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基于硅基光学相控阵的大范围二维光束扫描

李中宇1,2,3,章羚璇1,2,3,曾超1,2,3,杜书剑1,2,3,葛志强1,2,3,谢鹏1,2,3,张其浩1,2,3,
王国玺1,2,3,孙笑晨1,2,米磊1,张文富1,2,3

(1中国科学院西安光学精密机械研究所 瞬态光学与光子技术国家重点实验室,西安710119)
(2中国科学院大学,北京100049)

(3中国科学院西安光学精密机械研究所 中英联合微纳光子学研究中心,西安710119)

摘 要:基于硅基光学相控阵,提出一种结合了相位控制和不同周期光栅发射器的点阵扫描法,以实现

大范围的二维光束扫描.对光束扫描装置进行仿真计算,结果表明,仅使用单波长的光源即可实现120°
×100°的扫描范围和超过16×400个可分辨点.此光束扫描装置在应用时,同一时刻仅需要一部分有源

器件工作,降低了相调所需的电能耗.所提方法为实现大范围、低成本和低功耗的二维光束扫描装置提

供了一种可能的解决方案,尤其适用于低成本的固态激光雷达.
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Abstract:Analternativeapproachtorealize2Dbeamsteeringwithultra-widerangebysiliconintegrated
opticalphasedarrayisproposed.Adotmatrixscanningmethod,usingthephasecontrolandgrating
emitterswithdifferentperiods,isconceivedtodesigntheopticalphasedarraydevicewithoutthe
requirementoftunablelasers.Simulationsdemonstrateanultra-widesteeringrangeupto120°×100°,
togetherwithover16×400resolvablepointsbyusingasingle-wavelengthlaser.Moreover,thedesigned
opticalphasedarraydevicedemandsonlyapartofactiveelementsworkingsimultaneously,which
benefitstoreducetheelectricalpowerconsumption.Theproposedapproachprovidesapromisingsolution
forwide-angle,low-cost,andlow-powerconsumption2Dbeamsteeringdevices,especiallysuitablefor
solid-statelightdetectionandrangingsystems.
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0 Introduction
Traditionalmechanicalopticalbeamscanners,e.g.rotatingmirror,areexpensiveandsensitiveto

mechanicalshocksandambienttemperature[1].Furtherinvestigationsincludetheuseofmicro-electro-
mechanical-system[2]andliquid-crystal-basedspatiallightmodulators[3].However,thesebeamsteering
systemsexhibitacomparativelyslowscanningspeed[3].WiththedevelopmentoftheCMOS-compatible
siliconphotonictechnology,siliconintegratedOpticalPhasedArray(OPA)onchiphasbeendemonstrated
toovercomethedisadvantagesofaforementionedbeamsteeringmethods[4].Thetechnologyofchip-based
OPA shows a wide range of applicationsin Light Detection and Ranging (LiDAR),optical
communications,andholography[5].

Two-dimensional(2D)beamsteeringbysiliconintegratedOPAcanberealizedwithtwomethods.
Oneemploysphasecontrolinonedirectionandtunablelaserintheotherdirection[6-11].Byusingthis
method,POULTONCV,etal.presentedthefirstdemonstrationofsolid-stateLiDARwithchip-based
OPAfor2Dbeamsteering[11].Atotalsteeringrangeof46°×36°wasachievedwithoperationwavelength
tuningfrom1454nmto1641nm.However,tunablelaserisexpensive,andinparticularitstuningrange
limitsthesteeringrangeofOPA.Theothermethodisusingphasecontrolinbothdirections[12-20].For
instance,an8×8activeOPAconsistingof64emitterswasdevelopedbySUNJ,etal,whichcanachieve
dynamic2Dbeamsteering[12].Ingeneral,thistypeof2DOPArequiresN×Nindependentactivephase
tuningandbeamemittingelements.AsthebeamwidthscalesinverselywithN×N,inordertogeta
narrowbeamdivergence,theamountsofphasetunersandlightemittersarealwaysverylarge,which
bringsabigchallengetomanufacture,powerconsumption,andcontrolelectronics[19].Therefore,high-
performancechip-based OPA withlargesteeringrange,single-wavelengthsource,andlow power
consumptionisdesiredfor2Dbeamsteeringapplications[5].

Inthispaper,weproposeanalternativeapproachtorealize2D wide-anglebeamsteering.Inour
proposal,gratingemitterswithdifferentperiodsareexploitedtorealizebeamsteeringinonedirection,
whichiscalledperiodcontrolinthefollowingdiscussion.Bycombiningperiodcontrolwithphasecontrol,
anultra-widesteeringrangeof120°×100°isachievedwithover16×400resolvablepoints.Suchawide
steeringrangeisobtainedwithonlyasingle-wavelengthlaser,whichcanreducethecostofthechip-based
OPAdevices.Furthermore,duetomerelyrequiringapartofswitchingelementsandphasetunersworking
simultaneously,ourapproachcandecreasethepowerconsumptionandcontrolelectronicscomplexityof
thesiliconintegratedOPAdevices.

1 Structureandmodel
1.1 DesignofthesiliconintegratedOPAdevice

AsshowninFig.1,anN×MsiliconintegratedOPAdeviceisproposedanddesigned,whereNisthe
amountofgratingemittersandM istheamountofantennasinoneemitter(forclarity,only4×4
structureisillustratedinthisFig).TheproposedOPAdeviceiscomposedoffiveparts:gratingcoupler,
switcharray,splitterarray,resistiveheatersarray,andgratingemitterarray.EachgratingemitterhasM
gratingantennaswiththesamegratingperiod.Thegratingcouplerisusedtocouplethelightfromanoff-
chipsingle-wavelengthlaserintoon-chipwaveguide.Thefiber-chipgratingcouplershavebeenutilizedto
couple1310nmlightintowaveguideswithacouplingefficiencyof-1.9dB[21].Theswitcharray(1×N),
consistingofMach-Zehnderelectro-opticswitchingelements,functionstoselectthelightintooneoftheN
channelsandathermo-opticswitchwithon-offratioof~23dBhavebeenreportedintheprevious
investigation,atswitchingpowerof4.35mW[22].

ThesplitterarraybasedonMulti-ModeInterferometer(MMI)splitsthelightofonechannelintoM
channels.Theresistiveheatersarraypermitsindependentlyphasecontrollingofeachchannel.Theheateris
astripofmetalrunningalongsideeachridgewaveguideandcontactedbyelectrodes,whichhasbeen
demonstratedwithaphase-shiftingefficiencyof215±15mW/π[6].Thegratingemittersdeliverthelight
beamsintodifferentdirectionsinthefarfield.EachemitterhasMgratingantennas,whichisinagreement
withtheamountofheaterarray.AsrepresentedinFig.1,theemittedlightbeamtracesoutthefan-shaped
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directionsandissteerableusingperiodcontrol(θaxis)andphasecontrol(ψaxis).

Fig.1 StructuralmodelofsiliconintegratedOPAdevice

1.2 Characterizationofsinglegratingantenna
Thegratingantennasareetchedattheendoftheridgewaveguide,with50%dutycycle.Theridge

waveguidewithaslabheightof100nmispatternedintheSOIsubstrate.TheSOIhas250nmtopsilicon
(Si)and1μmsilica(SiO2)layer.Toachievelargesteeringrangeintheψaxis,thewide-angleradiation
fromasinglegratingantennaisindemand.Theradiationrange(2ψr)ofasingleantennaintheψaxiscan
beroughlyestimatedby[23]

2ψr=
2λ0
π·w

(1)

wherewisthewidthofgratingantennaandλ0istheoperationwavelength.The3DFinite-Difference
Time-Domain(FDTD)methodiscarriedouttosimulatetheperformanceofsinglegratingantennawithλ0
=1310nm,w=1μm,d=1μm,Λ=450nm(gratingperiod)andaslabheightof100nm.Asillustrated
inFig.2,the3dBradiationrangeisover90°intheψaxis,indicatingthatthisgratingantennacanbeused
toachievealargesteeringrangeintheψaxis.

Fig.2 Schematicsofdesignedgratingantennastructureandsimulationresult

  Forageneralgratingantenna,thebeamwidthintheθaxisisdeterminedbythepropagationdistance,
whichistheeffectivelengthofgratingantennawherethelightemitsoutcompletely[24].TheFDTD
simulationsofsinglegratingantennawithΛ=490nmanddifferentetchdepthdisshowninFig.3.Fig
indicatesthatshallowetchedgratingantennaleadstoasmallerbeamwidthbecauseofalongerpropagation
distance,whereasdeepetchedgratingantennaenablesstrongperturbation,resultinginashorter
propagationdistanceaswellasawiderbeamwidth.Ingeneral,thesiliconintegratedOPAdevicesrequire
smallerbeam widthtoachievemoreresolvablepoints[8].However,gratingantennawithanextremely
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shallowetchdepthcausestoalowercouplingefficiency.Fig.3(c)isthecross-sectionofthefar-field
patternatψ=0°withdfrom50nmto130nm,bytheincrementof10nm.Fig.3(d),couplingefficiency
andFWHMofthebeamsemittedfromantennaswithdfrom30nmto130nm,bytheincrementof5nm.
TheFull-WidthatHalf-Maximum (FWHM)standsforthewidthofemittedbeam.Accordingtothe
simulationresultsinFigs.3(c)and3(d),inthefollowingdiscussion,agratingantennawiththeetch
depthd=70nmischosentobalancetheconflictbetweencouplingefficiencyandbeamwidth.

Fig.3 Simulationresultsofsinglegratingantennawithdifferentd

2 Resultsanddiscussion
TocharacterizethebeamsteeringperformancesoftheproposedOPAdevice,adotmatrixscanning

methodisconceivedtoinvestigatethedynamicsofthephaseandperiodcontrols.Inthissection,wefirstly
discusstheperiod-andphase-controlledbeamsteeringintwodifferentaxes(θandψasshowninFig.1)
respectively,andthenanultra-wide2Dbeamsteeringisobtainedbysimultaneouslycontrollingofphase
andperiod.
2.1 Period-controlledbeamsteeringintheθaxis

Theemissionangleofagratingantennaintheθaxisisgovernedby[25]

sinθ=
neff·Λ-λ0

Λ
(2)

whereneffistheeffectiveindexofthegrating.Eq.(2)indicatesthatθhighlydependsonthegratingperiod
Λ.Therefore,gratingperiodprovidesanadditionalroutetoachievebeamsteeringintheθaxisinsteadof
usingwavelength-tunablelasers,whichhavebeenwidelyappliedintraditionalOPAdevices[6-11].

Fig.4(a)illustratesthenormalizedemissionprofilesofgratingantennaswith32differentperiods
from340nmto650nmbytheincrementof10nm.Itcanbeseenthattheemissionangleθcoversrange
from -64.8°to58.2°underconditionthatthescanningpointisresolvable,whichismuchlargerthan
previouslyreportedOPAdevices[12,17].Fig.4(b)presentsthecouplingefficiencyofgratingantennaswith
differentperiods.Thescopeofthecouplingefficiencyisfrom0.23to0.44,whiletheefficiencyislargethan
0.4withperiodsfrom410nmto540nm.Inaddition,asshowninFig.4(c),thebeamwidthintheθaxis
rangesfrom1.4°to11.1°withameanwidthof3°,the2ψrofasingleantennaintheψaxisarefrom37.0°
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to92.7°withameanradiationrangeof73.5°.
Underthecontrolofopticalswitcharray,onlyoneofthegratingemitters(eachhas16antennas)

worksatatime,andthelightbeamemitsintothecertaindirection(correspondingtothegratingperiodof
theworkingemitter).Consequently,bytheproposedperiod-controlledroute,theultra-widesteering
rangeupto120°canbeachievedintheθaxiswithgreatease.Furthermore,theresolvablepointsintheθ
axisare16inproposedintegratedOPAdevice,whicharedeterminedbytheamountofgratingemitters
withdifferentperiods.Itisalsopossibletosubstantiallyimprovetheresolvablepointsbyadoptingmore
gratingemitterswithdifferentperiods,shallower-etchedgratingantennasortunablelasers.

Fig.4 Characterizationofperiod-controlledbeamsteeringintheθaxis

2.2 Phase-controlledbeamsteeringintheψaxis
Differentfromtheθaxis,beamsteeringintheψaxisisaccomplishedbythephasecontrol,as

presentedschematicallyinFig.1.Forthegratingemitterwithuniformlyspacedantennas,itsemission
angleintheψaxisisexpressedas

[6]

sinψ=
λ0·Δφ
2π·S

(3)

whereΔφ andS arethephaseincrementandspaceseparationbetweenadjacentgratingantennas,
respectively.Thebeamwidthcanbeestimatedas[26]

ψdiv≈
0.88λ0

M·S·cosψ
(4)

FromEqs.(3)and(4),itisfoundthatthesteeringrange2ψsteer(whenΔφ=±π)andbeamwidthψdiv

arebothrelatedtothespaceseparationS.Inpracticalapplications,OPAdevicesusuallyrequirelarge
steeringrangeandsmallbeamwidth.Fig5presentstheFDTDsimulationresultsofthegratingemittersas
functionsofspaceseparationandphaseincrement.WhenΔφ=π,thesteeringrange2ψsteerdecreaseswith
increaseofS,asrepresentedinFig.5(a);WhenΔφ=0,theresultsinFigs.5(b)and5(c)provethatthe
beamwidthψdivalsodecreaseswithincreaseofS.Thesimulationsagreewellwiththetheoreticalanalyses
thatthereexistsatrade-offbetweensteeringrangeandbeam widthintermsofspaceseparation.To
achievewidersteeringrange,anarrowerspaceseparationisrequiredatthecostofresolvablepoints,which
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isinverselyproportionaltobeamwidth.Noteworthy,whenthespaceseparationislargerthanλ0/2,as
showninFig.5(b),thegratinglobesemerge,whichoriginatefromconstructiveinterferencebetweenlight
beamsfrom differentantennas[10].Such gratinglobesdecreasethesteeringrangeand Side-Mode
SuppressionRatio(SMSR),whichlimitapplicationsofOPAdevices[6,10].

Fig.5 Characterizationofphase-controlledbeamsteeringintheψaxiswithS=1.2,2.4,and3.6μm

  ThephysicalmodelofOPAisthemulti-slitFraunhoferdiffraction.Assumingα=w·sin(ψ/2)·
2π
λ
,

forauniformgratingemitterwithoutadditionalΔφ ,thefar-fieldintensitycanbeexpressedas

I(ψ)=
sinα
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Thepositionofgratinglobesisgovernedby

M·S·sinψ·
π
λ=±2mπ 

(m=1,2,3……) (6)

Forthenon-uniformlyspacedgratingemitter,thespaceseparationSisinhomogeneous,sothe
constructiveinterferenceconditionisnotsatisfied,whichmeansthatthegratinglobesaresuppressedand
hencetheSMSRcanbeimproved.Forcomparisons,thegratingemitterswithuniformandnon-uniform
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spaceseparationsareinvestigatedrespectively.Thegratingemittersarecomposedoftheaforementioned
gratingantennas,withw=1μm,Λ=490nm,andd=70μm.TheemissionprofilesofuniformOPAwith
ψ=0°andS=4.78μmisrepresentedinFig.6(a),showingthatthesteeringrangeofuniform OPAis
limitedbygratinglobes.Thelargeststeeringrangeofthemainlobeishalfofthedistancebetweentwo
firstgratinglobes.Whenthemainlobelocatesatψ=0,thefirstgratinglobeatψ~7.8°.Ifmainlobe
steerstoψ=10°,thefirstgratinglobetakesplaceoftheoriginalmainlobe.Byusingnon-uniformOPA,
theconstructiveinterferencenolongerhappens,resultinginsuppressingofgratinglobes,asillustratedin
Fig.6(b).Thenon-uniformspaceseparationsSaregeneratedbyahill-climbingalgorithm (S=6.4,6.3,
1.5,3,2.1,3.8,2,4.7,3.9,5.5,2.8,3.4,7.1,8.5,and7.4μm).Continuously,largerangebeam
steeringissimulatedandthecorrespondingresults,plottedinFig.6(c),demonstrateawidesteering
rangeof100°withtheSMSRover3.83dB.TheFWHMofthemainlobeisestimatedtobe0.206°(ψ=0°)
and0.267°(ψ=50°),andthemeanFWHMis0.229°,whichindicatesthatmorethan400resolvablepoints
areobtainedintheψaxis.ItispossibletofurtherimprovetheSMSRbyincreasingthenumberofantennas
inagratingemitter,underthepermissionofprocess.

Fig.6 Suppressionofgratinglobesusingnon-uniformOPA

2.3 Ultra-wide2Dbeamsteering
  Basedontheaforementionedanalyses,a2D
beamsteeringwithultra-widerangeisachievedby
theproposedsiliconintegratedOPA.Thegrating
emitterarraysoftheOPAmodeliscomposedof16
emitters,andeachemittercontains16grating
antennas.TheFDTDsimulationresultsinFig.7
arecarriedoutatperiodsΛ=340,490,650nm
withΔφvaryingasafunctionofthenon-uniform
separations.Thefivefeaturedemissionprofiles
correspondtodifferentparameters:periodΛand
phaseΔφwiththenon-uniformseparationsS (the

Fig.7 Two-dimensionalbeamsteeringperformanceofthe
proposedsiliconintegratedOPAdevic
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sameasthatinFig.6).TherelationshipbetweenΔφ,ψandSisgovernedbyEq.(3).Fig7demonstrates
thatthemaximumsteeringrangesintheθandψaxesareupto120°and100°respectively,withover16×
400resolvablepoints,whenSMSRislargerthan3dB.AccordingtoEq.(1),theflatnessofemission
profilesinψaxisisdeterminedbywidthofgratingantenna,whereas,asshowninFig.4(b),theflatness
inθaxisisdeterminedbythecouplingefficiencyofgratingantennaswithdifferentperiods.Therefore,a
betterflatnesscouldbeachievedbyusinganarrowergratingantennaandthegratingwithperiods
correspondingtothesimilarcouplingefficiency.Moreover,theamplitudemodulationofincidentlight
couldalsoimprovetheflatnessofemissionprofiles[19].

ComparedwithpreviouslyreportedOPAdevices,ourdeviceexhibitsseveraladvantages,suchas
possessinganultra-widesteeringrangeof120°×100°,consuminglowerelectricalpower,andonly
requiringasingle-wavelengthlasersource,asshowninTable1.

Table1 Performancecomparisonsamongour2DOPAdeviceandpreviouslyreporteddevices

Ref.
Laser
source

Steeringrange
(θ×ψ)

Beamwidth
(θ×ψ)

Resolvablepoints
(θ×ψ)

Amountofactive
elementsworking
simultaneously

Experimental
ortheoretical

[6] Tunable 20°×14° 0.6°×1.6° 33×9 16 Experimental
[7] Tunable 20°×15° 1.2°×0.5° 16×30 16 Experimental
[9] Tunable 3.6°×23° 0.6°×1° 6×23 31 Experimental
[10] Tunable 17°×80° 0.14°×0.142° 120×500 128 Experimental
[11] Tunable 46°×36° 0.85°×0.16° 54×225 50 Experimental
[15] Single 30°×30° 10°×25° 3×1 4 Theoretical
[16] Single 12°×12° 1.6°×1.6° 7×7 64 Experimental

Ourwork Single 120°×100° 3°×0.229° 16×400 31 Theoretical

3 Conclusion
Insummary,analternativeapproachtorealize2DbeamsteeringusingsiliconintegratedOPAis

proposedanddemonstratedusingasingle-wavelengthlasersource.Thedotmatrixscanningmethod,
combiningperiodcontrolwithphasecontrol,isconceivedtoimprovesteeringrange,reducethepower
consumption,andavoidtherequirementoftunablesource.Thesimulationresultsprovethattheproposed
16×16OPAdevicecanachieveanultra-widesteeringrangeupto120°×100°andover16×400resolvable
points.Byonlyusingasingle-wavelengthlasersource,theproposedOPAdevicehasbeendemonstratedto
steerlightbeamsin2Ddirections,whichovercomethelimitationoftunablesources.Moreover,only16
phasetunersandlessthan15switchingelementsarerequiredtoworksimultaneously,whichreducesthe
electricalpowerconsumption.Therefore,ourapproachprovidesapromisingsolutionforcompact,wide-
angle,low-powerconsumption2D beam steeringdevices,especiallysuitableforsolid-stateLiDAR
systems.
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