true integerambiguity[4]. In the multi-baselinesasesthe
ambiguity searchspacecan be further reducedto 1-D by geometricalkconstraint5]. Thena recursive
ambiguity searchalgorithmusing both the length and geometricalconstraintswas proposed 6]. The
latest contribution, namely the Weighted Constrained Leastsquares AMBIguity De-correlation
Adjustment (WC-LAMBDA) method, was proposedbasedon integrating the nonlinear baseline
constraintinto the ambiguityobjectivefunction of LAMBDA method.This methoddosefull justiceto
the given information of the baselinelength [7]. IMU measurementssually benefit the ambiguity
resolutionin GNSS/INS attitude determinationsystem. Outlier in the up-componentof baseline
solution can be detectedmore readily by exploiting the pitch axis angular rate measuredby a
Fiber-OpticatGyroscopgFOG). A coarseambiguityresolutionwas estimatedoy usingthe FOG data
and GNSSobservationsand the final ambiguity resolutionwas obtainedfrom the DD carrier phase
observationequationstogetherwith aid of the coarseresolution[8]. Gyroscopemeasurements/ere
demonstratedo be efficient in improving the robustnessof ambiguity resolution under reattime
dynamicconditions[9].

Platform rotations can produce more information usedin ambiguity resolution. This idea was
proposedby [10] originally. It utilizes bath baselindength constraintand differential vector estimations
for ambiguityresolution.Following this idea,[11] conduced a comprehensiveesearclon the GNSS
attitudedeterminatiortechnique And inspiredby the ideaof antennaswapmethod,[12] proposedan
ambiguity resolutionmethodbasedon rotationalmotions.However,the model of this methodis too
idealstic to implement On the basisof Tués researchanothermethodbasedon two-degreeof-freedan
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rotationalmotionswascarriedout by [13]. But the validity of ambiguityresolutionis disturbedby the
complexrotating mechanismandinaccurae rotationanglemeasurementin practice.The characteriscs
of the singledifferencecarrier phasevariationsbetweenadjacentepocls were studiedby [14], under
therotationconditions.Theydesigreda singledifferenceambiguityfixing methodunderthe condition
that the rotating axis was fixed. The influenceof actualmeasuremengrrorson ambiguity resolution
was discussedas well. In the recent years, the platform motiors were utilized to enhancethe
anti-cycle-slip capability of ambiguityresolution,andthe methodsbasingon this fact were demonstreed
to beespeciallyefficientin landvehicleattitudedeterminatior{ 15,16].

In this paper,a newconstraints proposedor the ambiguityresolutionin GNSSattitudedetermiration
applications For land vehicle applications the baselineapproximatelylies in the planeof local level
during a rotationalmotion [17]. Thusthe relative rotation anglemeasurementprovidedby IMU are
usedto aid ambiguityresolution.As shownbelow, this constraintdoesnot requirehigh accuracieof
IMU sensorsespeciallyfor the accuracyof gyroscope.

The restpart of this paperis organizedasfollows: Section2 summarizeghe basicprinciple and
mathematiomodel for the rategyro-integral constraint.Section3 presentsa specificimplementation
methodandits geometricanalysis Sectiond discussesn the errorfactorsof the proposedmplemenation
method.Section5 givessomesimulationresults.Section6 showsthe resultsof processingctualfield
data.Section7 concludeghis paperandgivessomesuggests$or futureresearch.

2. BasicPrinciple and Mathematical Model

The rotationalmotionsof vehicle canbe measuredy gyroscopeghatare part of the IMU. In this
section,our work is to find the proper mathematicaimodelsfor explicatinghow this measurement
improvesthe efficiency of ambiguitysearch.

2.1 Inertial BaselineVectorSoluion

It is assumedhatan IMU is attachedo the vehicle with two GNSSantennasThe b-frame hasits
origin attheIMU referencepoint. The longitudinalaxis of the vehicleis the X axis of the b-frameand
the transversaxis of the vehicleis the Y axis of the b-frame. The Z axis obeysright-handedrule and
pointsdownward. The baselinevector a® is the 3D vector betweenthe carrier phasecentersof the
two antennaswith three known constantsbeing its coordinatesin the b-frame. The origin of the
n-frame (North, East,Down) is consistentwith that of the b-frame.|If C;' denoteghe transformation
matrix from the b-frameto the n-frame, which is alsothe patternto represenwehicle attitudein our
casethena (t,) = G (t,)d"” is obtainedwherea' is the baselinevectorin the n-frameandt, is
the startingtime of rotation.

UpdatingC, is primaily implementedthroughintegrding the outputsof the IMU. Startingfrom
C, (to) , the strapdownmechanizatiorcan independentlyderive the attitude solution at eachupdate
momentof the IMU outpus. Without regardto the measuremenrgrmors, the so-calledinertial baseline
vector solutionis givenby a” (1) =C2(t,)d", t. >, t, denotesany updatemomentafter rotation
begins Thentheinnerproductof a” (t,) anda'™ (t,) canbewritten as:

s=2"(t) @(1) # G(y) Gy wd #=ad 1)
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where A is theinertial attitudeupdatematrix, it mainly dependsn the integral of gyroscopeoutputs
in the interval of [to,tk] , thus S, is afunctionof A, . Equation(1) showsthat C; (t,) hasno effecton
S, . By applyingthe definition of inner product,we canwrite anequivalenform of Equation(1) as:

cosa, =§/|d7 (1)) [ (1) @7 4¥ 2

wheree® is theunit vectorof a” and a, representsheanglebetweena (t,) anda ().

2.2 GNSSBaselineVedor Sdution

The GNSSDD carrierphaseobservatiorequationsareformulatedasfollows [12]:
ca” =K
G=[G -G - G. €] 3
K=/¢ - k gk =DD +\NDD b

where G, is the unit vector in the line of sight (LOS) and headingto satellitei. ® Of' and © DN’
denotethe DD carrier phaseobservationand integer ambiguity, respectively.D . denotesthe
observablaoise.

Four satelliteswith minimum GeometryDilution of Precision(GDOP)value are selectedrom all
visible satellites,andthe satellitewith the largestelevationis chosenasthe fireference satellite the
otherthree satellitesare recognizedas the fimastersatellite®. Thusthereare threeindependenDD
carrier phasemeasuremenequationsin Equation (3). For the altitude of GPS satellite is about
20,200km abovethe sealevel andthe displacemenbdf land vehicle is limited within a shorttime,
G can be approximatelyviewed as a constantmatrix. If the integer ambiguity vector is known,
Equation(3) will be solvedwithout observablenoiseandthe so-called GNSSbaselinevectorsolution
will beobtained:

a"i=(c'6) G K
K=/[k, k k].k =DD +N
where G is nonsingular.In order not to be mistakenfor the inertial baselinevector solution, this

GNSSbaselinevectorsolutionis denotedas ai. Thus,theinner productof the GNSSbaselinevector
solutionsat t, andt, canbedescribedas:

si=d" (1) @ (1) | K1) 8G" G @ 1) (5)

Similarly, theanglebetweena (t,)i andal” (t,)i is denotedas a,i.

Hence,if the true integer ambiguity combination,which is denotedas® N, is substitued into
Equation(4), the correct GNSS baselinevector solution will be obtained.However,if the known
integerambiguity vectorin Equation(4) is incorrectand the correspondingiasis denotedas aN_,
thiswill deducancorrectbaselinesolutionsandinnerproducts With Equationg4) and(5), we obtain:

(4)
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Shh=a" (1), @' (1),
=K (1) oN, @G grgt) K, § A (6)
dsi=(G' &) G'K(1) {G'K ) G o, [

wherea (t,)i_anda (t,)i denotethe incorrectbaselinesolutions.dSi and a,i,, denotethe bias

of theinnerproductandthe anglebetweena ™ (t)i and a” (t.)i , respectively.

2.3. RateGyro-Integral Congraint

For land vehicles,the baselineapproximatelies in the local level. Thus, a,i is very closeto the
argle, whichis denotedas g, thatvehiclehasturnedat aroundan fiequivalentrotationaxiso from t, to
t. . For the precisionof integral of gyroscopeoutputsis high enoughwithin a shorttime span,a, is
alwayscloseenoughto g aswell. This canbe utilized as a constraint,namelythe rategyro-integral
constraint,for filtering the ambiguity candidatesn the searchspace,e.g, one of themis denoted
asb IN,,, deduces aj , thatis far from a, . Figure1 depictsthis newconstraint:

Figure 1. Geometriadepictionof therate gyro-integralconstraint

In Figure 1, daf:) is aconstantvector.It will directly resultin the differencebetweena,i and a,i,,

oncetherotationalmotionstarts.
3. Implementation and Geometric Analysis

An implementatbn methodfor the rategyro-integral constraintis proposedin this section.By
comparingthe testingobjectiveswith a properlyselectedhresholdthe unacceptabléestingobjectives
canbefoundoutandthe correspondingandidatesrefiltered out from the ambiguitysearchspace.

3.1. ImplementatiorMethod

Themathematicatlescriptionof arotationalmotionusuallyconsistsof arotationaxisanda rotation

angle. The projectionsof a'” (t,)i and a” (t, )i on the rotation plane, are denotedas a'” (t,)i and

a" (t.)i, respectively Herein, it shouldbe notedthat a,i expresseshe angle betweena' (t, )i and
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" (t)i. Similarly, the projections of a”(t,)i and a® ()i are denotedas a" (t)i and

Q)

"), )i, respectivelyandtheanglebetweerthemis expresseds a,i,,.

Q)

Assumingthattherotationanglecanbe measuredy the IMU sensorsthusit is easyto verify that
g= a = 4 inwhich g anda, denotetherotationangleandits IMU measurementespectively At

this point, the testingobjective,which is expresse@s Da, ,, =4, -, is defined.Thena threshold

denOtEChS | Da |thresho|d
At the ambiguity search stage, if a candidate ® N, deducesa Da,, that satisfies

is selectedproperlyfor theimplementationrmethod.

Da,,| 3 B,.... thusthetestingobjectiveis verified to be unacceptabland ® IN,, will befiltered

out from thesearchspaceFigure2 delineateghe projectionvectorsandtheanglesontherotationplare.

Figure 2. Projectionvectorsandanglesontherotationplane

Assumingthat the baselinevector rotates a whole round thus,in Figure 2, g and a, i lie inside

theintervalof [0°,36(°], andthe othernotationswill beillustratedlater.

3.2. GeometricAnalysis

In Figure 2, the baselinevectorlies in the rotationplaneall thetime andturns360° arounda fixed
rotationaxis clockwise The baselindengthis consideredasa constantL . Therotationalangularrate
is assumedo be a constanvalue 36Q0'm (°/s)(m2 k, m k [a"). A planarCartesiarcoordinatepamely
the p-frame,is definedon therotationplane.The X-axis of the p-frameis consistenwith the baseline
vectorat t,, andthe Y -axis of the p-framevertically pointsto the right of X-axis. g rangesrom 0° to
360° The differencebetweenprojectionsof the true baselinevectorandan incorrectbaselinevector
solution is denotedas a’af:) . For an incorrect ambiguity candidatededucing it, together with
Equation(4), it is verified that a’g(:) Is a constantvector andits lengthis denotedas dL . By some
simple algebraicoperationsthe analyticformulafor calculatingthe testingobjectiveis given by (the
detailedderivationcanbefoundin the Appendix)
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[ tanzl51Lsinq+ &'sin ,ad ot aLdin , a _qc”)
} Sicosq+ & cos ag L9E5+ Latos, a 2
i
i .gi[0,2p Srl1aa’Lsm g 8
|

ba, 4, L i ™
TtanzlaLsmq+ & sin a0 ot aLdin, a _qo 2
} gfl_cosq+ & cos a? LQEE+ Latos, a -
1 aa’Lsm
1.q1 [2 p-sin™ ok L ,02,0]
|

wherea, representshe angle betweendgf:) and the X-axis of the p-frame; g, i denotesthe angle

betweena” (t,)i andtheX-axisof thep-frame;tan 2* (J is definedasfollows:

étan*(y/x) ,x> 0,y >0

1pI2,x=0y >0
anzidy gloan(v/8) x 0
5 913,0/2,x—0,y <0 ®
%2p+tan‘l(y/x) X >0y <
f0,x>0,y =0

Taking thederivativeof the right side of Equation(7) with g andthenmaking the resut equalto
zero,we canobtain

cos(q- ¢) = dLL (9)

During the whole rotation proceduretherearetwo g s satisfy Equation(9). Substituing theminto
Equation(7), two peakvaluesof Da, , will be attaired at t,, andt,, respectively Then,just denote
thelargeroneof the abstractvaluesof thetwo peakvaluesas:

Dap™ wmax{| B..|] B} (10)

MAX

Finally, theexplicit expressiorof Da,,”” canbegivenby:

Da Y %cos‘l( d/L) -/ 0,,4*
4 sina,( &/L) © (11)
§+ cosa, (/L) ¢

Qi =tan2*

Accordingto Equation(11), it is a nave thoughtthat Da"** representhe fullest potential of the
implementatiormethodto identify theincorrectcandidate® DN _.
In brief, therearetwo importantelementsof the implementatiormethodfor the rategyro-integral

constraint.Oneis to generatea set of testingobjectivesfor eachcandidate the otheris to selecta
properthreshold.For the former, it is necessaryo investigatetwo aspectsthe distributionrangeand
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densityof the testingobjectiveson the rotation processFor the latter, the successate and shrinking
efficiencyareanalyzedunderdifferentconditionsof measuremerdgcenarie andthresholdsettings.

4. Error Analysis

Contributorsto the inaccuracyof testingobjectiveinvolve the IMU measuremenrgrrors,especially
thoseassociatedvith angle rate, GNSS carrier phasemeasuremenérrors and the actual rotational

axisoffsets.

Theangleratemeasuremergrrorsarelargely responsibldor the inaccuracyof testingobjectiveby
IMU measuremergffects.In the strapdowmmechanizationthe measuremennodelof angleratewith
respecto the n-framecanbe expresse@s[18]:

V'?ﬁ‘% +27‘r:km/ AnglVF_.lijb di/@ ﬂ?ﬂ’- (12)
Notethatthe secand formulain Equation(12) is the errormodel,in which the errortermassociated
with gyroscopés denotedas ¢, andoneof its routineoptionsis givenby [18]:
dy=b (13)

whereb and w arethebiasand noiseof gyroscopaneasurementgespectively.

Since the attitudeof vehicleis unknown, & canbe simplified as - 7. Similarly, if translational
motion of vehicle occurs,d  will be simplified as - #,. Suchthatfrom t, to t, , a rotationalangle
measurementenotedas g , canbe derivedby the strapdowrmechanizationThe measuremergrrors
containedn ¢ areprimarily driven by d . Thusthe effectinducedby IMU measuremengrrorson
thetestingobjectivecanbe expresseas:

da g ff i || Seh( oy (1)

where|¢ denotesthe norm function By applying the inequality law, an upper bound of d ¢

is obtained:
o | ¢ (15)

with:
dER e (16)

For land vehicle rotational motions, the unit vecta of local gravitationalvector, which hasthree
constantcoordinatesin the n-frame and is denotedas x™i :[O 0 J]T , can be treated as an
observatiorof actualrotationalaxis. However,dueto high frequencyvariationsof vehiclein practice
the actualrotationalaxis, which is denotedas %" , alwaysoffsetsfrom its assumingobservationthus
an errormodelis constructedor X" asfollows:

" =[sinz sin 4 sin zos A- cos|' (17)

wherez representshe anglebetvveenx(”) and i, andit follows a normal probability distribution.
h is the orientationof the projectionvector of x" with respectto the true north, andit follows a
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uniform probability distributionin the interval of [0, 20]. Using z and/ definedabove,the actual

rotationalaxis of thelandvehicle canbe modekdin arathersimplemanner

In shortbaselinecasesthe dominanterrorsof DD carrier phasemeasurementclude multipath,
which can be considerechoiselike, andreceiverthermalnoise[19]. Determineeachb IN' with the
true ambiguity resolution, then a® (t.)i and a” (t.)i can be obtainedfrom Equatiors (3) and (4),
respectivelyBy a minusoperationwe have:

a(t)i=a" (1) hed(y)
da ()i = a0 (y) {a#(5) i) .
-(5(”)(tk)iT é”))d%”) (-fﬂ”’(&)”‘%r’cjs—ﬂ

where ga'”) (t,)i denoteghe stochastierror vectordeviatingfrom the true baselinevectorresolution.

The variance covariance matrix of D, is given by w, . . Hence, the errors in x"i

and 3" (tk )i caninducecompositeeffect on the testingobjective.lt canbe explainedby the formula

asfollows:

a”(t)i=a"(y) b (y)
aa” (1)i= () Y3(y)" e 1)
-(5(”)(tk)iT an))m((n) (-d”’(k)”*r’())‘*r) |

Equation(19)is alsotrueto eachambiguitycandidaten the searchspaceWith Equatiors (14) and(19),
both d ¢and da(”) (tk)i can expandthe misleadingimpact of the errorincludedtesting objective. It

impliesthatthetrue ambiguitycombination® IN may befiltered out. Thusthethresholdvalueshould
be chosenappropriatelyto make surethat ® N is alwayskept in the searchspace,and the search
spacds shrinkingconstantlyby therategyro-integralconstrainimposed.

5. Simulations

Basingon the implemenéation methodandthe modelsconstructedor variousmeasuremengrrors,
somesimulationsare conductedFor simplicity, the measuremengrrorsof IMU and GNSSreceivers,
plus the actualrotational axis offsetsare addresseds the 1st, 2nd and 3rd type meaurementerror,
respectively For different simulation scenariosthe resultswere assesse@n two aspectsj.e., the
successate andthe shrinking efficiency. The simulationexperimentsre carriedout by meansof the
basicstepsasfollows:

Step1: a :[3 0 qT andC) (to) =| are chosen respectively,and the updatingfrequencyof
GNSSmeasurements choserasl Hz;

Step2: with the actuallocationsand GPS constellationimposed,selecta referencesatellite and
threemager satellitesthencomputeG, with Equation(3);
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Step3: setthe parametersor rotationaxis x| the completerotationalangle g, andanglevelocity
vector @, () =g0 0 () fg respectivelythencomputea™ (t, ) from:

. " o) 2
a(”)(tk):{| -SinquX() g(—ﬂ_ COSQ’ V\gj ‘o?j)(B) (20
with [13]:
ed n -n g
I S
W= 00y
gn, -n 0 ¢y 1)

"=[n n n]', g Jfrj‘lﬁé( )fd‘_

Step4: with the selectedsatellitesin Step 2 imposed,generatethe true ambiguity vector® IN
(3-D) andasetof DD carrierphaseobservationgor eacht, , thenconstructaninitial ambiguitysearch
space! whosecenteris fixed at B IN andthe searchradiusis definedas a randomvariablewith a
standardieviationof 5 cycles;

Step5:for eachcandidatdiesinsidey at t,, computethe correspondingestingobjective Da, . ;

Step6: testall the Da, s for eacht,, filter out the candidatesvhich satisfy | Da k,n4>| |a|th,esho|d
fromy.

In Step2, the actualGNSSdatawascollectedon 11 June2011,atN 29.56505 E 106.2197° From
the satellitesn view, the satellitewith maximalelevationis choserasthereferencesatellite ,thenthree
mastersatellitesareselectedbasedon the minimal GDOPprinciple.In Step4, the parameteof search
radius,i.e., 5 cycles,is decidedby ficurrend averageaccuracyevel of DD codemeasuremerjtL9).

In the first simulationexperimentgexceptfor the 1sttype measuremergrror, boththe 2ndand3rd
type measuremenerrors are considered.z has a normal distribution N(O,SZ) and the standard
deviationassociateavith DD carrierphaseis 0.05cycle. If i}, ( ) = €0 0 10/s TE and1 Hz GNSS
updatefrequency are chosentotal 18 GNSSupdateswill be generatedor a 180° rotationprocedure.
Five differentthresholdsj.e., 0.1 0.5¢ 17 3° and5; areselectedFor eachpossiblecombinationof
thresholdsand error types,the simulationis repeatedL0,000 times. The successateis definedasthe
percentageof occurrenceghat the steadysearchspacecontainsthe true ambiguity combination.
Tablel showsthe successatesvary with functionof thethresholdvalues.

Table 1. Succesgates with the 2ndor 3rd type measuremerdrrorconsideredndividually.

5° 3° 1° 0.5° 0.1°
2nd Type 100% 100% 82.46% 5.19% 0%
3rd Type 100% 99.98%  95.05%  68.18% 1.46%

In the secondone,all the threetypesof measuremenrgrrorsareall takeninto account.The simulaton
paameters for Equation (13) are selectedin accordancewith ficurrend accuracy levels of
gyroscope$18], which aregivenin Table2:
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Table 2. AiCurrenb accuracylevelsof gyroscope.

b (°/h) w(°/ h)
Middle grade 0.1 <0.03
Tacticgrade 1~100 0.03~0.1
Automotivegrade >100 >1

To make Equation(13) simpler,three stochasticconstantbiaseswhosemeanvalue and standard
deviation are both consistentwith each other, and consistof the three commnentsof ¢ §. The
averagevalue is zero but five different standarddeviation valuesranging from 0.1° to 360° were
chosenMoreover,from Table 1 it canbe see that whateverthe 2nd or 3rd type erroris considered,
the successatesseemto be acceptablef the thresholdvalueliesin theinterval of [1°,3°]. So [173}
wasdivided into 100 equal partsanda setof thresholdvaluescanbe formedby the separatgoints.
Keep the other settings unchanged,the simulation is repeated10,000 times for each possible
combinationof standaretleviation and thresholdvalue. The succesgatesand shrinking efficiency are
shownin Figures 3 and4, respectively.

Figure 3. Successatevarieswith thresholdat differentaccuracylevelsof gyroscope
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Figure 4. Shrinkingefficiencyvarieswith thresholdat differentaccuracyof gyroscope
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Shrinking efficiency hereinis explainedby the size of steadyambiguity searchspace,which is
concludedby averagingand rounding figures obtainedfrom a lot of smulationsfor the successful
shrinkingprocedures.

In Figure 3, if the accuracyof gyroscopeis high enough,e.g, a tactial grade IMU, the
measuremergrrorsof gyroscopewill nolongerhavea dominanteffectonthe successate.In this case,
the 2ndand3rd typesof measuremergrrorsarebelievedto be muchmoreinfluential. Figure 4 shows
that a relative lower threshold can promote the shrinking efficiency. In addition, an interesting
tendencycan be seenfrom Figure 4. For a fixed thresholdvalue, a relative higher accuracyof
gyroscopecan reducethe shrinking efficiency (larger size of the steadysearchspacg. This tendency
will becomeevenevidentif thethresholdvalueis higherthan1.6?

Figure 5. Testingvehicleis setup: (a) planview; (b) side view.

a. Plan View
1 1
QAntenna 3
1
i
i
! Baseline 2 . FOG
! Electric box
! IMU
1
H
Antenna 2 Baseline 1 Antennal
1 1
b Antenna 2. 3 Side View Antenna 1
= T
Cable2. 3 Cable 1
! i
i :
. 1
! |
: Oono03 Recejvers|y 1 FOG
: i | iMu
: Electric box Navigation 1

6. Land Vehicle Testing

The GNSS/INSintegratedattitude determinationsystemusedhereinprimarily consistsof a tactic
grade FOGIMU, an array of three GNSS antennaswith receiversconnectedindividually and a
navigationcomputer.The concernedechnicalcharacteristiof the FOG-IMU is the equivalentbiasof
gyroscopedenotedas b, which satisfiesb < 4°/h in normaltemperatureircumstancesThe Novatel
GPS701 antenndeaturesa steadyelectricalphasecenter.The type of receiversis Novatel OEMV-1G,
with C/A codemeasuremenprecisionof 6 cm RMS andthe carrier phasemeasuremenprecisionof
0.75 mm RMS. Threeantennasare approximatelyarrangedn a right triangle patternwith 4.634m
baselineland1.544m baseline2asshownin Figure5(a).

Theactualfield datawascollectedon 16 April 2008in the ChongQing urbanarea,China.The GPS
measurementsvere availableat a rate of 1 Hz and the output rate of IMU was 200 Hz. After a
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successfuktaticinitialization, the vehiclewasdriven into the denseurbanareawhereit followed the
trajectoryshownin Figure6 for about5 min. It canbe seenthattherewerefive evidentcurveson the
test route Thesecurveswere denotedas B, C, D, E and F sequentially.Then five data sections
were extractedfrom thesecurves,and Sectiors B and D were abandonediue to quite poor GPS
satellitevisibility.

Figure 6. Testingtrajectory

Each datasectionselecteds processedollowing the schene shownin Figure 7. This schemeis
essentiallycoincidentwith the simulationstepsmentionedn the former section,andit is requiredthat
atleastfour satellitesshouldbe trackeduninterruptedlyby all the threereceiversduring collectingthe
datasection.

Figure 7. Schemdor actualfield dataprocessing
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The initial ambiguity searchspace(3D) is determinedby an float ambiguity estimationvector
denotedas b DF {= ®D D Iﬁa}E whosecomponentsre computedby usingthe DD code
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andcarier phasemeasurementsnda searchradiusof five cyclesis selected Thusthe initial search
spacell contains 1,331 candidates.As the measurementprecision of Novatel OEMV-1G is
6 cm RMS in termsof C/A code,a fi5 cycle® seach radiusis adequateTo judge that whetherthe
shrinking procedureof the searchspacell is successfulor not, the true ambiguity combinationis
obtainedn advanceby meansof backwardprocessindgor theintegratechavigationattituderesultsand
associatetneasurements.

6.1. Feasibility Test

In this subsectionthe feasibility of the rategyro-integral constraintin actualapplicationsss tested
with datasectionC, E and F. During the collecting period of datasectionF, the vehicle wasdriven
alonga turntableroad shownin Figure8. As canbe noted,the endsof this sectionwererespectively
connectedwith a viaduct and an undergroundpassageof the viaduct Hence,over this region, the
vehicle featuredtilt attitude (roll and pitch) with the level of severaldegreesseeFigure 9. The
estimationmethodfor z comesfrom [12]. DatasectionF includesa total of 23 GPSepochswhich
areexpressean the turntableroadby red blocksin Figure8. From Figure 10, it canbe seenthatthe
orientationsof vehicle, which were providedby the integratedattitude determinationsystem varied
continuouslyclockwise.Moreover,totally 6 GPSsatelliteswere trackedcontinuouslyby all the three
receiversoverthisregion.

Figure 8. Turntableroadandlocationsof 23 GPSepochdor datasectionF.

Figure 9. z sfor datasectionF.
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Figure 10. Vehicle orientationdor datasectionF.
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Whenthe thresholdvalueis chosento be 0.57 1° and3°, respectivelythe first groupof resultsof
feasibility testcanbe obtainedby processinglatasectionF andgivenby Figure 11.

Figure 11. Thefirst groupof resultsof feasibility test(datasectionF).

Figure 11 showsthreesuccessfukhrinking proceduresf [1 . The size of steadysearchspaceare
2 and 30 for the casesof |Da| inreshoi1® and |Da| reshoia =3°, respectively.If |Da| mreshoia=0.5° is
chosen,for data section F, the true ambiguity combination will be locked only by using the
rategyro-integralconstraint.

Data sectionC was collectedon a crossroadFigure 12(b)) with eight GPSepochsincludedand
sevencommonvisual satellitestracked.The vehicle turnedat about80° counterclockwiseover this
region.DatasectionE wascollectedon a T-junction (Figure 12(a) with the turninganglereachingup
to 1007 andthe numbersof GPSepochsandcommonvisual satelliteswere9 and6, respectivelyEach
of thetwo curveshasa turning anglemuchlessthanthatof datasectionF, but they aremore common
thanturntablesin urban.The locationsof GPSepochsfor both datasectionC andE arenotedby red
blocksin Figure 12(a,b). With the datasectionsC andE processedhe secondandthird grous of the
resultsfor the feasibility testaregiven by Figures 13 and14, respectively.
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Figure 12. (a) T-junction andlocationsof 9 GPSepochs (b) Crossroadandlocationsof
8 GPSepochs

Figure 13. Thesecondyroupof theresultsfor the feasibility test(datasectionC).
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Figure 14. Thethird groupof theresultsfor thefeasibility test(datasectionE).
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From Figures 13 and 14, it is known that for the crossroadsand T-junctions,the most common
typesof curvesin urbanareas,both the succesgate and shrinking efficiency can be guaranteedy
adequateommonvisual satellites Although the true ambiguity combinationcannotbe fixed in either
C or E casethe methodof rategyro-integral constraintis shownto be an efficient way of shrinking
thesizeof the searchspaced to acceptabléevelsin practice.

The threegroupsof resultsdemonstratehat if adequatecommonvisual satellitesare available,as
well as the turning angle is large enough,the rategyro-integral constraintis practicablein land
navigationapplicatons.
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6.2. CharacteristicsTest

In this subsectionsomecharacteristicef therategyro-integralconstraintwill be carriedout by use
of datasectionF. It is not difficult to know that in those successfulshrinking procedures)ower
thresholdvalue can promotethe shrinking efficiency. To verify this characteristidn practicalcases,
two zoomsto Figurell arepresentedn Figures 15and16.

Figure 15. Sizeof u contractdo lessthan100for each|Da|, . ..

Figure 16. Sizeof thesearclhspace obtainsasteadystatusfor each

In both Figures 15 and 16, it is notedthat the turning angle of vehicleat eachepochis usedasthe
argumentinsteadof the GPSsecondn Figure11. Accordingto Equation(11), a major contributorto
weakeningthe performanceof rategyro-integral constraintis increasingthe length of baseline.By
now, only baselinelhasbeenconsideredn processingactualfield datasectionsBy useof the same
processingschemeand data sections,the resultsof baseline2are presentechere for a comparison
purpose.Figure 17 shows the shrinking processe®f the searchspace when both Baselineland
Baseline2vereconsidered.



