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非对称空间外差干涉仪相位探测和漂移校正

沈静1,2,3,熊伟1,2,3,施海亮1,3,罗海燕1,3,方雪静1,2,3,
李志伟1,3,胡广骁1,2,3,徐标1,2,3

(1中科院合肥物质科学研究院 安徽光学精密机械研究所,合肥230031)
(2中国科学技术大学,合肥230026)

(3中科院光学表征与定标重点实验室,合肥230031)

摘 要:针对多普勒非对称空间外差干涉技术,提出一种目标信号相位自校正的方法.首先通过连续采

样单色光的干涉图跟踪绝对相位漂移;然后分段线性拟合不同风速下的干涉相位,通过计算两条拟合曲

线距离去除相位漂移.搭建风速模拟实验平台,获得采样干涉图,并对相位误差进行校正.结果表明,在

60.37m/s的模拟风速下,相位漂移误差达到30.78m/s,通过相位校正风速反演误差降低至3.51m/s,
风速精度得到较大改善.最终通过几组不同风速下的反演值得到了平均2.97m/s的风速测量精度.
关键词:傅里叶变换;光谱分析;干涉图测量;相位频移;风速

中图分类号:O433.4   文献标识码:A   文章编号:1004-4213(2017)09-0901003-7

PhaseDetectionandDriftCorrectionforDopplerAsymmetricSpatial
HeterodyneInterferometer

SHENJing1,2,3,XIONGWei1,2,3,SHIHai-liang1,3,LUOHai-yan1,3,
FANGXue-jing1,2,3,LIZhi-wei1,3,HUGuang-xiao1,2,3,XUBiao1,2,3

(1AnhuiInstituteofOpticsandFineMechanics,HefeiInstitutesofPhysicalScience,
ChineseAcademyofSciences,Hefei230031,China)

(2UniversityofScienceandTechnologyofChina,Hefei230026,China)
(3KeylaboratoryofOpticalCalibrationandCharacterizationofChineseAcademyofSciences,

Hefei230031,China)

Abstract:Atargetsignalphaseself-correctionmethodwasproposedforDopplerasymmetricspatialheterodyne
technique.Firstbysamplingtheinterferogramframesofmonochromaticlightunderdifferentwindspeed
continuously,thephasedriftwasrecorded.Thenbyfittingthephasecurvesatdifferentspeedandcalculating
thedistancebetweentwofittinglines,thephasedriftwaseliminated.Thewinddetectionsystem was
establishedinthelaboratorytoobtainthesamplinginterferogramandcorrectthephaseerror.Theresultshows
thattheerrorisupto30.78m/satthewindspeedof60.37m/s,andthereisagreatimprovementafterphase
driftcorrectionwithaspeederrorof3.51m/s.Severalgroupsofexperimentunderdifferentwindspeedwere
conductedandthewindspeedwasretrievedwithaprecisionof2.97m/sfinally.
Keywords:Fouriertransform;Spectrumanalysis;Interferogram measurements;Phaseshift;Wind
speed
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0 Introduction
Passivewinddetectionhasbeenappliedintheupperatmospherefordecades[1].BeginningwithFabry-

Perotinterferometer,windspeedcanbecalculatedfromtheshiftofasinglefringe[2-4].Fabry-Perot
interferometerhashighsensitivity,butstringentopticalflatnessandlowetendue[2].Withthedevelopment
offield-widenedtechnique,Michelsoninterferometerwasusedinthewinddetection[5-6].Windspeedis
derivedfromfringephase.Despitethelargeetendue,onlyfourpointsaresampledusingthestepper
motor[7-8].Recentyears,DopplerAsymmetricSpatialHeterodyne (DASH)techniqueisproposedto
measurethewindspeed[9].Withoutmovingparts,DASHinterferometercanmeasurehundredsofpoints
inalargeOpticalPathDifference(OPD)interval.Ithashighetendueandcanobservemultipleemission
lines simultaneously[10-13].The typical ground-based instrument (Redline DASH Demonstration
Instrument,REDDI)hassuccessfullydetectedtheairglowintheupperatmosphere[10].Afterthataspace-
basedinstrumentMichelsonInterferometerforGlobalHigh-resolutionThermosphericImaging(MIGHTI)
isbeingdeveloped[14].

SinceDASHinterferometerheterodynesthespatialfringefrequencyaroundLittrowwavenumberof
thegratings,interferencephasedriftsobviouslyduetothechangeofLittrowwavenumber.Toeliminate
theslowdriftoftheinterferencesystem,calibrationlampisusedforsimultaneousphasetracking[11-12].
Nevertheless,ithaswavelengthdependencethatcanbefoundinthereference[12].Thecalibration
wavelengthmustbechosenveryclosingtothetargetemissionlineinordertotrackthedrifteffectively.
Forthenear-infraredairglow,itisdifficulttofindappropriatecalibrationsource.Awavelengthdifference
(thedifferenceofthetargetlineandthecalibrationline)of6.4nmcanleadtothephaseerrorof2.62mad,
whichleadstoawindretrievalerrorthatcan'tbeignored.

Theinnovativeideainthispaperistorealizethephasecorrectionbysamplingtheinterferogram
continuouslywithoutusingthecalibrationlightsource.Throughlinearlyfittingthephasecurveand
calculatingthedistancebetweenzerowindandagivenwindspeed,thephasedriftiseliminatedandthe
windspeedisretrieved.

1 Experimentalresearch
BasedontheopticalDopplertheory,therelationshipbetweeninterferencephaseshiftcausedbythe

movingairglowparticlesandOPDcanbewrittenas[3]

δϕ=2πLσ
v
c

(1)

whereLisOPD,σisthewavenumber,visthewindspeedandcisthelightspeed.Phaseshiftisobtained
bysubtractingthezerowindphase.UsingDASHtechnique,absolutephaseiscalculatedfromtheratioof
theinterferenceimaginaryandrealpart[9].
  TheschematicisshowninFig.1[9].Airglowin
theupperatmosphereentersthebeamsplitterafter
collimatedbylens1 (L1).Theparallellightis
dividedintotwobeams.Thetransmittedbeamand
reflected beam travelto the surfaces oftwo
gratings(G1 and G2)andcomebacktobeam
splittertoformthefringepattern.Usingimaging
lenses(L2andL3)thefringeiszoomedonCCD
detector.ThedifferencebetweenDASHandSHS
techniqueistheOPD (Lopt)introducedbyone
arm'soffsetofΔd. Fig.1 SchematicofaDASHinterferometer

Lopt=2Δd=
1
2πσD

σD=σ0
kT
mc2

(2)
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whereσDisthelinewidth,Tisthetemperature,
m isthe massoftheemitter,σ0isthe wave
numberofthelinecenter,andkistheBoltzmann
constant.

Inthisarticle,aDASHinterferometerthat
usedtodetecttheO2A-bandairglowisdeveloped.
Theinterferometerisdesignedwithdoublearm
structureinordertosatisfythelargeLopt(Lopt=
6.15cmbasedonEq.(2)).Itisrealizedbyadding
alargespacerbetweentheprismandgratinginthe
longarm.
  Theinterferometercontainsfourcomponents: Fig.2 SchematicoftheDASHinterferometer
abeamsplitter,twofield-widenedprisms,spacersthatmadeoffusedsilicaandtwodiffractiongratings
whicharereplicatedonfusedsilicasubstrate.IntheDASHinterferometer,thesignalissplitintwo
beams.Lightbeaminthelongarmtravelstothesurfacesofgratingviafield-widenedprismandalong
spacer.Atthesametimelightbeamintheshortarmtravelstogratingviafield-widenedprismandashort
spacer.Theycomebacktobeamsplitterandformthefringepattern.Themainparametersareshownin
Table1.

Table1 DesignparametersofDASHinterferometer

Parameter Value
Beamsplitter Size/mm 50×50

Spacer1
Thickness/mm
Bottomangle/(°)

10
77.5379

Prism(Silica)

Refraction
Thickness/mm

Bottomangle-α1/(°)
Bottomangle-α2/(°)
Apexangle/(°)

1.4539862@766.49nm
11

77.5379
85.3692
17.0929

Spacer2 Thickness/mm 7
Spacer3 Thickness/mm 62

Grating
Groovedensity/(gr·mm-1)

Littrowangle/(°)
600
13.1264

Scaling 0.621

  ThePotassiumHollowCathodeLamp(HCL)ischosenfortheirisolatedemissionlinesinthepass
bandnearthewavelengthsemittedbyexcitedoxygenintheupperatmosphere.Thefilterwasdesignedto
providea15nmbandFWHMintheregion.ThedataiscollectedonaCCDcamera,whichcontainsa
monochromatic1024pixel×1024pixel.The2.2cmimagesofthefringelocalizationplane,whichis
locatednearthegrating,arefocusedontothecamerawithacommerciallenswith×0.6magnification.
  Tovalidatethewinddetectionabilityinthe
laboratory,Dopplerwheelisdesignedtoproduce
thewavenumbershift.Theretro-reflectingtapeis
coveredonthedisksothattheincidencebeamcan
gobacktothesystemonthesamedirection(Fig.
3).Whenthediskisdrivenbythemotorata
rotatingspeedn,thereflectedbeamwillcarrythe
speedas

v=4πnrcosα (3)
whereristhedistancefromlightbeamtotheplate
center,αistheanglebetweenopticalaxisand

Fig.3 Schematicoftheexperimentalsetup

disk.Thewavenumberofthelightsourcewillshiftas
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δσ=σ0·v/c (4)
whereσ0iswavenumberoflightandcisthevelocityoflight.

Relyingontheinstrumentsabove,thelaboratorysystemtodetecttheDopplershiftisestablished.
Theexperimentismainlycomposedbythepre-shiftdeviceandinterferometersystem.Lightfrom

HCLiscollimatedbylens1.Theparallelbeamtravelsthroughabeamsplitterandthenreachesthe
Dopplerwheel.Coatingwitharetro-reflectingtapeontheplate,lightreturnsbacktothebeamsplitter
alongthesamedirection.Theparallelbeamiscollectedbylens2.Afterenteringtheinterferometersystem
andformsthefringe,theinterferogramisrecordedbytheCCDdetector.

2 Phasedriftcorrectionmethod
AccordingtoEq.(1),thephasesensitivityoftheDASHinterferometeris0.0034radat1m/s.To

detectsuchsmallphasechange,thelightsourceusedinthelaboratorymustbestableenough.Potassium
hollowcathodelamp (HCL)ischosen withthetargetemissionlineof766.49nm.Thezero wind
interferogramwassampledwhentheDopplerwheelwasstillandashiftinterferogramwassampledwhen
theDopplerwheelrotatedat3600RPM (60.37m/s).Thephaseshiftcurvewascalculatedbasedonthe
functioninRef.[9].
  Itis noted that 20 groups of single
measurementatthesamewindspeed(60.37m/s)
wereconductedindependently,whichisshownin
Fig.4asthephasecurveswithdifferentcolors.
Ignoringtheobviouslydistortionatbothendsdue
totheconvolutionofthewindowfunction,the
phaseshiftcurveshaslargeuncertaintyamong
differentexperiments.Forexample,thephase
differenceatLopt=12.29cmvariesfrom0.2077to
0.2285radamongthetwenty measurements,
whichiscorrespondingtoaspeeduncertaintyof
6.12m/s.Itisprobablycomesfromtheslowdrift
ofthesystem sincetheenvironmentalchanges
duringsamplingtheinterferogram.

Fig.4 TherelationshipbetweenOPDandthephaseshift

  Thereforeamethodisproposedtoeliminatethedriftintheabsolutephase.TheCCDdetectoris
configuredascontinuoussampling.TheinterferogramseriesI0underzerowindspeedissampledwiththe
lengthofN.ThentheinterferogramseriesIvunderagivenwindspeedissampledwiththesamelength.
TheabsolutephaseatLoptwascalculatedandexpressedas

ϕ0=[ϕ01ϕ02ϕ03…ϕ0(N-1)ϕ0N]

ϕv=[ϕv1ϕv2ϕv3…ϕv(N-1)ϕvN]
(5)

whereϕ0istheabsolutephaseat0m/sandφvistheabsolutephaseatspeedofv.
Theleastsquaremethodisusedtofittheabsolutephasecurves(ϕ0andϕv)andwecangetthelinear

fittingfunctionas
y1=k1x+b1
y2=k2x+b2

(6)

wherexistheframenumberofthesampledinterferogram,k1andk2istheslopeofthefittingphaseofφ0

andϕv.Itisnotedthattheslopek1,k2indicatesthephasedriftserror.Intheperfectsituation,k1=k2=0
andthephaseshiftδϕ=b1-b2.Whilethesystemerror,randomnoiseandthetemperaturechangeofthe
environmentallleadtothephasechange.SinceI0andIvissampledcontinuously,phasedriftofk1andk2
hassimilartrend.Thereforebycalculatingthedistancefromthemiddlepointofy2(xm,ym)toy1,the
phaseshiftcanbeobtainedwithoutphasedrifterror.

δϕ=
k1xm-ym+b1

k21+b21
(7)

whereδϕisthephaseshift.Accordingtothedistanceofpointtolinefunction,thephaseshiftcanbe
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calculatedinEq.(7).

3 Result
  Based on the method, a group of
interferogram wassampledtocorrectthephase
driftand achieve the wind speed with high
precision.Inthelaboratory,thePotassiumhollow
cathodelampwasstartedat10mAandtheCCD
detectorwascooledto-40℃.Theintegraltime
was0.5swithatotalsamplinglengthof120.To
keep a relative stable environment,the air-
conditionwasclosedwhentheroomtemperature
was25℃ (outsidetemperaturewas35℃).First,
50framesofinterferogramat0m/sweresampled
continuously.ThentheDopplerwheelwasstarted
toastablerotatingspeedof3600 RPM and Fig.5 Therealpartofthecomplexinterferogram

50framesinterferogramat60.37m/sweresampledagain.Itisnotedthat10swascosttoadjustthemotor
rotatingspeedduringwhich20framesofinvalidinterferogramswerealsosampled.WiththeFourier
Transformation(FT)andInverseFourierTransformation(FT-1),thecomplexinterferogramwithshift
isachieved.Fig.5showstherealpartofthecomplexinterferogramfrom50frameand71framewhichis
correspondingtothezerowindspeedand60.37m/swindspeed.

Thefringenumberof766.49nmis73.ItisdifficulttodistinguishthefringeshiftinthefullOPD
area,ascanbeseeninFig.5.Thusafringeperiod(intherighttopcorner)ispickedupfrom12.195cmto
12.220cmtoseethefringeshiftcausedbytheDopplerwindspeedclearly.EventhoughtheDASH
interferometerisdesignedwithlargeoffset,thefringeshiftisstillsmall.Thereforethephaseshiftissmall
andthesystemerrorhasasignificanceinfluenceonthewindretrieving.
  Generally,theabsolutephaseatLoptwasused
toretrievethewindspeed.Throughrowaverage
phase value can be obtained from a single
interferogram.Thephasecurveisdividedintothree
parts whichiscorrespondingtothesampling
processdescribedinthelastparagraph.Despitethe
adjustingprocessoftherotatespeedfrom51to
70frames,itisindicatedthattheabsolutephase
decreaseslinearlywiththesampling.Itiscaused
bythedecreasingoftheLittrowwavenumber.By
fittingtheabsolutephasecurveusingleastsquare
method,thefunctionisshownintheleftcornerof
Fig.6.Roundsymbollineisthephasecurveat

Fig.6 TimeseriesoftheaveragephaseatLoptfora
singleinterferogram

60.37m/s;Line1isthefittingcurveoftheformal50frames;Line2isthefittingcurveofthelatter
50frames.

Sincethesamplingtimelastsfor2min,thesystemdriftwasregardedasuniformity.Thereforethe
slopeofthefittingcurveat0m/s(k1)isapproximatelyequaltotheslopeofthefittingcurveat60.37m/
s(k2).Theslopedifference(k1-k2)is0.85mradthatleadstoawindspeederrorof0.25m/s.Itiscaused
bytherandomnoiseandcanbenegligibleforthismeasurement.

Followingthephasedriftcorrectionmethodabove,themiddlepointofy2is(95,223.8000)andthe
phaseshiftis0.2146rad.Withoutcorrection,themeanvalueofthephaseserieswasregardedasthe
absolutephaseatagivenspeedandthewindspeediscalculatedasthefollowingTable2

5-3001090
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Table2 Phaseandwindretrievalbeforeandaftercorrection

Phaseshift/rad
Retrievedwind
speed/(m·s-1)

Absolutewind
speed/(m·s-1)

Beforecorrection 0.1006 29.59 30.78
Aftercorrection 0.2146 63.88 3.51

  Table2showsthatthewindspeedprecisionis
improvedobviouslybasedonthemethod.Sincethe
Dopplerwheelcanbeusedtosimulateawindspeed
inthelargerange,severalgroupsofexperiment
underdifferentwindspeedwereconductedinthe
laboratory.

The wind speed was simulated in the
laboratoryfrom33.75m/sto75.75m/susingthe
Dopplerwheel,showinFIg.7.Theretrievedwind
speedfrom thechangeoffringephase (round
symbolcurve)showsa good agreement with
simulated wind.The meanerrorofthetwelve Fig.7 Theretrievedwindspeed

groupsofmeasurementsis2.97m/s.Itisshownthatbycorrectingthedriftusingthelinearfitting
method,thewindcanberetrievedwithhighprecision.

4 Discussion
Itisindicatedthatthephasedriftcorrectionmethodaccordingtoaseriesofinterferogramissuitedfor

theexperimentalvalidationinthelaboratorywhereonlyonelightsourceisused.Whileintheoutside
detection,wecancombinethismethodwiththephasedrifttrackingbythecalibrationlinetogethertoget
higherwindprecision.Bysamplingtheinterferogramcontinuously,thephasedriftscanbecorrected.
Thereforealooselytemperaturecontrollingcanmeetthedemand.However,inordertocalibrationthe
systemparameterssuchastheLittrowwavenumber,atemperaturecontrolleroftheinterferometerwith
theprecisionof0.1℃isneeded.

5 Conclusion
ItisknownthatsmallphaseerrorcanleadtothewindretrievingerrorbasedontheDoppler

AsymmetricSpatialHeterodyne(DASH)technique.Wehaveshowninthisarticleanewmethodtotrack
andcorrectthephasedriftwithoutusingthecalibrationline.Bysamplingtheinterferogramcontinuously
atdifferentwindspeed,thephasedriftwhichisexpressedastheslopeofphasecurvecanberecorded.Itis
correctedthroughcalculatingthedistancefromthemiddlepointoffittingcurveatagivenspeedtothe
fittingphasecurveatzero windspeed.Tovalidatethephasedriftcorrection method,theDASH
interferometerwasdesignedandthewinddetectionsystem wasestablishedinthelaboratory.The
measurementwasmadebysimulatingthewindspeed(60.37m/s)withaDopplerwheel(3600RPM).The
phasedriftisfittedwithaslopeof-0.0019.Thephaseshiftis0.2146radandthewindspeedisretrieved
withanerrorof3.51m/s.Itisnotedthattheslopeoftwophasefittingcurveshasadifferenceof0.85
mradduetotherandomnoiseofthesystem.Itleadstoawindspeederrorof0.25m/sandwasignoredin
themeasurement.Usingthismethod,severalgroupsofmeasurementswereconducted.Theexperimental
measurementcoveredthewindspeedfrom33.75m/sto75.75m/sandtheresultsshowsanaveragewind
errorof2.97m/s.Itissuggestedthatthephasedriftcorrectionmethodiseffectiveineliminatingthephase
errorandcanbeusedtogetherwithacalibrationlamptogethigherwindretrievingprecision.
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