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合成孔径同轴数字全息图的相位恢复再现

丁萌,范琦,粟银,王云飞
(空军工程大学 理学院,西安710051)

摘 要:针对有缝拼接合成孔径同轴数字全息图的再现问题,通过对接缝处预先进行灰度均值填充,利

用基于角谱理论的 Gerchberg-Saxton(GS)加权改进相位恢复算法恢复相位,获得全息图记录面上的完

整复振幅信息.仿真模拟了该方法对粒子场的检测,获得的再现像与模拟粒子靶的相关系数较传统方法

得到的结果提高1倍以上,并可以有效抑制接缝处信息丢失对合成孔径同轴数字全息图再现像的影响,
实现有缝拼接合成孔径同轴数字全息图的高质量再现.
关键词:光信息处理;合成孔径;相位恢复;同轴全息图;均值填充;粒子场检测;图像传感器
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ReconstructionMethodBasedonPhaseRetrievalforSyntheticAperture
in-lineDigitalHologramswithSeams

DINGMeng,FANQi,SUYin,WANGYun-fei
(CollegeofScience,AirForceEngineeringUniversity,Xi'an710051,China)

Abstract:Thispaperproposedareconstructionmethodforthesyntheticaperturein-linedigitalhologram
withseams.Thecalculatedmeansisprefilledattheseams.ByusingGerchberg-Saxton(GS)weighted
phaseretrievalalgorithmbasedontheangularspectrum,thephaseisretrievedandthecompletecomplex
amplitudeonrecordingsurfaceisobtained.Theparticlefielddetectionissimulatedwiththismethod.The
resultindicatesthatthecorrelationcoefficientbetweenthereconstructedimageandthesimulated
particlestargetimagedoubledincontrasttothetraditionalmethod.Therefore,theinfluenceof
informationlossattheseamsiseffectivelyrestrainedandhigh-qualityreconstructedimagecanbe
achieved.
Keywords:Opticalinformationprocessing;Syntheticapertures;Phaseretrieval;In-lineholograms;
Meanfilling;Particlefielddetection;Imagesensors
OCISCodes:090.1995;100.5070;100.3010;110.1220

0 Introduction
Thankstothedevelopmentofimagesensors(ChargeCoupledDevice(CCD)andComplementary

Metal-Oxide-Semiconductor(CMOS)),digitalholographyhasbeendeeplystudiedandwidelyappliedin
manyfields,suchascellobservation[1-2],particlemeasurement[3-4],multiple-imageencryption[5-6]andso
on.Relativelytotheconventionalholography,digitalholographycanobtainquantitativeamplitudeand
phaseinformationatthesametime.However,thelateralresolutionandFieldOfView (FOV)ofthe
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digitalholographicreconstructionimagearerestrictedbythesmalltargetsurfacesizeandlargepixel
dimensionsoftheexistingimagesensors.LeClercetal.[7]werethefirsttorecordanobjectbyusingthe
syntheticaperturetechniqueinin-linedigitalholographyin2001.JH Massig[8]recordedanoff-axis
holograminthesameway.Comparatively,thein-lineholographicset-upismorefavourabletotheoptimal
utilizationofthespatialbandwidthandmorecompact.Subsequently,anextensiveresearchusingthe
syntheticaperturetechniquehasbeenattemptedinin-linedigitalholography.Amainstreammethodisthat
multiplesub-hologramsarerecordedindifferentpositionsbymovingthesingleCCDorCOMS,andthen
synthesizedintoalarge-formatone[9-12].Sinceitishighlytimeconsumingtorecordallthesub-holograms,
theabovemethodisprimarilyusedtorecordstaticobjects.Therefore,multi-chipCCDorCMOShardware
stitchingisutilizedtoshapethesyntheticdigitalhologramsindynamictestenvironment[13].

However,someseamswillappearbetweenadjacentsub-hologramsasthesynthetichologramsbecome
larger.Theinformationlossatseamswillseverelyimpairthequalityofthereconstructionresult.Hence,
theGSphaseretrievalalgorithmbasedonangularspectrumisintroduced [14].Ithasbeenmodifiedby
severalresearcherslater.GuXiangetal.[15]gaveanewinitialphaseconditionwithaweightedaverageof
theintermediatecalculatedresults.In2013,PengJin-mengetal.[16]adoptedanideathattheamplitudecan
alsobeweightedintheiterativeprocess,andtherangeofweightedcoefficientisalsogiven.

Inthispaper,anewmethodisproposedwhichcombinestheprinciplesofsyntheticapertureandphase
retrievaltoreconstructthesyntheticaperturein-linedigitalhologramswithseams.Firstly,theintensity
meansoftwooriginaldigitalhologramsarecalculated,respectively.Secondly,thecalculatedmeansare
utilizedtofilltheseams.Thirdly,theweightedphaseretrievalofimprovedGSalgorithmbasedonthe
angularspectrumtheoryisappliedtoretrievephase,inwhichtheamplitudeofseamisfiguredoutthrough
iteration.Finally,thehologramamplitudeandretrievedphaseareutilizedtoreconstructtheholographic
image.Theproposedmethodisappliedtosimulatetheparticlefielddetection.Thesimulationresultshows
thatthismethodcansatisfyboththehighresolutionandlargeFOVofdynamicmeasurement,andthe
qualityofthereconstructedimagecanalsobeenhanced.

1 Principle
1.1 Recording
  AsshowninFig.1,twosyntheticaperturein-
linedigitalhologramscanberecordedatthesame
time.Thepulsedconvergingsphericalwavepasses
throughparticletarget,andthenisseparatedinto
horizontalandverticaldirectionsbybeamsplitter
prisms.Thedirecttransmissionlightisregardedas
referencewave,andtheparticlediffractionlightis
regarded as the object wave.
Synthetic aperture digital holograms can be

Fig.1 Opticalpathdiagramforrecordingsyntheticaperture
in-linedigitalholograms

recordedbytwoCCDarraysinthecorrespondingdirections.Thedistancesfromtwohologramstoparticle
targetaredifferentandeacharrayiscomposedof9CCDsensorswithseams.
1.2 Reconstruction
  For convenience, the reconstruction is
discussedbasedon Fig.2.In Fig.2,I1,I2
representtheintensityrecordedonsurface1and
surface2,respectively.Duetotheexistenceof
seams,thelow frequency diffractionlight of
particlesinfrontofseamcouldbemissedoutby
surface1,whilesomeofthemcouldberecorded
bysurface2.Despitethelossofthelowfrequency
information, most of the high frequency
informationisstillretained.Therefore,iterative

Fig.2 SchematicdiagramoftheopticalpathinFig.1
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operationbyusingthetwogroupsofhologramscanaccuratelyretrievetheintensityandphaseinformation
inseams.Thisideahasbeenusedtoreconstructthesyntheticaperturein-linedigitalhologramwithseams
inthispaper.

Thereconstruction withtheweightedphaseretrievalalgorithm basedontheangularspectrum
theory[16]isshowninFig.3.

Fig.3 Flowchartofreconstruction
  InFig.3,F{}andF-1{}representFouriertransformandinversionFouriertransform,respectively,
angle()representstakingthephaseofthecomplexamplitude,IMrepresentsatemplatematrixwherethe
seamis1andtherestis0,nisthenumberofcalculationcycles,eisthemeansquareerrorbetween|E'1|
and I1,Nispre-setnumberofcycles,εreferstopre-seterror;H(fx,fy)representstheangular
spectrumtransferfunction,thespecificexpressionis

H(fx,fy)=[ikz 1-(λfx)2-(λfy)2] (1)
  Asin(1),kiswavevector(k=2π/λ),λiswavelength,zrepresentsthediffractiondistance,fxand
fyrefertospatialfrequenciesinxandydirections,respectively,H *(fx,fy)referstoitsconjugate
function.

2 Simulation
Toverifytheproposedmethod,thesimulationexperimentofparticlefielddetectioniscarriedout.

Thesizeofthesimulatedparticletargetisabout18mmsquareamongandtheparticlediameteris33μm,
3-1009030



光 子 学 报

wheretheparticletargetisinsizeof8192×8192pixels(ToacceleratetheoperationspeedofFouriertransform,
thenumberofdatashouldbe2N,hereis2̂13),perpixelsizeis2.2μm,asingleparticlediameteris15pixels,
thetransversespaceis5pixels.ThepartialenlargementofthesimulatedparticletargetisshowninFig.4.Thein-
linehologramofparticletargetsisachievedbythediffractioncalculations.Firstly,simulatedparticletargetis
illuminatedbyconvergingsphericalwavewithdiameterof20cm.Nexttheintensitydistributioniscalculatedatthe
distanceof6cmawayfromtheparticletargettoobtainthefirsthologramI1.Thenkeepingotherparameters
unchanged,increasingthedistanceby0.5mm,andanotherhologramI2isfinallyobtained.Fig.5showsthe
opticalpathofthesimulationexperiment.

Fig.4 Thesimulatedparticletarget(partialenlargement) Fig.5 Thediagramofsimulationexperimentalset-up
  Forsimulatingtheimpactofseamsonthereconstructedimage,twooriginalhologramsarepadding
withzero.Thepaddedwidthis100pixels,namely220μm.TheprocessedhologramsareshowninFig.6
(a)and6(b).

AccordingtotheFig.3,theintensitymeanofnon-zeroregionsarecalculated,andthenthecalculated
meanisfilledintozeroregionoftwoholograms,respectively.Hologramswith“meanfilling”areshownin
theFig.7(a)and7(b).

Fig.6 Syntheticaperturein-lineholograms
without“meanfilling”

Fig.7 Syntheticaperturein-linehologramswith“meanfilling”

  Phaseretrievaliscompletedwiththetwomeanfilledholograms.Inthesimulationexperiment,cycle
indexis500,εis3×10-6,theinitialphasevalueissetwiththephaseofconvergingsphericalwaveon
CCDarray1,andweightvalueαis1.2.Afterphaseretrieval,thewrappedphasedistributionofCCD

Fig.8 Phaseretrievalresult
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array1isobtained,asshowninFig.8(a).Totesttheaccuracyofphaseretrieval,thedifferencebetween
theretrievedphaseandtheoriginalphaseiscalculated.Fig.8(b)depictsthedifferencedistributionalong
thewhitelineinFig.8(a).Inmostcases,theretrievedphaseisingoodagreementwiththeoriginalphase.
Inseamslocation(tworedcirclesinFig.8(b)),becausethereceivedinformationislessthanother
regions,thephaseretrievaleffectisalittleinferior,wheretheaverageerrorislessthan0.105rad.

ThecomplexamplitudedistributioniscomposedofretrievedphaseandintensitydistributionofCCD
array1.Itisusedtoreconstructtheholographicimagewiththeinversediffractioncalculation.Fig.9shows
theintensitydistributionofthereconstructionimage.Fig.9(b)istheenlargedimageofthewhitesquarein
Fig.9(a).Forcomparison,Fig.10showsthereconstructedimagebythetraditionalmethods,andFig.10
(b)istheenlargedimageofthewhitesquareinFig.10(a).Obviously,Fig.10showsthatmanyparticles
aresubmergedinahugeshadowandcannotbedistinguished.InFig.9,byusingtheproposedmethodthe
lostinformationattheseamscanbewellreconstruct,andtheparticlesareclearlyvisible.

Fig.9 Reconstructionresultwithproposedmethod Fig.10 Reconstructionresultwithtraditionalmethod
  Toquantitativelyanalysisqualityofreconstructedimage,theconceptofcorrelationcoefficientofthe
imageisintroduced.Weadopttheimagecorrelationcoefficient(CC)[17]asfollows

CC=
∑
M

x=1
∑
N

y=1

[g(x,y)-E(g)][g'(x,y)-E(g')]

{{∑
M

x=1
∑
N

y=1

[g(x,y)-E(g)]2}{∑
M

x=1
∑
N

y=1

[g'(x,y)-E(g')]2}}1/2
(2)

  Asin(2),g(x,y)representstheoriginalimage,g'(x,y)representsreconstructedimage,E(g)
andE(g')representtheaverageintensityoftwoimages,respectively.Thecloserto1theCCis,andthe
higherthesimilaritydegreeoftwoimagesis.TheCCcalculatedwiththeproposed methodreaches
0.83012,whilethetraditionalreconstructionmethodisonly0.40495.
  It is crucial to highlight that in the
experiment,theintensityoftheseamsisobtained
byeachiterativecalculation,notobtainedbythe
mean value which is used before iterative
calculation.Foritsrationality,werepresentthe
intensityoftheseam by weightsum ofthe
calculatedvalueandthemeanvalue:

Ei =β·mean[Ii]+(1-β)E'i  i=1,2
(3)

  Asin(3),βisweightvalue,andirepresents
differentsurfaces.Whenβis0,0.3,0.5,0.7,1,
theconvergencewithdifferentweightsareshown
inFig.11.

Fig.11 Theconvergencewithdifferentweightvalue

  Inaddition,Table1recordstheCCwithdifferentweightvalues.
FromFig.11andTable1,whenβis0(theintensityatseamsistotallyfilledwithcalculatedvalue),

algorithmconvergenceisthefastest,theerrorisminimum,andtheimagesimilaritydegreeisthehighest.
Becausetheestimatedvalueofiterativecalculationcarriesinformationoftwosurfaces,itscredibilityis
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higherthanmeanvalue.Therefore,duringthephaseretrieval,theintensityoftheseamisfilledby
iterationcalculationinsteadofthe"meanfilling".

Table1 CCwithdifferentweightvalueforthe500thtimes

Weightvalue(β) Correlationcoefficient(CC)

0 0.83012
0.3 0.80916
0.5 0.80306
0.7 0.79837
1 0.79276

3 Conclusion
Anew methodbasedonphaseretrievalwasproposedtoreconstructthesyntheticaperturein-line

digitalhologramswithseams.Inthesimulation,theCCbetweenthereconstructedimageandthe
simulatedparticlestargetimageis0.83012,whichisfargreaterthanthatofthetraditionalmethod,
0.40495.Itshowsthattheproposedmethodhasthreedistinctadvantages,i.e.,1)theopticalfield
informationattheseamshaswellbeenretrieved;2)theinterferencefromconjugateimageonthein-line
hologramhasbeenavoidedsuccessfully;3)theaperturediffractioneffectoftheseamsandframeshave
beenlargelyrestrained.Insummary,thereconstructedholographicimageisobtainedwithhighquality,
highresolutionandlargeFOV,aswellastheestimationoftheamplitudeinseamswitheachiterative
calculationvaluehasbeenoptimized.Themethodcanbealsoappliedtothecombustionfield,temperature
fieldandflowfield.
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