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基于二元互补调制模式的波前重构
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摘 要:为了提高波前探测过程中的波前采样频率,提出了一种基于二元互补模式的波前重构方法.该
方法利用二元互补调制模式下获得的远场焦点光强信息对光场实部进行重构,进而通过光束的光强分

布对光场虚部进行重构.该方法避免了额外调制模式的使用,将波前重构过程中所使用的调制模式的数

量缩减为原有方法的2/3,提升了波前采样频率.通过数值仿真对光强分布不均匀的待测光束的波前进

行了重构,并利用实验对倾斜像差进行了测量重构,验证了该方法的可行性.
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Abstract:Inordertoimprovethewavefrontsamplingfrequencyinwavefrontdetection,awavefront
reconstructionmethodbasedontwoelementcomplementarymodeisproposed.Themethodreconstructs
therealpartofthelightfieldbyusingthefarfieldfocallightintensityobtainedunderbinary
complementarymodulationmode,andthenreconstructstheimaginarypartofthelightfieldthroughthe
lightintensitydistributionofthebeam.Themethodavoidstheuseofadditionalmodulationmode,which
reducesthenumberofmodulationmodesusedintheprocessofwavefrontsamplingto2/3oftheoriginal
method,andimprovesthewavefrontsamplingfrequency.Thewavefrontofthebeam withuneven
intensitydistributionisreconstructedinthenumericalsimulation,andthetiltaberrationisreconstructed
byexperiments,whichverifythefeasibilityofthemethod.
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0 Introduction
Wavefrontsensingplaysanindispensableroleinmodernoptics.Itiswidelyusedinopticaltesting,

ophthalmologyandadaptiveoptics.Presently,mostoftheavailablewavefrontsensingtechniquesinclude
theShack-Hartmannsensor[1-3],curvaturesensing [4-6]andphaseretrieval[7-9].Thesewavefrontsensing
methodsacquirethewavefrontbyanalyzingtheintensitydistributiondetectedwitharraydetectors.The
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arraydetectorsalsohavesignificantlimitationsinspeed.Itrestrictsthestepofapplyingthesetechniquesto
detectingthewavefrontwhichisstochasticandvaryrapidly.Meanwhile,alargeamountofdatais
producedinmeasurement.Thetransmissionandoperationofthemassdataalsoconsumealotoftime.

However,thewavefrontsensingmethodbasedonsingledetectorcandealwithitwell.Singledetectors
usuallyhavematuremanufacturingprocessandoutstandingperformanceinpractice.Itcanworkswellat
highspeed.Meanwhile,fullaperturelightisfocusedinthewavefrontsensingmethod.Sothefocuslight
intensitycontainsthe wavefrontinformation ofthe wholeaperture.Moreeffective measurement
informationcanbeacquiredinthemethod.Basingonthestudyresultsinexistence,asfewasdozensof
signalscanrealizethewavefrontreconstruction[10-11].Inordertoexplorethewavefrontsensingmethod,a
greatdealofresearchhasbeendone[10-14].Thewavefrontsensingmethodthroughmeasurementsofbinary
aberrationmodesisoneofthevaluabledirections.Itrealizeswavefrontsensingbyacquiringtheexpansion
coefficientsoftheaberrationmodesdirectly.Basedonspatiallightphaseorintensitymodulation,many
researcheshaveshownitsgreatworth[10-11].But,thetraditionaliterativealgorithmandoptimization
strategycannotreconstructwavefrontaccuratelyandquickly.Non-uniquenessandslowconvergencelimits
itsuse.Althoughthemethodrealizingwavefrontreconstructionbyaddingextramodulationpatternscan
realizewavefrontreconstructionquicklyandprecisely,theaddedextrapatternsmeanthatextratimeis
consumed[14].

Here,awavefrontrconstructionmethodisintroducedbasedonbinarycomplementarymodulation
modes.Inthemethod,complementarymodulationmodesareusedtomodulatetheincidentlightandthe
focuslightintensitiesareacquiredtoreconstructtherealpartoftheopticalfield.Thentheintensity
distributionoftheincidentlightisintroducedtodeterminetheimaginarypart,whichreducesthenumber
ofthemodulationfunctionsusedinthemodulation.Theincidentwavefrontisreconstructedquicklyand
preciselywhilethenumberofthemodulationfunctionsisreduced.Thefeasibilityofthemethodis
validatedwithnumericalsimulationandexperiment.

1 Principleofwavefrontsensing
TheopticalarrangementofthewavefrontsensorisshowninFig.1.Inthisschematicarrangement,the

incidentlightismodulatedwithDigitalMicromirrorDevice(DMD)firstly.Thenthemodulatedlightbeam
isfocusedwithfocusintothepinhole.ThePhotodiode(PD)isusedtodetectthelightintensityofthefocal
point.

Fig.1 Schematicsetupfortheproposedwavefrontsensingmethod
  Intheopticalarrangement,DMDworksasthespatiallightmodulator.Itconsistsofanarrayof
movingmicromirrors,asshowninFig.2[15].

Fig.2 ThemicromirrorarrayofDMD
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  Eachmicromirrorcanberotatedtoeithera+12°or-12°positionsalongthediagonaldirection.It
actsasanon/offswitchandproducestwomodulationstate,lightonandlightoff.Sothemodulation
functionscanbeexpressedwiththesefunctionswhichhavetwovalues,0and1.TheWalshfunctionsarea
seriesofbinaryandorthogonalfunctions[16-17].Theyalsohaveonlytwovalues,-1and1.Sotheycan
expressmodulationfunctionsbysimplelinetransformation.Inordertoexpressthemodulationfunctions
oftheopticalfieldoveracircularaperture,thetwo-dimensionalWalshseriesforthepolarcoordinateare
necessary.Theyaregeneratedbythesegmentsformedbydividingtheazimuthangleandtheradiusover
thecircularaperture[10].Fig.3showstheWalshfunctionswiththecirculardividedinto16segments[14].

Fig.3 TheWalshfunctionsforthepolarcoordinatewhenthecircularapertureisdividedinto16segments

  AccordingtotheFourierdiffractiontheory,theamountoflightintheidealfocalpointcollectedfrom
anincomingopticalfieldE(x,y)canbegivenby[12]

I=D0·∬
A

E x,y( )dxdy
2

=D0·∬
A

Aeiφdxdy
2

(1)

whereAandφaretheamplitudeandphaseoftheincidentlight,D0isaconstant.Theincidentopticalfield
isexpandedwiththeWalshseriesasfollows

E(x,y)=Aeiφ =Acosφ+i·Asinφ=􀰐
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whereindexlcanbeanyintegerfrom0toN,WlisthelthWalshfunction,alandblarethelthWalsh
functionexpansioncoefficientsoftherealpartandtheimaginarypartoftheopticalfield,and

Bl=al+i·bl (3)
Thecomplementarymodulationfunctionsaregeneratedto modulatetheincidentopticalfield,as

follows

Tk=
1+Wk

2

T'
k=1-Tk=

1-Wk

2

ì

î

í

ï
ï

ï
ï

(4)

wheretheindexkcanbeanyintegerfrom0toN,Wkisthekth Walshfunction.TkandT'
karethe

complementarymodulationpatternsproducedbasedonWk.AsdiscussedinRef.[14],modulatingthe
incidentlightwiththemodulationfunctionsshowninEq.(4),thelightintensitiescollectedwithPDcan
bewrittenas
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Andtheexpansioncoefficientsoftherealpartandtheimaginarypartoftheopticalfieldcanbewrittenas
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(6)

Bynow,thecoefficientsoftherealpartoftheopticalfieldisdeterminedandtherealpartcanbe
reconstructedby

Acosφ= D0·􀰐
N

l=0
alWl (7)

where D0isunknown.Asabovediscussed,thecoefficientoftheimaginarypartoftheopticalfield,b0,
iszero.Whenl≥1,themeanofWliszero.Itmeanstheaveragevalueoftheimaginarypartiszero.
Consideringthattheopticalfieldiscontinuous,thereisapointwhoseimaginarypartvalueequaltozeroor
approximatelyzerointheopticalfield.Theabsolutevalueofcosφis1.SothevalueofD0canbeacquired
basedon

D0=[max 􀰐
N

l=0
alWl/A( ) ]

2 (8)

ModuliofbothsidesofEq.(2)equaltoeachother,whichcanbedescribedwith

A2=D0[(􀰐
N

l=0
blWl)

2
+(􀰐

N

l=0
alWl)

2] (9)

whereA2isthelightintensitydistributionoftheincidentlight.TheEq.(9)establishesarelationship
amongthelightintensitydistributionandthecoefficientsoftherealandimaginarypartoftheopticalfield.
ItcanberegardedasthequadricmultipleequationandblisunknownvariableoftheEq.(9).And
consideringlcanbeverylarge,itwouldbehardtosolveEq.(9)directly.

ConsideringthatonlythesignofblisunknownandtheabsolutevalueofblisdeterminedinEq.(9).
Fordifferentsignofbl,differentopticalfieldcanbeacquired.Butonlywhenallthesignofblisright,
couldEq.(9)betenable.Sothedeterminationofthesignofblcanbetransformedintothesolutiontothe
minimizationof

d
∧

=
A2

D0
-(􀰐

N

l=0
blWl)

2
-(􀰐

N

l=0
alWl)

2

2
(10)

ThesolutionofEq.(10)isdifferentwiththetraditionalcommonoptimization.TheonlyuncertaintyinEq.

(10)isthesignsofbl.Sothesignofblcanbedeterminedquickly.Theminimizationofd
∧

canbegotten
justbychangingthesignsofbl.Meanwhile,thesignofblisdetermined.Thentheimaginarypartofthe
opticalcanbedescribedas

Asinφ= D0􀰐
N

l=0
blWl (11)

Bynow,theopticalfieldisreconstructed.Thewavefrontcanbeexpressedas

φ=i-1ln(􀰐
N

l=0
BlWl/A) (12)

ThewavefrontacquiredbyEq.(12)iswrappedanditsrangeis[-π,π].Sophaseunwrappingisrequired
forreconstructingthewavefront.BasedontheNyquistsamplingtheory,wecanreconstructadiscrete
wavefrontwhichissimilartotheincidentwavefrontwhenthephasedifferenceoftheneighboringsegments
ofφislessthanπ

[18].Afluentwavefrontcanbedeterminedbytransformingthediscretewavefrontintoa
smoothingwavefrontexpressedwiththeZernikepolynomials[19].

Inthewavefrontreconstructionmethod,thewavefrontreconstructionprocedureisasfollows:1)The
calculationofthefocalintensities.Thecomplementarymodulationfunctions,TkandT'

k,generatedbased
onWalshfunctions,Wk,areusedtomodulatetheincidentlight.Andthefocalintensities,IkandI'

k,are
calculated.2)Therealpartreconstruction.Thecoefficientsoftherealpartandtheabsolutevalueofthe
coefficientsoftheimaginarypartcanbedeterminedbythefocalintensities.Therealpartcanbe
reconstructedwiththecoefficientsoftherealpart.3)Theimaginarypartreconstruction.Aconstrainton
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theimaginarypartisbuiltbasedontherelationshipbetweenthelightintensitydistributionandthe
imaginarypart.Thenanequationisbuilttodeterminethesignofthecoefficientsoftheimaginary.The
imaginarypartcanbereconstructedwiththecoefficients.4)Wavefrontreconstruction.Adiscreteand
wrappedwavefrontcanbeacquiredfromthereconstructedopticalfield.Thenanaccuratereconstruction
wavefrontcanbeacquiredbyphaseunwrappingandsmoothing.

2 Numericalsimulation
Anincidentwavefrontisproducedwiththefirst35Zernikepolynomialsdependingonthepower

spectrumoftheKolmogorovmodelforatmosphericturbulence[20].Fig.4showsthesynthesizedincident
wavefront.Fig.4(a)istheincidentwavefrontandFig.4(b)istheamplitudeoftheopticalfieldandthe
valueoftheamplitudeis1.Fig.4(c)andFig.4(d)aretherealpartandtheimaginarypartoftheoptical
field.

Fig.4 Incidentopticalfield

  Themodulationpatternsaregeneratedfromthefirst256WalshseriesaccordingtoEq.(4).These
patternsareusedtomodulatetheincidentopticalfield.Thelightintensitiesdetectedwiththephotodiode
inthefocalpointcanbecalculatedbasedonEq.(1).TheselightintensitiessatisfythenonlinearEq.(5).
Bysolvingtheseequations,theexpansioncoefficientsoftherealpartandtheabsolutevalueofthe
coefficientsoftheimaginarypartcanbecalculatedbasedonEq.(6).Therealpartoftheopticalfieldcan
bereconstructedbasedonEq.(7).Fig.5(a)showsthereconstructedrealpartoftheopticalfield.Thenby
solvingEq.(10),thesignsoftheexpansioncoefficientsoftheimaginarypartcanbedetermined.

Accordingly,thevalueofd
∧

is0.0455.Theimaginarypartoftheincidentopticalfieldcanbereconstructed
andFig.5(b)showsthereconstructedimaginarypart.BasedonEq.(12),theincidentwavefrontcanbe
reconstructed,asshowninFig.5(c).
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Fig.5 Thereconstructedwrappedanddiscretewavefront

  ItcanbeseenfromFig.5(c)thatthereconstructeddiscretewavefrontisawrappedanddiscrete
wavefrontanddifferentwiththeincidentwavefront.Inordertoacquireaccuratewavefront,thewrapped
anddiscretewavefrontisunwrapped,asshowninFig.6(a)[17].

Fig.6 Unwrappeddiscretewavefront

  Consideringtheincidentwavefrontiscontinuous,itisnotagoodideatodescribetheincident
wavefrontwiththeunwrapped discrete wavefrontdirectly.Soin ordertoacquire moreaccurate
reconstructedwavefront,wedothesmoothingonthediscretewavefront.Fig.7(a)showsthesmoothed
wavefrontandFig.7(b)istheresidualwavefront.ItcanbeseenfromFig.7(b)thatbothPVandRMSof
theresidualwavefrontisverysmall.Theincidentwavefrontisreconstructedaccurately.

Fig.7 Reconstructedcontinuouswavefront
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  Inordertovalidatethefeasibilityofthemethodmorefully,100stochasticwavefrontareproducedand
reconstructedwiththemethod.Fig.8showsthewavefrontreconstructionresult.Theverticalordinateis
theratiooftheRMSoftheresidualwavefrontandtheRMSofthestochasticwavefront.Horizontal
ordinateiswavefrontreconstructiontime.Itcanbeseenfromthatthestochasticwavefrontcanbe
reconstructedcorrectly.

Fig.8 Theerrorofwavefrontreconstruction

  Thelightintensitydistributionoftheincidentmaybenotuniform.Inordertoresearchthefeasibility
ofthemethod,wavefrontreconstructionissimulated.Fig.9showsthewavefrontreconstructionwith
unevenlightintensitydistribution.

Fig.9 Wavefrontreconstructionwithunevenlightdistribution

  ItcanbeseenfromFig.9thatthewavefrontreconstructionmethodworkswellwithunevenlight
distribution.

3 Erroranalysisofwavefrontreconstruction
ThesameincidentwavefrontisreconstructedwiththeexistingmethoddescribedinRef.[14],as

showninFig.10.Meanwhile,thevalueofd
∧

0calculatedbasedonEq.(10)anditsvalueis0.0457.The

valueofd
∧

0islargerthanthevalueacquiredintheproposedmethod.Buttheexistingmethodprovides
analyticsolutionsoftheexpansioncoefficientsoftheopticalfield.Andthesimulationresultshowsthatthe
wavefrontreconstructionaccuracyoftheexistingmethodishignerthanthatoftheproposedmethod.It
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meansthatthesignoftheexpansioncoefficientsoftheimaginarypartwhend
∧

reachesitsminimum.

Fig.10 Reconstructedwavefrontandresidualwavefront(PV=0.00041λ,RMS=0.000033λ)

  AsshowninEq.(2),theopticalfieldisexpressedwithWalshfunctions.Itmeanstheopticalfieldof
singlesegmentisequalintheexpression.Accordingly,thelightintensityandphaseisequaltoo.Wecan
getthat

∬
S1

Aeiφdxdy=∬
S1

A1eiφ1dxdy (13)

whereS1isthesquareofthesegment.A1andφ1aretheequivalentamplitudeandphase.Consideringthe
valueofφisfluctuantslightly,wecangetthat

∬
A1

eiφdxdy <∬
A1

eiφ1dxdy (14)

Theequivalentamplitudechangesasφfluctuates.Fig.11showstheequivalentlightintensitydistribution.
Itcanbeseenthattheequivalentlightintensitydistributionisnotequalanymore.

Fig.11 Equivalentlightintensitydistribution

  WesetthevalueofA2inEq.(10)tobethelightintensitydistributionshowninFig.11andoptimize

thevalueofd
∧

.ThereconstructedwavefrontisshownasFig.12.
BycomparingFig.12(b)withFig.10(b),theproposedwavefrontmethodcanacquiresamewavefront

reconstructionprecision.Itdemonstratethatthewavefrontreconstructionerroroftheproposedmethodis
fromthenonuniformlightintensitydistributioncausedbythephasefluctuatinginsinglesegment.But
consideringthesquareofeachsegmentusuallyisverysmall,thephasefluctuatingisverysmallinsingle
segmentaccordingly.Sothereconstructedwavefrontacquiredbytheproposedmethodisaccurateand
reliable.
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Fig.12 Wavefrontreconstructionbasedontheequivalentlightintensitydistribution

4 Experiment
TheexperimentalapparatusisshowninFig.13.ThelightbeamismodulatedwithDMDandfocused

withlens.Thenapinholeisplacedinthefocuspointtofilterthelightandthephotodiodeisusedto
detectedthelightinthepinhole.

Fig.13 Experimentalsetupforwavefrontsensing

  Atiltaberration(PV=0.67λ,RMS=0.17λ)isintroducedintotheincidentwavefrontandthelight
intensitiesaredetectedwithphotodiode.Fig.14(a)showsthereconstructedwavefronttiltaberration.It
canbeseenthattheRMSoftheresidualwavefrontislessthan0.2timesoftheRMSoftheincident
wavefront.Thetiltaberrationisreconstructed.Thefeasibilityofthemethodisvalidated.

Fig.14 Tiltaberrationreconstruction
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5 Conclusion
Awavefrontreconstructionmethodbasedonbinarycomplementarymodulationmodesisproposed.

Theexpansioncoefficientsoftheimaginarypartoftheopticalfieldaredeterminedbasedonthelight
intensity distribution in the method.The wavefront reconstruction method realizes wavefront
reconstructionprecisely.Andthesamplingfrequencyoftheproposedmethodis1.5timesofthemethod
describedinRef.[14].Thenumericalsimulationsandexperimentsalsoprovethefeasibilityofthemethod.
References
[1] LIANGJ,GRIMMB,GOELZS,etal.Objectivemeasurementofwaveaberrationsofthehumaneyewiththeuseofa

Hartmann-Shackwave-frontsensor.[J].JournaloftheOpticalSocietyofAmericaA,1994,11(7):1949.
[2] HARDYJW,THOMPSONL.Adaptiveopticsforastronomicaltelescopes[J].PhysicsToday,2000,53(4):69-69.
[3] RAO C,JIANG W,LING N.Atmosphericcharacterization with Shack-Hartmann wavefrontsensorsfornon-

Kolmogorovturbulence[J].OpticalEngineering,2002,41(2):534-541.
[4] RODDIERF.Curvaturesensingandcompensation:anewconceptinadaptiveoptics[J].AppliedOptics,1988,27(7):

1223.
[5] RODDIERFJ,GRAVESJE,LIMBURGEJ.Seeingmonitorbasedonwavefrontcurvaturesensing[C].SPIE,1990,

1236:474-479.
[6] YANGQ,FTACLASC,CHUNM.Wavefrontcorrectionwithhigh-ordercurvatureadaptiveopticssystems[J].Journal

oftheOpticalSocietyofAmericaA:OpticsImageScience& Vision,2006,23(6):1375-1381.
[7] GERCHBERGR W,SAXTON W O.Phasedeterminationforimageanddiffractionplanepicturesintheelectron

microscope[J].Optik-InternationalJournalforLightandElectronOptics,1971,34:275-284.
[8] GERCHBERGRW.Apracticalalgorithmforthedeterminationofphasefromimageanddiffractionplanepictures[J].

Optik,1972,35:237-250.
[9] TESCHERAG.Wavefrontsensingbyphaseretrieval[C].SPIE,1982,207:32-39.
[10] WANGF.Wavefrontsensingthroughmeasurementsofbinaryaberrationmodes[J].AppliedOptics,2009,48(15):

2865-2870.
[11] WANGS,YANGP,AOM,etal.Wavefrontsensingbymeansofbinaryintensitymodulation.[J].AppliedOptics,

2014,53(35):8342-8349.
[12] BOOTHMJ.Wavefrontsensor-lessadaptiveoptics:a model-basedapproachusingspherepackings[J].Optics

Express,2006,14(4):1339-1352.
[13] SONGH,FRAANJER,SCHITTERG,etal.Model-basedaberrationcorrectioninaclosed-loopwavefront-sensor-

lessadaptiveopticssystem[J].OpticsExpress,2010,18(23):24070-24084.
[14] PANGB,WANGS,CHENGT,etal.Wavefrontreconstructionalgorithmforwavefrontsensingbasedonbinary

aberrationmodes[J].ChinesePhysicsB,2017,26(5):153-159.
[15] RIS,FUJIGAKIM,MATUIT.etal.DMDcameraanditsapplicationstofringepatternanalysis[C].Proceedingsof

theSEMAnnualConferenceandExpositiononExperimentalandAppliedMechanics,2007,3:1462-1468
[16] WALSHJL.Aclosedsetofnormalorthogonalfunctions[J].AmericanJournalofMathematics,1922,45(1):5-24.
[17] BEAUCHAMPKG.Walshfunctionsandtheirapplications[J].ProceedingsoftheIEEE,1975,65(2):285-285.
[18] SALAHK.Two-dimensionalphaseunwrapping[J].Science,2007,310(5755):1770-1771.
[19] WANGS,YANGP,DONGL,etal.Atransformationapproachforaberration-modecoefficientsofWalshfunctions

andZernikepolynomials[C].SPIE,2015,9255:92553C
[20] NOLLRJ.Zernikepolynomialsandatmosphericturbulence[J].JournaloftheOpticalSocietyofAmerica,1976,66

(3):207-211.

  引用格式:PANGBo-qing,WANGShuai,YANGPing.WavefrontReconstructionBasedonBinaryComplementaryModulationModes[J].
ActaPhotonicaSinica,2018,47(10):1011002
庞博清,王帅,杨平.基于二元互补调制模式的波前重构[J].光子学报,2018,47(10):1011002

01-2001101


