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Janus配置的激光多普勒测速仪的陆用组合导航

王琦,高春峰,魏国,周健,聂晓明,龙兴武
(国防科技大学 前沿交叉学科学院,长沙410073)

摘 要:为了抑制车辆颠簸、倾角变化对传统激光多普勒测速仪的影响,设计了基于Janus配置的分光

再利用结构激光多普勒测速仪,该测速仪由两个激光多普勒测速仪子系统镜像安装而成,可补偿倾角变

化对速度测量的影响,因此对倾角变化不敏感.车载实验结果表明该测速仪的测速相对误差为0.3%,在

55.6km的行程中组合导航的最大位置误差为5.8m.该结构激光多普勒测速仪能够抑制车辆颠簸、倾角

变化对速度测量的影响,提高组合导航定位精度,更适合陆用组合导航.
关键词:应用光学;激光多普勒测速仪;Janus配置;速度测量;分光再利用;惯性导航系统;组合导航系

统;定位精度
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LandIntegratedNavigationofLaserDopplerVelocimeterBasedon
JanusConfiguration

WANGQi,GAOChun-feng,WEIGuo,ZHOUJian,NIEXiao-ming,LONGXing-wu
(CollegeofAdvancedInterdisciplinaryStudies,NationalUniversityofDefenseTechnology,

Changsha410073,China)

Abstract:Tosuppresstheinfluenceofthevehiclejoltsandtheinclinationvariationsonconventionallaser
Dopplervelocimeters,asplit-reuselaserDopplervelocimeterbasedonJanusconfigurationisdesigned.
Thevelocimeteriscomposedoftwovelocimetersubsystemswhicharemirror-mountedandinsensitiveto
theinclinationvariationsbycompensatingtheinfluenceoftheinclinationvariationsonthevelocity
measurement.Thevehicleexperimentresultsshowthattherelativeerrorofthevelocimeteris0.3%and
themaximumpositionerrorofitsintegratednavigationis5.8mina55.6kmjourney.Theproposedlaser
Dopplervelocimetercaneffectivelysuppresstheinfluenceofthevehiclejoltsandtheinclinationvariations
onvelocitymeasurementandimprovethepositioningaccuracyofintegratednavigationsystems,soitis
moresuitableforlandintegratednavigation.
Keywords:Appliedoptics;LaserDopplervelocimeters;Janusconfiguration;Velocitymeasurement;
Split-reuse;Inertialnavigationsystems;Integratednavigationsystems;Positioningaccuracy
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0 Introduction
StrapdownInertialNavigationSystems(SINS)areself-contained,nonradiating,nonjammable,dead

reckoningnavigation systems which provide dynamicinformationthrough direct measurements[1].
However,theinitialalignmenterrorandinertialsensorserrorsleadthepositioningerrorofSINSto
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accumulatealong withtime[2],sooneofthetrendsofinertialnavigationtechnologyisintegrated
navigation[3].Atpresent,thecommonlandinertialintegratednavigation methodsareSINS/Global
PositioningSystem (GPS)integratedsystemandSINS/Odometer(OD)integratedsystem.SINS/GPS
integratedsystemcaninhibitthedivergenceofthenavigationpositioningerror[4],butGPSsignalis
instableand susceptible to electronicinterference and buildings,and theintegrated system is
nonautonomous[5].ODiscapableofprovidingthevelocityandmileageinformationforSINS/ODintegrated
system[6].However,thescalefactorofODisgreatlyinfluencedbythetemperature,pressureandsurface
wearoftyresandthemeasurementwillalsoappearalargedeviationwhenthewheelsjumpandskid[7-8].

Sincetheconfirmationin1964thatthevelocityofafluidcanbeobtainedusingthelaserDoppler
frequencyshifttechnique[9],aLaserDopplerVelocimeter(LDV)hasbeenwidelyusedinthefieldsof
aerospace,mechanics,medicineandsoonbecauseofitshighprecision,goodlinearity,rapiddynamic
response,largemeasuringrangeandnon-contactmeasurement[10-12].Inrecentyears,LDVisalsousedin
theareaoflandnavigation,andcombinedwithSINStoprovidethespeedofvehicle[13-14].However,when
thegroundisunevenandthevehicleisbumpy,theinclinationofaconventionalreference-beamLDVwill
change,resultinginalargemeasurementerror.Inordertoreducetheerrorcausedbythevehiclebump,
ourresearchgroupproposedareference-beam LDV basedonJanusconfiguration[15-16],butonlythe
simulationandsimpleexperimentalverificationwerecarriedout.BecauseofthehighSignal-to-NoiseRatio
(SNR)andreliableperformanceofthesplit-reuseLDV whichismoresuitableforthefieldofland
navigation[17-18],thispaperdesignsasplit-reuseLDVbasedonJanusconfigurationandimplementsa
vehicleintegratednavigationexperimenttotesttheperformanceoftheLDV.

1 Split-reuseLDVbasedonJanusconfiguration
1.1 Conventionalreference-beamLDV

TherelationshipbetweentheDopplerfrequencyfDofareference-beamLDVandthevelocityvofthe
vehiclecarrierisasfollow

fD=2vcosθ/λ (1)
whereλisthelaserwavelengthandθistheinclinationofthelaserbeamtotheground.

Fig.1 Vehiclewithaconventionalreference-beamLDVrunsondifferentkindsofroads

AsshowninFig.1(a),whenthevehiclerunsonasmoothroadataspeedofvy,theDoppler
frequencyfDis

fD=2vycosθ/λ (2)
FromEq.(2),wecanobtain

vy=fDλ/(2cosθ) (3)
However,intheactualdriving,theroadisalwaysuneven,thuscausingthevehicletohaveavertical

velocityvzandtheinclinationofLDVtohaveavariationΔθ,asshowninFig.1(b),andtheDoppler
frequencyf'

Dis
f'
D=2[vycos(θ-Δθ)-vzcos(θ-Δθ)]/λ (4)

Theapparentvelocityv'
yofthevehiclecanbecalculatedby

v'
y=f'

Dλ/(2cosθ) (5)
Hence,therelativeerrorofthevelocitymeasurementfortheconventionalreference-beamLDVis

givenby
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Δvy

vy
=

v'
y-vy

vy
= tanθsinΔθ+cosΔθ-

vz

vy
(tanθcosΔθ-sinΔθ)-1 (6)

ItcanbeseenfromEq.(6)thattherelativeerroroftheconventionalreference-beamLDVisrelatedto
theinclinationθ,theinclinationvariationΔθandtheratiooftheverticalvelocitytotheforwardvelocityof
thevehiclevz/vy.
1.2 LDVbasedonJanusconfiguration

Toreducethemeasurementerrorcausedbythevehiclebump,aLDVbasedonJanusconfigurationis
chosen.TheLDVinstalledatthebottomofthevehicleconsistsoftwoLDVsubsystems,oneofwhich
looksforwardandtheotherlooksbackwardwiththesameinclinationangle,andtheirDopplerfrequencies
aremeasuredatthesametime,asshowninFig.2.

Fig.2 VehiclewithaLDVbasedonJanusconfigurationrunsondifferentkindsofroads

Whenthevehiclerunsonasmoothroad,asshowninFig.2(a),theDopplerfrequenciesofthetwo
subsystemsaregivenby

fD1=2vycosθ/λ (7)
fD2=2vycosθ/λ (8)

Therunningspeedofthevehicleis
vy=λ(fD1+fD2)/(4cosθ) (9)

However,asshowninFig.2(b),whentheroadisalwaysunevenandthevehicleisbumpy,the
Dopplerfrequenciesofthetwosubsystemsare

f'
D1=2[vycos(θ-Δθ)-vzcos(θ-Δθ)]/λ (10)

f'
D2=2[vycos(θ+Δθ)+vzcos(θ+Δθ)]/λ (11)

Consideringthefactthatvz≪vy,theinclinationvariationΔθcanbeapproximatedtoΔθ'.

Δθ'=arctan
f'
D1-f'

D2

(f'
D1+f'

D2)tanθ
é

ë
êê

ù

û
úú (12)

Thecalculatedvelocityv'
yofthevehicleis

v'
y=λ(f'

D1+f'
D2)/(4cosθcosΔθ') (13)

Obviously,Eq.(9)isaspecialcaseofEq.(13)whentheroadisidealandtheverticalvelocityvz=0,
soEq.(13)isageneralformulaforthe measurementofthereference-beam LDV basedonJanus
configuration.Therelativeerrorofthevelocitymeasurementis

Δvy

vy
=

v'
y-vy

vy
= 1+(vz/vy)2-1 (14)

Itcanbeseenfrom Eq.(14)thattherelativeerrorofthereference-beam LDVbasedonJanus
configurationisonlyrelatedtotheratiooftheverticalvelocitytotheforwardvelocityofthevehiclevz/vy.

Settheinclinationangleθ=70°,vz/vyis-0.05~0.05,andtheinclinationvariationΔθis-15°,-5°,
5°,15°respectively,therelativeerrorsoftheconventionalreference-beam LDV andtheJanus
configurationLDVaresimulatednumerically,andtheresultsareshowninFig.3.Itisapparentthatthe
relativeerroroftheconventionalreference-beamLDVgrowswiththeincreaseoftheabsolutevalueofΔθ
andtheLDVbasedonJanusconfigurationisinsensitivetoΔθ.Butingeneral,therelativeerrorofthe
conventionalreference-beamLDVisfargreaterthanthatoftheJanusconfigurationLDV.Forexample,
whenvz/vy=0.05andΔθ=5°,thevelocityrelativeerroroftheconventionalreference-beamLDVis
10.3%andtherelativeerroroftheJanusconfigurationLDVisonly0.12%.
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Fig.3 RelativeerrorsofdifferentkindsofLDVs

1.3 Structureofthesplit-reuseLDVbasedonJanusconfiguration
Thesplit-reuseLDVisadeformationoftheconventionalreference-beamLDV,andstillbelongsto

thereference-beam LDV.AsshowninFig.4,thesplit-reuseLDV basedonJanusconfigurationis
comprisedoftwosplit-reuseLDVsubsystemswhicharemirror-installed.Eachsubsystemhasthesame
structure.Thelightsourceisasolid-stategreenlaseroperatinginasinglelongitudinalmodeandthe
TEM00transversemodewithapowerof50mWandawavelengthof532nm.Thelaserbeamiscollimated
bythecollimationandcompensationlens,andthendividedbythebeamsplitterBS1whosereflectivityis
50%intoatransmittedbeamandareflectedbeam.Thetransmittedbeamhitsthegroundthroughthe
centreholeofthemirrorM1.ThereflectedbeamisdividedbythebeamsplitterBS2whosereflectivityis
98%.ThereflectedbeamisreflectedbythemirrorsM2andM1,andthenirradiatesthegroundinthesame
direction.Thepartofscatteredlightpropagatingalongtheoppositedirectionishalfreflectedbythebeam
splitterBS1,andthenentersintotheavalanchephotodiodedetectorafterpassingthroughthepolaroid,
opticalfilterandpinholediaphragm.Thisisthesignalbeam.Thetransmittedbeamofthebeamsplitter
BS2isalsoincidenttothedetectorafterbeingreflectedbythemirrorM3.Thisisthereferencebeam.The
referencebeamandthesignalbeaminterfereonthephotosensitivesurfaceofthedetectortoforma
Dopplerbeatsignal.

Fig.4 Opticalstructureofthesplit-reuseLDVbasedonJanusconfiguration

Itcanbeseenthattheattenuatedlaserpowerintheconventionalreference-beamLDVisalsoincident
tothegroundafterbeingreflectedbyBS2.Thatistosaythatthelaserutilizationrateofthesplit-reuse

4-1008280



WANGQi,etal:LandIntegratedNavigationofLaserDopplerVelocimeterBasedonJanusConfiguration

LDVisnearlytwicethatoftheconventionalreference-beamLDVanditsscatteredlightpowerisalso
nearlytwice.TheSNRofthesplit-reuseLDVis

SNR=ηWS/hυΔf (15)
whereηisthequantumefficiencycoefficient,histhePlankcoefficient,υisthecenterfrequencyofthe
laser,ΔfisthebandwidthofthedetectorandWSisthescatteredlightpower.Therefore,comparedwith
theconventionalreference-beamLDV,theSNRofthesplit-reuseLDVisgreatlyimproved,whichismore
suitableforlandnavigation.

2 Integratednavigationexperiment
Inordertoverifytheperformanceoftheproposedsplit-reuseLDVbasedonJanusconfiguration,the

followingintegratednavigationexperimentisdesigned.Fig.5showstheexperimentalsystem,whichis
composedofanInertialMeasurementUnit(IMU),theJanusconfigurationLDV,aDifferentialGPS
(DGPS)receiver,anavigationcomputerandbatteries.TheIMUconsistsofthreelasergyroscopeswith
driftrateof0.003°/handthreequartzaccelerometerswithbiasof50μg,withasamplingfrequencyof
100Hz.ThepositioningaccuracyoftheDGPSis0.1m,andthedataupdatefrequencyis10Hz.The
navigationcomputercollectsdataandthebatteriessupplypowertothewholesystem.Therouteofthe
vehicleisshowninFig.6.Thestartingandendingpointsaremarkedbybluepentagramsandtheturning
pointsareamplifiedandmarkedbyblackrectangles.Thewholejourneyis55.6kmin2.1h.

Fig.5 Installationdiagramoftheexperimentalsystem

Fig.6 Routeofthevehicle
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ThecomputercollectsthevelocitydataoftheJanusconfigurationLDV.Asacontrast,thecomputer
alsocollectsthevelocitydataofanLDVsubsystematthesametime.TheresultsareshowninFig.7,the
solidlineisthevelocityoftheJanusconfigurationLDV,whichisrecordedasv1,andthedashedlineisthe
velocityoftheLDVsubsystem,whichisrecordedasv2.Itcanbeseenthatthechangetrendofv1andv2

isconsistent,butasaresultoftheeffectreductionofthevehiclebumpsandtheinclinationvariationson
thevelocitymeasurement,v1reducesfluctuationandbecomessmoothcomparedwithv2.Thisisthe
advantageoftheJanusconfigurationLDV.

Fig.7 ComparisonofoutputvelocitiesoftheJanusconfigurationLDVandtheLDVsubsystem

TakenthevelocityderivedfromtheoutputpositionofDGPSasthebenchmark,thevelocityerrorsof
theJanusconfigurationLDVandtheLDVsubsystemareshowninFigs.8(a)~(d).Figs.8(a)~(b)arethe
velocityerrorsandtherelativeerrorhistogramoftheJanusconfigurationLDVrespectivelyandFigs.8(c)~(d)
arethevelocityerrorsandtherelativeerrorhistogramoftheLDVsubsystemrespectively.Itisclearthat
thevelocityerroroftheJanusconfigurationLDVisfarlessthanthatoftheLDVsubsystem.Accordingto
thecalculation,therelativeerroroftheJanusconfigurationLDVis0.3%,whiletherelativeerrorofthe
LDVsubsystemis1.02%.

Theintegratednavigationsystemconsistsofthesplit-reuseLDVbasedonJanusconfigurationandthe
IMU,anditsdataprocessingprocedureisshowninFig.9.First,therapidinitialalignmentof13minis
completedbytheIMU.Then,deadreckoningisperformedbytheoutputsoftheLDVandthethree
gyroscopesofIMU.Finally,thepositionerroriscalculatedbasedontheoutputpositionofDGPS.The
resultisshowninFig.10andthemaximumpositionerroris5.8m.Asacomparison,thepositionerrorsof
theIMUpureinertialnavigationandthedeadreckoningoftheLDVsubsystemaregiveninFigs.11and12.
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Fig.8 VelocityerrorsofdifferentkindsofLDVs

Fig.9 Dataprocessingprocedureoftheintegrated
navigationsystem

Fig.10 Positionerroroftheintegratednavigationsystem

Fig.11 PositionerrorofIMU Fig.12 PositionerrorofdeadreckoningoftheLDVsubsystem
Themaximumpositionerrorsare1020mand31mrespectively.Itcanbeseenthatthepositioning
accuracyoftheintegratednavigationsystemoftheJanusconfigurationLDVismuchhigherthanthatof
theIMUpureinertialnavigationandthedeadreckoningoftheLDVsubsystem.Thehighprecision
navigationresultshowsthattheproposedsplit-reuseLDVbasedonJanusconfigurationcansuppressthe
effectofthevehiclebumpsandtheinclinationvariationsonthevelocitymeasurement,andisverysuitable
forlandintegratednavigation.

3 Conclusion
Inthefieldoflandnavigation,inordertoreducetheinfluenceofthevehiclebumpsandtheinclination

variationsonthevelocity measurementofconventionalLDVs,asplit-reuseLDV basedonJanus
configurationisdesigned,andavehicleintegratednavigationexperimentisimplementedtoverifyits
performance.TheexperimentalresultsshowthattheJanusconfigurationLDVindeedcansuppressthe
influenceofvehiclebumpsandtheinclinationvariationsonthevelocitymeasurement,andimprovethe
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accuracyofthevelocitymeasurementandthepositioningaccuracyofthelandintegratednavigation.
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