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帘幕式CMOS全局曝光成像技术
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(2中国科学院长春光学精密机械与物理研究所,长春130022)

摘 要:为了消除面阵CMOS航空相机高速成像时帘幕快门效应对成像质量的影响,分析了CMOS成

像原理,开展了基于高速中心式机械快门与面阵CMOS图像传感器协同工作的全局曝光成像模式研

究.建立了该成像模式下的航空高分辨率成像系统的信噪比模型与前向像移模型,并基于信噪比模型与

前向像移模型论证存在合理的曝光时间参数.设计了体积小、质量轻、电驱动、曝光时间可准确控制的高

速中心式机械快门,最短曝光时间可达1/2000s,快门效率最高达80%.对采用自主研发的国产CMOS
图像传感器的航空摄影相机参数进行验证计算,并进行直升机载人带飞拍摄实验.影像结果表明:该成

像模式曝光时间参数论证正确,影像无拉伸、扭曲及拖尾现象,相机动态传递函数为0.21(奈奎斯特截止

频率处),能够满足实际应用需求.
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DesignonGlobalImagingModeBasedonElectronicRollingShutterCMOS

SONGKe-xin1,JIAXue-zhi1,2,LIJi1,ZHANGHong-zhi1
(1ChangGuangSataliteTechnologyCO.LTD,Changchun130102,China)
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Abstract:Inordertoeliminatetheinfluenceofrollingshutteronimagequalityinhigherspeedmapping
byaCMOSairbornedigitalcamera,thecombinationimagingmodeofmatrixarrayCMOSandhighspeed
centralmechanicalshutterisemphaticallystudiedbasedonCMOSimagingprinciple.Theforwardmotion
modelandSignal-to-NoiseRatio(SNR)modelofmatrixarrayCMOSresolutionimagingsystembasedon
thecombinationimagingmodeareproposedandtheexistenceofthecorrespondingrangeofexposureis
provedundertheconditionofsuitableforwardmotionandSNRoftheairbornedigitalcamera.Asmall-
sizedelectricandexposurecontrolledaccuratelyhighspeedcentralmechanicalshutterisdesignedwith
theshortestexposure(1/2000s)andthehighestefficiency(80%).Finally,thecorrectnessoftheright
rangeofexposureisverifiedbytheexperimentalresultsoftheradiationcalibrationofanairbornedigital
camerabasedonadomesticCMOSimagesensor.Theexperimentaldataindicatesthattheparameter
provenofcombinationimagingmodeisrightandthecamera'sdynamicMTFatNyquistfrequency(91lp/
mm)is0.21whichmeetsthepracticalapplicationrequirement.
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0 Introduction
Currently,COMSandCCDimagesensor,astwocorephotosensitivedevicesofspacehigh-resolution

imagingsystemandthemaincomponentofaerialremotecamera,arewidelyusedinmanyfieldssuchas
resourcesurvey,terrainmappingandmilitaryreconnaissanceintheworld.MatrixarrayCCDimagesensor
ispopularizedtothefieldofaerialmappingcamerabecauseofitsuniquehardwaredesignbasedonglobal
exposuremode.Presently,themoreadvancedaerialmatrixarraymappingcamerasaremadeofZEISS
DMCseries,Microsoft-VexcelUltra-CamseriesandLeicaRCDseries[1].However,itcannotbeignored
thatthecomplexprocessingtechnology,leadingtolowyieldoftheproductandextremelyhighprice,is
notconducivetoitswideapplication.Meanwhile,thecomplexperipheralcircuitofCCD,andthevolume,
weightandpowerconsumptionofCCDimagesensorcannotfully meetthecurrentdemandforthe
developmentofremotesensingcameraminiaturization[2].ComparedwithCCDimagesensor,COMSimage
sensorwithlowcost,highintegration,simpleperipheralcircuit,smallvolume,lowpowerconsumption,
ismoreand morefavoredbythemarket[2-3].Particularlyinaerospacelinesweepimagingfield,the
developmentoflightandsmallspaceremotesensingpush-pullcamerarepresentedbyJilin-1seriessatellite
providesanexcellentopportunityfortheapplicationandpromotionofCMOSimagesensor.Itis
particularlyworthmentioningthat,internationallytheremotesensingcamerasrepresentedbytheADS
serieslinearraycamera,basedonCMOSimagesensors,isasgoodastheCCDareaarrayaerialcamera
representedbytheDMCseries[4].

Althoughtherevolutionofdomesticairborneremotesensingcamerasstartslate,thecontinuous
researchonlineararrayCMOSimagingtechnologybytheresearchinstituterepresentedbyChangchun
InstituteofOptics,FineMechanicsandPhysicsChineseAcademyofScience,willinevitablypromotethe
developmentoflineararrayremotesensingcamera[5-7].However,inthefieldofmobile mapping,
especiallyinthematrixarrayCMOSaerialphotogrammetry,theuniquecurtainexposuremodeofCMOS
makesimagespronetodistortionsuchasstretchandcompression,whichlimitsitspopularizationand
applicationinthefieldofhigh-endmatrixarrayaerialphotogrammetry[8].Inordertoreduceoreliminate
theinfluenceofCMOSRollingShutter(RS)onmobileimaging,extrapolationmethodandRSmodel
methodareproposedtorepairtheimage[9-10],buttheeffectwasnotsignificant.

Therefore,aglobalexposureimagingmodebasedonhigh-speedcentralmechanicalshutterandCMOS
workingtogetherisproposedinthispaper,whichfundamentallysolvesthedistortioncharacteristicsof
matrixarrayCMOSimagesensorandmakesitwidelyusedinthefieldofmatrixarraycamera.Itisofgreat
significancetoreduceproductioncostsandimproveeconomicbenefits.

1 PrincipleofCMOSimagingdistortion
  CMOSimageexistscomplexdistortioncauseofRSintheprocessofmovingandmeasuringground

Fig.1 Theschematicdiagramofdistortiongeneration
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objects,asshowninFig.1(a).TakethehorizontaldistortionasanexampleshowninFig.1(b).Afterthe
CMOSfirstlinepixelsofexposureattheinitialtime,thesecondlinepixelsareexposednexttime,so
thereisacertaindegreeofmisalignmentbetweentheadjacentlineofexposureimageoftheCMOSduring
thetimeinterval.Untiltheendofthelastlineofexposure,thefinalimageisanobliquelystretchedimage
resemblingadiamondframe.

2 CooperativemodeofshutterandCMOS
Theaerialmappingcameraismainlycomposedofanopticallens,ahigh-speedcentershutter,an

matrixarrayCMOSimagesensor,aninertialmeasuringdeviceIMUandapositioningsystemPOS,as
showninFig.2(a).TheimagingmodeisthatalltheCMOSpixelsareexposedatacertainmomentby
controllingtheexposuretimeofeachpixel,butnothingcanobtainbecauseofnolight.Synchronouslythe
high-speedcentralmechanicalshutteropensandallthepixelsoftheCMOSimagesensorcanbe
simultaneouslysensitized,effectivelyeliminatingthestretchandcompressionoftheimage.Theimaging
modeisshowninFig.2(b).Specificallyorder:
1)Shutterclosescompletely;
2)CMOSturnsonlinebyline,andkeepsalllinesopen;
3)Shutterinstantlyturnsonandstartsexposure;
4)Shutterclosesinstantly,andexposureends;
5)CMOSsensorturnsofflinebyline,anddatareadsoutlinebyline;
6)Oneexposureends.

Fig.2 Schematicdiagramofaerialcamera

ThecooperativemodeofshutterandCMOSwillbeconducivetosolvethedistortioncharacteristicsof
matrixarrayCMOSimagesensor.TakenaCMOS(12000H×5000Vactivepixels,10fps)asexample,
thedistortionofaframeisraisedupto5mmaximumintheprocessofphotoinga50m/scar.Compared
withthecooperativemodeofshutterandCMOS,however,asmall-sizedelectricandexposurecontrolled
accuratelyhighspeedcentralmechanicalshutterisdesignedwiththeshortestexposure(1/2000s),and
thedistortionofaframeisreducedto0.025m(originally0.5% approximately)whichcanbeignored
mostly.Theframerateofcooperativeimagingmode,ofcause,mustbereduce,butit'swellenoughin
practicalaerialmappingandthereislittleinfluenceonphotoingtomovingobjects.

3 Argumentofexposuretime
Imageresolutionisreducedintheprocessofaerialphotographybecauseofrelativemotion.Optical,

electronicormechanicalforwardmotioncompensationmethodsareusedinmostaerialmappingcamerasto
improvetheimagingresolution.Onthepremiseofensuringtheimagingresolution,reducingtheoverall
qualityandimprovingthereliabilityofthemappingcamera,thiscameraadoptsthecooperativeworkof
high-speedcentralshutterandmatrixarrayCMOStoeliminatetheinfluenceofforwardimagemotionon
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theimagequality.
3.1 ExposuretimebasedonSNR

ThepupillightfluxofopticalsystemcanberepresentedasEq.(1)

φλ0=αβLλτα(λ)A0 (1)
where,Lλ,αβ,τα,A0 respectivelyrepresenttargetpupilradiance,targetstereoangle,atmospheric
transmittance,pupilareaofopticalsystem.ThesensorcollectinglightfluxcanberepresentedasEq.(2)

φλd=αβLλτα(λ)A0τ0(λ) (2)
where,τ0representsopticalsystemtransmittance.Sosensorsignalelectronnumbercanberepresentedas
Eq.(3)

Se=[πAdtint/(4F2hc)]∫
λ

λτα(λ)τ0(λ)Lληλdλ (3)

where,Ad,tint,F,h,c,λ,ηλrepresentpixelsize,effectiveexposuretime,cameraparameters,Planck
constant,lightspeed,opticalwavelength,photoelectricconversionefficiency,respectively.Andthesensor
noiseselectronnumbercanberepresentedasEq.(4)

Ne= σ2rms+σ2dark+σ2shot (4)
where,σrms,σdark,σshotrepresentreadnoise,darkcurrentnoise,particlenoise,respectively.SotheSNR
canberepresentedasEq.(5)

SNR(tint)=Se/Ne=Se/ Se+σ2R+De (5)
3.2 Exposuretimebasedonforwardimagemotion

Theinfluenceofforwardimagemotionforimageresolutionisrelativetocameraparametersandflight
parameters.ThegroundpixelresolutioncanberepresentedasEq.(6),Thepixelsizecanberepresentedas
Eq.(7)

R=δH/f (6)
δ=fvstint/H=fktint (7)

where,R,H,f,δ,vs,krepresentpixelresolution,flightheight,focallength,pixelsize,velocity,and
velocitytoheightratio,respectively.Inordertokeeppixelresolutioneffective,thepracticalforward
imagemotionmustbelowerthanhalfofpixelresolutionasEq.(8)

δ·(tint)≤δ/2 (8)
where,δ·representsforwardimagemotion.Groundsamplingdistanceisdeterminedbythefocallength,
velocity/heightratioandexposuretime.Eqs.(5)and(8)claimthatbyoptimizingtheopticalsystemand
theratioofvelocitytoheightreasonably,theremustbeareasonableexposuretimeinterval,andsatisfy
therequirementsofsensorsignal-to-noiseratioandimagemotion.Theradianceofgroundtargetentering
pupilofopticalsystemismainlyrelatedtosolaraltitudeangle,thereflectanceofgroundtargetand
atmospherictransmittance.TheradianceofgroundtargetsiscalculatedbyLOWTRANsoftware,as
showninTable1.

Table1 Thegroundtargetsradiance(W·m-2·sr-1)

Solaraltitudeangle
Surfacereflectance

10° 30° 50° 60° 70°

0.05 3.68 7.26 9.85 10.95 11.85
0.1 4.13 9.50 13.7 15.46 16.81
0.2 5.03 14.04 21.56 24.53 26.81
0.4 6.90 23.35 37.50 42.95 47.06

Theoptimum exposuretimedistributioniscalculatedbasedonengineeringexperiencebySNR
formulas,thegroundtargetsradianceandreflectivityofdifferentgroundobjects,asshowninTable2.
Meanwhile,therelationbetweenpixelresolution,velocity-heightratioandexposuretimeisshownin
Table3.

Theoptimumexposuretimeintervalis0.4~1.1msbasedontheaveragesurfacefeaturesreflectance
of0.3,showninTable2,whichisaccordwiththerelationofR,Kandtint,showninTable3.Meanwhile,
themaximumexposuretimecanberaisedto7mstoadaptthelow-lightcondition.
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Table2 Exposuretimedistribution(ms)

Solaraltitudeangle
Surfacereflectance

10° 30° 50° 60° 70°

0.05 4.9 2.5 1.8 1.7 1.5
0.1 4.4 1.9 1.3 1.2 1.1
0.2 3.6 1.1 0.8 0.7 0.7
0.4 2.6 0.8 0.5 0.4 0.4

Table3 TherelationofR,Kandtint

R K tint/ms
0.05 (0.06~0.1) ⫹2.30
0.1 (0.03~0.06) ⫹4.58
0.2 (0.02~0.03) ⫹6.88

4 Highspeedcentershutter
Accordingtothestructure,theexistingaerialphotographyshutterscanbeclassifiedintothreetypes:

centertype,louvertypeandcurtaintype[11-12].Inordertoeliminateimagingdistortion,thecentralshutter
ischosenandplacedinaperturebartoreducethevolumeofthecentershutterandimproveefficiency.For
thesakeofadaptingtodifferentilluminationandobtainingappropriateimageoverlaprateandawiderange
ofexposure,thecentralmechanicalshutterminimumeffectiveexposuretimekeytechnologyisbroken
throughbyelectricallydriven.Itismainlycomposedofarotatingelectromagnet1,fourblades2,adial3,
twophotoelectricswitchesanddrivingcircuit,asshowninFig.3.Itsworkingprincipleisthattherotating
electromagnetwillproduceastepresponseatelectrifiedinstant,asshowninFig.4,inwhichthebladewill
bedrivenveryquicklytocompletetheopeningandclosingactionina0.5msinstant.

Fig.3 Shutterstructuremodel Fig.4 Stepresponsecurveofelectromagnet

Inordertofacilitatetheanalysis,thefollowingtwoassumptionsareproposedinthemathematical
modeling:
1)Ignoringtheeffectofloadontheoutputtorqueofelectromagnet.
2)Ignoringtheeffectoffriction.
TheoreticalmodelofmechanicalshutterisshowninFig.5.

Fig.5 Theoreticalmodelofmechanicalshutter
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ThestepresponsecurveasshownFig.4canbefittedandrepresentedbytimeparametertpolynomial,
asshownEq.(9)

α=f(t)  t0≤t≤t0+3 (9)
where,α,t,representrotatingelectromagnetoutputangle,timeparameter,respectively.Therelationship
betweentheturningangleofelectromagnetanddial,asshowninFig.5,canberepresentedasEq.(10)

sinα/|AE|=sinθ1/|EF|=sinθ3/|AF| (10)
α=θ1+θ3 (11)

where, AE ,EF ,AF ,θ1,θ3respectivelyrepresentlengthvariable,theeffectivemotionlengthof
rotatingelectromagnet,distancebetweenthecenterofrotatingelectromagnetanddial,theturningangle
ofdial,andtheanglebetweenrotatingelectromagnetanddial.Eqs.(10),(11)arededucedtoEq.(12)

tanθ1=
sinθ1
cosθ1=

sinα
(|AF|/EF+cosα)

(12)

Assuming
sinθ1=ksinα (13)

Byoptimizingthevalueof|AF|/|EF|,thecoefficientkcanbeobtained.
TherelationshipbetweentheturningangleofbladeanddialcanberepresentedasEq.(14)

sinθ/|AB|=sinθ1/|BC|=sinθ2/|AC| (14)
θ=θ1+θ2 (15)

where, AB ,BC ,AC ,θ2,θrespectivelyrepresentthedistancebetweentherotatingcentreof
electromagnetanddial,lengthvariable,theradiusofdial,theturningangleofblade,theanglebetween
dialandblade.Eqs.(14),(15)arededucedtoEq.(16)

tanθ2=
sinθ1

(|AB|/AC-sinθ1)
(16)

PutEq.(13)intoEq.(16),andtherelationshipbetweentheturningangleofelectromagnetandblade
canberepresentedasEq.(17)

tanθ2=
ksinα

[|AB|/AC-k(|AF|/EF+cosα)]
(17)

Sizeoptimizationisoneofthemostimportanttopologyoptimization method,especiallyusedin
structureoptimization.BystructureoptimizationasshownEq.(17),theboundaryconditionasshownin
Eq.(18)canbeobtainedandtheshortest0.5msinstantachieved.

ϕ≤θ2 (18)
Shutterefficiencyisanimportantindexinevaluatingshutterparameters.Theshutterwithhigher

efficiencyisabletoensuretheimagequalityofthecamera.

Fig.6 Shuttercharacteristiccurve

TheshuttercharacteristiccurveisshownasFig.6.Theshutterefficiencyformulaisasfollows
η=tint/ttotal≈1-tA+tB( )/2ttotal (19)

where,η,ttotal,tA,tB,respectivelyrepresenttheshutterefficiency,realexposuretime,shutteropen
time,shutterclosetime.TheparametertAandtBaremostlyequaltonaturewhicharedesignedtochange
from0.1msto1mswiththeprecisionof0.05msthroughahigh-performanceelectriccircuit.Sothe
shutterefficiencyofaerialmappingcameracanreach80%approximatelyintheabstractiontheory.
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4.1 Shutterexposuretimetest
Theexposuretimeoftheelectricallydrivenhigh-speedcentershutteristestedusingaThousand-eye

Wolfhigh-speedcamerawith5000Hzframerate,asshowninFig.7.Theelectricallydrivenhigh-speed
centralshuttercompletesanexposurecycleoncewithinabout0.5ms(thetimeintervalcorrespondingto
Fig.8(c)andFig.8(a))screeningthetestimageframebyframe.Theexposuretimetestresultsreachthe
designexpectation,asshowninFig.8.

Fig.7 Shutterexposuretimetest

Fig.8 Testimage

Theshutterefficiencyofself-researchcameraisobtainedbasedonSNRratiooftheimagestakenbya
singleCMOScameraandself-researchcameraseparatelyinthelaboratory.Thepracticalexposuretimeis
0.5ms.SNRcanbecalculatedrespectivelyontheimageandSNRcanbeobtainedwithunitofdBthrough
formulaasfollows

SNR=20×lg(signal/noise) (20)
Theshutterefficiencyofself-researchcamerais80%approximately.Thecentershutterisdrivenby

circuitmeaningthattheprocessofexposureisstableandcontrollable.Theaccuracyofexposuretimeis
10-2ms.Considerationforimagejoints,theinfluenceofdistortionforpixelresolutioncanbeignored
mostlyifdistortionislessthan1/3ofpixelresolution.Undertheconditionoftypical0.05 mpixel
resolution,thedistinctreductionofpixelresolutioncanbecreatedifthespeedofrelativemovement
reaches166m/s.Itdoesnot,however,happenspractically.Sotheaccuracyofexposuretimeiswell
enoughandacceptable.

5 Imagingexperimenttest
Atafternoon2:00pminJune15,2018,mi171helicopterequippedwithself-researchmatrixarray

aerialcamerasystemisusedtocarryoutflighttesttoverifytheimagingeffectinthetestareaofDunhua
city,Jilinprovince.Fig.9showsatypicalcleanandsharpimagetakenbyself-researchcamera.The
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distributionofresidenthousesandthestructureofthevillage'smainroadscouldbewellrevealedandthe
stretch,compressionanddistortionofimagecausedbytheCMOSshuttereffectdisappear,thusproving
thecorrectnessandeffectivenessoftheglobalexposureimagingmodeofthehighspeedcentralmechanical
shutterandmatrixarrayCMOSsensorworkingtogether.Significantly,comparedwithmajorADS80
cameraaerialimageshownasFig.10,MTFiscalculatedbyusingtheslantedgemethod[13]accordingtothe
imagingcharacteristicsofself-researchcamera.Theself-researchcamera'sdynamic MTFatNyquist
frequency(91lp/mm)is0.21,whichmeetsthepracticalapplicationrequirementthatdynamicMTF
shouldbebetterthan0.15,althoughit'slessthanADS80'sMTFshowninFig11.

Fig.9 Self-researchcameraaerialimage Fig.10 ADS80aerialimage

Fig.11 Dynamicmodulationtransferfunctioncurves

6 Conclusion
Thehighercostperformanceistheconstantpursuitofaerialmappingenterprisesandrepresentsthe

developmentdirectionofaerialremotesensingtoacertainextent.Thispaperproposesaglobalexposure
imagingmodebasedonrollingshutterCMOSandhighspeedcentralmechanicalshutter,whichsolvesthe
imagedistortioneffectively,anddesignsakeytechnologyofhighspeedelectriccenter-typemechanical
shutterwiththe0.5msfastestexposuretimeandthe80% maximumefficiency.Finally,agoodimaging
effectisobtainedandtheself-researchcamera'sdynamicMTFatNyquistfrequency(91lp/mm)is0.21,
whichmeetsthepracticalapplicationrequirement.Itisconducivetopromotetheapplicationofroller
shutterCMOSinthefieldofaerialmatrixarrayremotesensingandmapping.
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