
第49卷第3期

2020年3月             
光 子 学 报

ACTAPHOTONICASINICA
Vol.49No.3
March2020

  Foundationitem:ArmyEquipmentPreresearchProject(No.301XXX102),KeyLaboratoryofShaanxiProvincialDepartmentofEducation
(No.17JS052)
Firstauthor:CHENYang(1986—),male,lecturer,M.S.degree,mainlyfocusesonopticaldesign.Email:867549558@qq.com
Supervisor(Contactauthor):GAOMing(1964—),male,professor,Ph.D.degree,mainlyfocusesonatmospherictransmissionandoptical
design.Email:minggao1964@163.com
Received:Oct.22,2019;Accepted:Dec.24,2019

http:∥www.photon.ac.cn

引用格式:CHENYang,GAOMing,HUXue-lei,etal.DesignofCo-apertureWideSpectrumCompoundEyeOpticalSystem
[J].ActaPhotonicaSinica,2020,49(3):0322002
陈阳,高明,胡雪蕾,等.共口径宽光谱复眼光学系统设计[J].光子学报,2020,49(3):0322002

共口径宽光谱复眼光学系统设计

陈阳1,高明1,胡雪蕾1,张玺斌2,焦旸3

(1西安工业大学 光电工程学院,西安710021)
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(3西北机电工程研究所,陕西 咸阳712099)

摘 要:为了扩大复眼光学系统的接收光谱,研究了一种可见光、长波红外复眼光学系统.推导了双波段

共焦面方程,建立了子眼系统与接收系统的匹配要求.子眼光学系统的工作波段为0.38~0.78μm和8~
12μm,焦距为5mm,相对孔径为1∶3,视场为10°.两个波段的子眼系统成像位置均为2.92mm,相邻

的两个中心光轴夹角为4.016°,共650个子眼,合并后的视场为90°.接收系统的焦距为4mm,视场为

80°,相对孔径为1∶3.子眼系统和接收系统的图像质量良好,在-40~60℃的温度范围内无热差影响.
关键词:复眼;宽光谱;共像面;光学设计;透镜阵列
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DesignofCo-apertureWideSpectrumCompoundEyeOpticalSystem

CHENYang1,GAOMing1,HUXue-lei1,ZHANGXi-bin2,JIAOYang3
(1InstituteofOptoelectronicEngineering,Xi'anTechnologicalUniversity,Xi'an710021,China)

(2Xi'anInstituteofOpticsandPrecisionMechanicsofCAS,Xi'an710119,China)
(3NorthwestInstituteofMechanical&ElectricalEngineering,Xianyang,Shaanxi712099,China)

Abstract:Inordertoexpandthereceivingspectrumofthecompoundeyeopticalsystem,avisiblelight
andlong waveinfrared widespectrum compoundeyeopticalsystem wasstudied.Thedual-band
ommatidiacommonimageequationwasderived,andthematchingrequirementbetweenommatidiaand
thereceivingsystemwasestablished.Theommatidiaopticalsystemhasworkingbandwidthsof0.38~
0.78μmand8~12μm,afocallengthof5mm,arelativeapertureof1∶3,andafieldofviewof10°.
Theimagingpositionoftheommatidiasysteminboththebandsis2.92mm.Theanglebetweentwo
neighboringcenteropticalaxesoftheneighboringommatidiais4.016°,with650ommatidia,andthe
combinedfieldofviewis90°.Thereceivingopticalsystemhasafocallengthof4mm,afieldofviewof
80°andarelativeapertureof1∶3.Theommatidiasystemandreceivingsystemshowgoodimage
quality,withoutanythermaleffectsinthetemperaturerangeof-40℃to60℃.
Keywords:Compoundeye;Widespectrum;Commonimage;Opticdesign;Lensarray
OCISCodes:140.0140;110.0110;170.0170;220.0220

0 Introduction
Thecompoundeyeofinsectsconsistsofalargenumberofsub-eyes,eachofwhichcanforma
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independentphotosensitivity[1].Duetothespecialstructureofcompoundeye,insectcompoundeyehasthe
advantagesofsmallsize[2,3],largefieldofviewandsensitivitytomovingobjects[4,5].Atpresent,thereare
manyresearchesoncompoundeyesystemontheseadvantages[6,7].However,mostoftheseresearches
ignoreanotheradvantageofinsectcompoundeye-broadspectrum[8].Studieshaveshownthatthe
compoundeyesof manyinsectshavegoodimagingintheultraviolet,infrared[9,10].Wide-spectrum
compoundeyesareofgreatsignificanceforinsectstoadapttonaturalenvironment.Especiallyforinsects
thatliveatnightorindenseforests,orotherlowlightenvironments,thewide-spectrumcompoundeye
cancapturemoreeffectiveinformation[11].Besides,wide-spectrumalsoplayanimportantroleininsect
foraging[12,13],flightnavigationandotherbehaviors[14,15].Therefore,inordertoimprovethecomplex
environmentaladaptabilityofcompoundeyeopticalsystem,andreceivetargetinformationmoreeffectively
andcomprehensively,itisnecessarytodesignwide-spectrumcompoundeyeopticalsystem.

Thispaperproposesawide-spectrumcompoundeyestructurecapableofreceivingbothvisibleand
long-waveinfraredbands,andspecificallydesignstheommatidiaandreceivingopticalsystem.Usingthe
focalpowermatching method,theimagingpositionsofthetwobandsoflightpassingthroughthe
ommatidiasystemaremadeidentical,andthematchingconditionsareusedtoensurethatthelightofthe
ommatidiasystemcanenterthereceivingsystem.Thecompoundeyesystemhasawideimagingrangeand
compactstructure,whichimprovesthecapabilitiesofsystemimageacquisition.

1 Principleofcommonpathcompoundeyeopticalsystem
1.1 Sub-eyecommonimagetheory

Inordertoreceivetheimageformedbytheommatidia,theimageplanesofthevisiblelightandthe
long-waveinfraredbandarerequiredtobeatthesameposition.However,therefractiveindicesofthe
samematerialinthedifferentwavelengthbandsaredissimilar,asshowedinFig1.Accordingtothefocal
powerEq.(1)ofthesinglelensandfocalpowerEq.(2)ofthesinglelens,forthesamelens,thedegreeof
deflectionofeachbandoflightisdifferent,andthefinalimageplanesofthetwobandswillnotbeatthe
sameposition.
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wherenistherefractiveindex,r1,r2arethecurvatureofthetwofacesofthelens,anddisthelens
thickness.

Fig.1 Thedifferenceinimageplanepositionofthesub-eyeopticalsystem
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  Toimageatthecommonpositionatdifferentbands,theimagingplanestocoincide
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wherel'λ1,l'λ2aretheimagedistancesofthetwobands,n'λ1,n'λ2aretherefractiveindicesofthetwobands.
SubtractingthetwopartsofEq.(4),weobtained
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whenl'λ2=l'λ1-Δl',weobtained
Δl' 0

0 1
l'λ1(l'λ1-Δl')

é

ë

ê
ê
ê

ù

û

ú
ú
ú
=
Δn Δn
1
r1

1
r2

é

ë

ê
ê
ê

ù

û

ú
ú
ú
+

Δn Δn
d

r1r2nλ1nλ2

1
r1r2

é

ë

ê
ê
ê

ù

û

ú
ú
ú

(6)

  SinceΔl'isfarlessthanl'λ1,l'λ2,whenl'λ1l'λ2≈l'2m ,nλ1nλ2≈n2
λm,l'm,nλmaretheimagedistanceand

refractiveindexofintermediatewavelength λm=
λ1+λ2
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  ItcanbeseenfromtheEq.(7)thattheimagingpositioninconsistencyofthesystemindifferentbands
isdeterminedbytheidealimagingposition,lenscurvature,thicknessandfocallengthdifferenceofthetwo
bands.AccordingtoEq.(7),inordertomakethesinglelenshavethesameimagingpositioninboth
bands,whichshouldbesatisfiedr1-r2+d=0andd=0atthesametime.Atthistime,thelensfocal
poweriszero,whichhasnopracticalsignificance.

Consideringthattheactualopticalsystemisgenerallycomposedofseverallenses,andeachlens
producesanimagingpositiondeviationwhichisdifferentinmagnitudeandsign,thefinalimageplane
positioncanbeachievedbycancelingeachotherbydifferentlensimageplanedifferences.Combinedwith
theopticalsystemsuperpositiontheory,thetotalimageplanepositiondifferencebetweenthetwobandsis
theaccumulationoftheimageplanepositiondifferenceproducedbyeachlens,whichcanbeexpressedas
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whereΔS'isthetotalimagingpositiondifferenceofthesysteminthetwobands,αiisthemagnificationof
thedifferenceinimagingpositionofthei-thlens.ConsideringΔl'isthedistanceintheaxialdirection,αi

canbeapproximatedbytheintermediate wavelengthaxialmagnification αi≈αim=
l'm
lm
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applications.
1.2 Receivingsystemcalculation

Inordertoensurethattheommatidiasystemandthereceivingsystemarecompatible,theobject
surfaceofthereceivingsystemshouldbeequaltoorgreaterthantheimageplaneoftheommatidia
combinationsystem.Additionally,thecurvaturesofthetwosystemsneedtobeidentical.Thisensures
thattheimagesofeachsub-eyesystemcanenterthereceivingsystem.Atthesametime,theapertureof
thereceivingsystemshouldbegreaterthantheapertureoftheedgesub-eyelight,sothatthelightofthe
edgesub-eyesystemcanenterthereceivingsystem.KnownommatidiasystemapertureisDs,thefocal
lengthisfs,thecurvatureofthedistributionoftheommatidiasystemisR,apertureisD0,thedistance
fromthesub-eyetothereceivingsystemalongtheaxisisL,thereceivingsystemhasadiameterD,and
thefieldofviewisω,theprojectionapertureoftheedgeoftheommatidiaintheverticaldirectionofthe
receivingsystemisΔD,theangularmagnificationofthefirstlensofthereceivingsystemisγ.
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Fig.2 Matchingthesub-eyeandreceivingopticalsystem

Consideringasinglelensforthesub-eye,thedistancetotheimageplaneisapproximatelyequaltothe
focallength,andtheimagingsurfaceofthesub-eyecombinationsystemshouldbeasphericalsurface.The
geometricimagingprinciplecanbeusedtoobtainthematchingformulaofthesub-eyeandthereceiving
systemwhichisbasedontheaperturedivisionstructure.
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wherehisthedifferencebetweentheapertureofthereceivingsystemandthecurvedimagesurfaceis
satisfiedh=tanω·γ·s.

Accordingtothegeometricconsiderations,thefollowingrelationshipissatisfiedbetweentheknown
quantityandtheintermediatequantityintheformula
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  SubstitutingtheEq.(11)intotheconditionalEqs.(9)and(10),thematchingrequirementsforthe
compound-eyeopticalsystembasedontheaperturedivisionaresatisfied
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2 Designofopticalsystem
2.1 Designofsub-eye

Inordertoverifythecorrectnessoftheabovemethod,acommonimagingpositionvisibleandlong
waveinfraredbandwidespectrumsub-eyeopticalsystemisdesigned,asshowninTable1,thefocal
lengthisf'=5mm,therelativeapertureisD/f'=1/3,andtheFOVis10°.

Table1 Theparametersofthesub-eyelens

Visible LWIR
Wave 0.38~0.76μm 8~12μm

Focallength 5mm
F/# 3

Fieldofview 10°
Δl'/mm 0

  Theopticalsystemconsistofthree-pieceslensisusedastheinitialstructureofthedual-bandsub-eye
system.Thewavelengthofthevisiblelightcenteris0.587μm,whereasthewavelengthofthelong-wave
infraredis8.2μm.Afterseveraliterations,atwo-bandsub-eyeinitialstructurewiththesameimageplane
positionisobtained.Theimagepositionsofthetwobandsareat3.0mm.Theparametersareshownin
Table2.

Table2 Sub-eyelensinitialstructureparameter

R/mm d/mm G nλ1 nλ2 Δn l'm Δl'1
2.309 0.871
-3.518 0.200

BAF2 1.474 1.423 0.051 2.838 -0.345

-2.435 0.600
3.721 0.985

PBF2 1.766 1.668 0.102 -2.184 0.290

3.275 0.760
-5.487

CSBR 1.697 1.664 0.033 2.886 -0.140

  Theinitialstructureonlyconsiderstheon-axispoint(theFOVis0°).Theimagingprocessofthe
appositioncompoundeyeistomosaicapluralityofimagesobtainedbytheommatidiatoobtainacomplete
imagewithalargerFOV.TheanglebetweentheommatidiaaxisandtheFOVofthesub-eyeisoneofthe
importantfactorsinfluencingtheoverallstructureofthecompoundeyeopticalsystem.Therefore,

analyzingtherelationshipbetweentheFOVofthesub-eyesystemandthetotalFOVofthecompoundeye
isthekeytodeterminingtheparametersandthedistributiontypeofsub-eye.Thesub-eyelensesare
equallyspacedinahoneycombarrangement.Knownsub-lenslensdistributionsurfacecaliberDLA=
88mm,sub-eyelensapertureD=2mm.Consideringthesizeofthemechanicalstructureandthespacing
betweenthetwosub-eyelensesdv=4mm,itcanbeseenthatthenumberofsub-eyelensesis
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wherei=1,2,3…andi≤ 2DLA-Dm
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úú,thenumberofsub-eyelensescalculatedbytheEq.(14)is650.

Sincethedistributionisequallyspaced,theanglebetweentwoneighboringommatidiaisnotequal,

anditssizeis
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  Consideringthematerialpropertiesanddesignrequirements,thesystemusesBaF2/PBF2/CSBR
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materialsthatcantransmitbothvisibleandmedium-waveinfraredlight.Toimproveimagequality,a
diffractivesurfaceisintroducedonthefourthsurfaceofthesystem.Thedesignedsub-eyeopticalsystem
cannowreceivebothvisiblelightandinfraredlight.Throughthecommonimagesurfacedesign,the
imagingpositionsofvisiblelightandlong-waveinfraredarebothat2.92mm.Systemvolumeis2mm×
5mm,whichiscomparabletothesingle-bandommatidiasystem.Theuseofthedual-bandsub-eyesystem
canobtainmorecomprehensivetargetinformation,whichisbeneficialtowardstheimprovementofthe
detectionandrecognitionabilityofthecompoundeyesystem.Thefinalsub-eyelensstructureisshownin
Fig.3.

Fig.3 Sub-eyestructurediagram

  Thedesigneddual-bandsub-eyesystemparametersanddiffractionsurfacecoefficientareshown
inTable3andTable4.

Table3 Dual-bandsub-eyesystemparameters

Surf:type Radius/mm Thickness/mm Glass
Standard 1.73 0.70 BAF2
Standard -11.49 0.20
Standard -13.09 0.50 PBF2
Binary2 15.28 0.10
Standard 1.24 0.60 CSBR
Standard 0.80 2.9218

Table4 Diffractivesurfacecoefficientofsub-eye

Surf:type Surface Normradius 2ndcoefficient 4thcoefficient 8thcoefficient
Binary2 4 1 -14.3863 -2.6238 2.0403

  Fig.4showstheModulationTransferFunction(MTF)curveoftheopticalsystemunderdifferent
fieldsofview.Itcanbeseenthatthesystem MTFvalueisgreaterthan0.5attheNyquistfrequency
50lp/mmofthevisiblelightband,andthesystem MTFvaluecanreach0.4atNyquistfrequency
17lp/mmoftheinfraredbandandtheimagingqualitycanapproachthediffractionlimit.

Fig.4 Sub-eyelenstransferfunction
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Fig.5showsaspotdiagramoftheoverallsystem.ItcanbeseenthattheRMSatthevisiblelightband
islessthan9.38μm,andtheRMSvalueisnomorethan13.27μminthemid-infraredband,whichareall
lessthanonepixelsize(25μm),therebysatisfyingthematchingrequirementsofthesystemandthe
detector.

Fig.5 Sub-lensspotdiagram

2.2 Designofreceivingsystem
Thereceivingsystemhasasurfacecurvatureof50mmandadiameterof80mm.AccordingtoEq.

(13),theFOVofthereceivingsystemisdeterminedtobegreaterthan80°,andtheapertureisnotless
than16mm.ThespecificparametersoftheacceptancesystemareshowninTable5.

Table5 Receivingsystemtechnicalparameters

Visible LWIR
Wave 0.38~0.76μm 8~12μm

Focallength 4mm
Fieldofview 80°

F/# 3
Pixel 1024×768 256×256

Pixelsize 3.5μm×3.5μm 25μm×25μm

  Inordertoreducethesystemvolumewhile
ensuringtheconsistencyofthereceivedimagesin
thevisibleandinfraredbands,thereceivingoptical
system adopts a partial common aperture
structure.Thefinaldesignofthereceivingsystem
hasafocallengthof4mm,arelativeapertureof
1∶3andanFOVof80°.SyntheticFOVis2ωc=
2ωr+2ω=90°.Thereceivingsystemconsistsof
fivelenses,threeforthecommonpart,oneforthe
visibleandonefortheinfraredband,withatotal
lengthof31mm.Inordertoenhancetheimage
quality,adiffractivesurfaceisusedonthethird
lens.Thestructureofthereceivingsystem is

Fig.6 Receivingsystemstructure

showninFig.6.ThestructuralparametersofthereceivingopticalsystemislistedinTable6.
TheparametersofthedualbandreceivingsystemareshowninTable6.Thediffractionsurface

coefficientisshowninTable7.
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Table6 Dual-bandcompoundeyereceivingsystemparameter

Surf:type Radius/mm Thickness/mm Glass

Co-pathlens

Standard 26.40 5.00 CAF2
Standard 6.88 5.00
Standard -22.83 6.00 ZNS_BROAD
Standard -23.82 2.00
Standard -22.96 4.50 ZNS_BROAD
Binary2 -41.18 3.90

Infinity 4.50 ZNS_BROAD
Infinity 4.50

Visiblelens
Infinity 2.29

Standard 8.83 2.09 BEO
Standard -14.07 9.11

LWIRlens
Infinity 2.00

Binary2 -40.60 4.40 GERMANIUM
Standard 50.89 9.24

Table7 Diffractivesurfacecoefficientofreceivesystem

Surf:type Surface Normradius 2ndcoefficient 4thcoefficient 8thcoefficient

Binary2
6
9

2.5
3

32.02
-19.00

-9.81
0.23

2.98
0.42

  Fig.7showstheMTFcurveoftheopticalsystemindifferentfieldsofview.Itcanbeseenthatthe
systemMTFvalueisgreaterthan0.4attheNyquistfrequency150lp/mmatthevisiblelightbandandthe
systemMTFcanreach0.4attheNyquistfrequency17lp/mmatthemid-infraredband.Theimaging
qualityherealsoisclosetothediffractionlimit.

Fig.7 Receivesystemtransferfunction

  Fig.8showsaspotdiagramoftheoverallsystem,wheretheRMSvalueofthevisiblelightbandis
lessthan2.47μm,andtheRMSvalueofthemid-infraredbandisatmost13.82μm,whichareallina
pixel(25μm).Itsatisfiesthematchingrequirementsofthesystemandthedetector.
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Fig.8 Receivingsystemspotdiagram

  ThefieldofviewofX-directionandY-directionofthecompoundeyesystemare110°and90°
respectively.Systematicsub-eyesaredistributedinhexagonalshape,withatotalof650sub-eyes.The
overallpictureofcompoundeyesystemandsub-eyedistributionareshowninFig.9.

Fig.9 Compoundeyesystemdiagram

3 Athermalizationandanalysis
3.1 Widespectrumathermalization

Sincethesystemcontainsbothvisibleandinfraredbands,itischallengingtodesignthesystem
withoutheatingeffects.Itisproposedtoadopttheopticalpassiveathermalizationmethod,inorderto
suppress heatingby mutualcompensationbetween materials.Fig.10and Fig.13show the MTF

Fig.10 Visiblelighttransferfunctionofthesub-eyelens
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diagramofthechronographsysteminthevisibleandlong-waveinfraredinthetemperaturerangeof
-40℃and+60℃.ThevalueoftheMTFisgreaterthan0.2atthebothvisibleandlong-waveinfrared
band,whichstillmeetstherequirementsofgeneralinfraredsystemimaging.

Fig.11 Long-waveinfraredtransferfunctionofthesub-eyelens

Fig.12 Visiblelighttransferfunctionofreceiversystem

Fig.13 Infraredtransferfunctionofthereceivingsystem

3.2 Imageplanedistributionanalysis
Inordertoreducethedifficultyofimagefusion,theimagesofdifferentsub-eyelensesshouldbe

separated.Thatis,theimageheightofthesinglesub-eyelensatthereceivingsystem2y'sshouldbeless
thanthespacingbetweenthetwosub-eyeimagesds.Analysisofthedesignedcompoundeyesystem,
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knownsub-lensfieldofview2ω=10°,thefocallengthfs=5mm,sub-eyesyntheticsurfacecaliberDc=
80mm,Curvaturerc=50mm,receivingsystemimageheight2y'=6mm.Fromgeometricoptics,the
imageheightofasinglesub-eyeinthereceivingsystemisgivenby

y's 0
0 1

é

ë

ê
ê

ù

û

ú
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tanω·fs 0

0 2y'
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é

ë

ê
ê
êê

ù

û

ú
ú
úú

(16)

  AccordingtotheEq.(16),itcanbecalculatedthaty's=0.078mm.
Thespacingoftheimagesofthetwosub-eyesonthereceiverofthereceivingsystemis
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0 1
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û
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(17)

  ItcanbecalculatedaccordingtotheEq.(17)thatdsv=0.272mm,satisfytherequirementthatthe
imagesofsub-eyesdonotoverlap.
3.3 Diffractionsurfaceanalysis

Thediffractivesurfaceisaphase-typeopticalsurface,anditsrotationallysymmetricasphericalsurface
diffractiveequationcanbeexpressedas
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0 1
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(18)

whereristheradiusofsurface;Yistheordinate;kistheconiccoefficient;cisthereciprocalofthe
curvature;φ(r)'isthebasicformulaofthediffractivesurfaceelement;thephasefunctionφ (r)'
representstheamplitudeofthesurfaceerror;Anistheasphericalcoefficient;λ0isthewavelength;n(λ0)

istherefractiveindex;Dnisthephasecoefficient.Thewidthofthethreediffractivefacesofthedesignare
0.266mm,0.219mmand0.293mm,andthedepthofthediffractivesurfaceis16.706μm.Theaspect
ratiosatisfiestherequirementoflessthan1/10[11].Thephasefittingmodelofthediffractivesurfaceis
obtainedasshowninFig.14,inwhichblueregionrepresentsthediffractionphasemorphologyandred
regionrepresentsthecompletediffractivesurfacemorphologyaftersuperposition.

11-2002230



光 子 学 报

Fig.14 Diffractionsurfaceturningsimulation

4 Conclusion
Inthiswork,avisiblelightandlongwaveinfraredwidespectrumcompound-eyeopticalsystemis

designedby theoreticalderivation ofthe dual-band commonimaging position.The system can
simultaneouslyreceivetargetinformationinthevisibleandlong-waveinfraredbands,therebyexpanding
thespectralreceivingrangeofthecompoundeyesystem.Inthedesignedsub-eyelens,thevisiblelight
bandtransferfunctionvalueishigherthan0.4attheNyquistfrequency50lp/mm,andtheinfraredband
transferfunctionvaluereaches0.4attheNyquistfrequency17lp/mm.Inthedesignedreceivingsystem,

thevalueofthevisiblebandtransferfunctionishigherthan0.4attheNyquistfrequency150lp/mm,and
thevalueoftheinfraredbandtransferfunctionreaches0.4atthe Nyquistfrequency17lp/mm.
Athermalizationisachievedoverthetemperaturerange-40°~+60 ℃.Theresultsofthediffractive
surfaceanalysisprovethatthesystemcanbeprocessed.
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