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Designofcouplingsysteminfiberopticsensingmeasurement
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Abstract:Accordingtotheprincipleofchoosingthelightsourceinthefiberopticsensingmeasurement,semiconductorlaseris
usedasthelightsourceoffiberopticsensorandsingle-modefiberisusedasthetailfiberoflightsource.Basedonoptical
designsoftwareZemax’spurenon-sequentialcomponents,acouplingsystemofsemiconductorlaserandsingle-modefiberis
designed.Byanalyzingthebeamcharacteristicsofthesemiconductorlaserandthecoupledmodetheoryofsemiconductorlaser
andsingle-modefiber,thecombinedlensconsistsofaballlensandacollimatinglensforthepurposeofimprovingthecoupling
efficiencyandadjustingtolerance.Thesimulationresultsshowthatthecouplingefficiencycanreachabout78%byusingone
millionraytracesonnon-sequentialcomponents,whiletheexperimentaltestresultis69.11%,accordingly,thereasonsforthe
differencebetweentheexperimentandthesimulationresultsareanalyzed.
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0 Introduction
 Thelightsourceisanimportantpartoffiberoptic
sensingmeasurementsystem.Toagreatextent,its
type and performance determine the measuring
accuracyofasensorsystem.Theprimaryprincipleof
selectingalightsourceforareflectiveintensity
modulationfiberopticsensor(RIM-FOS)isthatthe
outputpowershouldbestable.Inaddition,thelight
source should be easily coupled with fiber[1].
Considering the structure of the RIM-FOS,
semiconductorlaserusuallyisusedaslightsource.
Toobtainabetterlateralresolution,wegenerally
selectsingle-modefiberastailfiber.Butthecore
diameterofsingle-modefiberissmall,thereforethe
couplingbetweenlaserandfiberplaysakeyrolein
fiberopticsensingmeasurementsystem.
 Atpresent,semiconductorlaserandfibercoupling
technologyhasbeendevelopedtoacertainmature
stage[2-4]. Especially, in the coupling of
semiconductorlaser with multi-modeopticfiber,
manyeffectivemethodswithhighcouplingefficiency
havebeenproposed,suchasthecouplingsystem
designedbyShi,etal.basedonZemax,whose

efficiencyisabout68%[5];asemiconductorlaser
withtrenchstructureproposedbyCui,etal.to
stabilizethe coupling efficiency and raiseitto
97.7%[6].Butthecorediameterofasingle-mode
fiberisapproximatelyequaltothedimensionofthe
activelayerlightemitting end ofsemiconductor
laser,with micrometerscale.Therefore,different
fromthemulti-modefibercouplingsystem,thelaser
light-emittingfacetcannotbeapproximatedasapoint
source[7].Themajorfactorsaffectingthecoupling
efficiencybetweensemiconductorlaserandsingle-
modefiberincludemodefieldmismatchbetweenlaser
andfiber,non-circularsymmetryofoutputbeam,
mismatchofmode-field-half-width,Fresnelreflection
onsurfaceandaberrationofthecouplinglens[8].A
varietyofefficientcouplingmethodshithertohave
beenproposed,whichcanbesummedupintotwo
types:acouplingsystemcomposedofdiscretemicro
opticalelementsormicro-lensesonthefiber’send
face[9-11].Theultimateaimofthesemethodsisto
coupletheelliptical modefieldoflaserintothe
circularmodefieldofsingle-modefiberasmuchas
possible.Amongthesemethods,theballlensisthe
simplesttobeeasilymanufacturedbecauseitsown
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circularsymmetry makesitmucheasiertosetup
thanotherlensesandthentheballlenscoupling
becomesoneofthemostcommonmethodsofmode
field coupling between laser and single-mode
fiber[12-13].This paper presentsacombinedlens
couplingsystem.Afteraddedacollimatinglensto
collimatethelaserbeam,theballlensfocusesthe
beamintoasingle-modefiber.BasedonZemaxpure
non-sequentialcomponents,thecouplingefficiency
bysimulationcanreachabout78%.

1 Fibercoupledmodefieldtheory
 Intheory,themaximumcouplingefficienciesof
semiconductorlaserandsingle-modefiberdependon
theirmodematching.Themodefielddistributionof
single-modefiberiscircularandsymmetrical,andits
distribution can be deduced to be a Gaussian
distribution using electromagnetic theory[14].
Therefore,single-modefiberendface modefield
distributionexpressionis

ψf(x,y)= 2
π
1
ωf
exp -x2+y2

ω2f  , (1)

ωf =a(0.65+1.619V
-2
3 +2.879V-6), (2)

whereV=k0a n21-n22;ωfisthemodefieldradius
ofthesingle-modefiber;Visthenormalizedcutoff
frequency;n1isthecorerefractiveindex;n2isthe
claddingrefractiveindex;andk0isthewavevectorin
thevacuum.
 Themodefielddistributionofthesemiconductor
laserismorecomplicatedandcanbedividedinto
near-fielddistributionandfar-fielddistribution.In
thedesign ofsemiconductorlaserstructure,the
asymmetryofthecross-sectionofsourcelayermay
causetheasymmetryoffar-fieldspot,sotheoutput
beamcanbeapproximatedasabundleofasymmetric
Gaussianbeams[15].AsshowninFig.1,thelight
fieldofsemiconductorlaserhasanellipticaland
symmetric distribution and its divergence angle
perpendiculartothep-njunctionplaneislargerthan
thatparalleltothep-njunctionplane.
 Accordingtoelectromagnetictheory,theoutput
laserbeamcanbeapproximatedasaGaussianbeam
withabeamwaistpositionatthelaserendface,and
themodefielddistributionisexpressedas

ψo(x,y)=
2
π

1
ω0xω0y

exp- x2
ω20x +y2

ω20y    ,(3)

ψo(x,y,z)=
2
π

1
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exp -ik z+ x2
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2
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whereωzx=ω0x 1+ z
fox  

2
;f0x=

πω20x
λ
;Rzx=z+

f20x
z .

Fig.1 Far-fielddistributionofsemiconductorlaser

 Eq.(3)representsthenear-fielddistributionof
semiconductor laser; ω0x and ω0y respectively
representthe beam waistradiiinthex andy
directionsofthecavity.Eq.(4)representsthefar-
fielddistributionofsemiconductorlaser;ωzxandωzy

respectivelyrepresentthewaistradiiinthexandy
directionsofthelightaftertransmittingzdistance
alongthez-axis;RzxandRzyrespectivelyrepresent
thewavefrontcurvatureradiiofthelightinthexand
ydirectionsaftertransmittingzdistancealongthez-
axis;φzxandφzyrepresenttheadditionalphaseshift
ofthe lightin the x and y directions after
transmitting z distance along the z-axis; f0x
representstheconfocalparameterofGaussianbeam;
andλrepresentsthewavelengthofsemiconductor
laser.
 Basedonthemodefielddistributionfunctionsof
single-mode fiber and semiconductor laser,the
couplingefficiencybetweenfiberandlasercanbe
obtainedbycalculatingtheoverlapintegralofmode
fieldas[16]

η=ηTηC =
|∬ψ*

zψfdA|2

∫
+∞

-∞
ψfψ*

fdA∫
+∞

-∞
ψzψ*

zdA
, (5)

whereηTisthesystemtransmissionrate,calculated
as1.Actually,inthecouplingprocess,sincethe
opticfiberendfacehasacertainangleorradiusof
curvatureafterprocessing,anangularfunctionanda
curvatureradiusfunctionneedtobeaddedinthe
calculationto obtaina moreaccuratecalculation
result.
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2 Couplingsystemdesign
 Accordingtofiber-coupledmodefieldtheory,the
couplingbetweensemiconductorlaserandsingle-
modefiberisanessentialmodefieldmatching.Due
totheellipticalGaussiandistributionoftheoutgoing
laserfieldofthesemiconductorlaser,ifthedirect
couplingmethodisadopted,themodefieldmismatch
betweenthem willleadtoonlyabout10% ofthe
couplingefficiency.Therefore,theoutputlightfield
ofthesemiconductorlasershouldbeshapedtomatch
themodefieldofthesingle-modefiber,soasto
reducethelosscausedbythecouplingbetweenthe
laserandtheopticfiber.
 Opticfiber and semiconductorlaser coupling
technology can be dividedinto three categories
accordingtothestructures:single-lenscoupling,
combinationlenscouplingandopticfibermicro-lens
coupling.Duetothelimitationofthesingle-lens
opticcharacteristics,thesingle-lenscouplingmethod
issimpleinstructure,butithasarelativelysmall
toleranceandisdifficulttobecalibrated.Forthe
coupling method ofopticfiber micro-lens,itis
relativelydifficulttobeprocessed.Therefore,the
combinationlenscoupling methodisadoptedto
improvethecouplingefficiencyandtoadjustthe
tolerance.Semiconductorlaserandsingle-modefiber
couplingschematicisshowninFig.2.

Fig.2 Principleofcouplingsystem

 TheopticaldesignsoftwareZemaxwasusedto
simulatethecouplingsystem.Assumingthatboth
thefastandtheslowaxisdivergenceanglesreach
their maximum,the specific parameters ofthe
simulationareasfollows:thecenterwavelengthof
thesemiconductorlaseris1550μm,thepoweris
1W,the divergence angle of the fast axis
(perpendiculartothejunctionplane)islessthan35°,
thedivergenceangleoftheslowaxis(paralleltothe
junctionplane)islessthan18°,thefibermodefield
diameteris9μmandtheeffectivegrouprefractive
indexis1.467.The3Dlayoutofcouplingsystemis
showninFig.3.

Fig.3 3Dlayoutofcouplingsystemdesign

 Thecouplingsystemconsistsofacollimatinglens
anda balllens.Thesemiconductorlaseremits
collimatedlightthroughacollimatinglens,andthen
thelightisfocusedintoasingle-modefiberthrougha
balllens.ThelensesaremadeofBK7material,and
eachglassiscoatedwithanti-reflectivecoating.The
defaultfibercladdingpropertyis “absorb”.The
detectorisplacedattheendoftheopticfiberwith
z=5μmfromtheexitendofthelightsource.The
sizeofthedetectoris10μm×10μmandtheproperty
is“absorb”.ByZemaxnon-sequentialraytracing,
thecorrespondingspotmapsinthetwodetectorsare
showninFigs.4and5,respectively.

Fig.4 Spotmapofdetector1

Fig.5 Spotmapofdetector2

 ItcanbeseenfromFigs.4and5thattheexitspot
ofthesemiconductorlaserhasanellipticalGaussian
distributionwithalightsourceenergyof0.998Wat
adistanceof5μmfromtheexitendofthelight
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source.Whentheoutputbeam ofthecoupling
systementerstheopticfiber,theenergygainedby
thedetectoris0.784W.Thespotareaisobviously
reduced and the distribution is circularly
symmetrical,whichmatchesthemodefieldofthe
single-modefiber.Thecouplingefficiencyobtained
bythefibercouplingformulais78.4%.Asthe
divergenceangleoftheactualvalueislessthanthe
design value,so the system coupling efficiency
shouldbegreaterthan78.4%.

3 Analysisofexperimentalresults

 Whentheworkingcurrentofthesemiconductor
laserischangedatroomtemperature,theoutput
lightpowersofthelaserbeforeandaftershapingare
measured,sodoestheoutputlightpowerofthe
transmissionfibercoupledwiththelaser.According
tothesetestdata,thecouplingefficiencycanbe
calculated,asshowninTable1.

Table1 Outputpowersofsemiconductorlaserbeforeandaftercouplingandcouplingefficiencyatdifferentworkingcurrents
Workingcurrent

(mA)
Pre-shapingpower

(mW)
Shapedpower
(mW)

Fiberoutputpower
(mW)

Couplingefficiency
(%)

Overallcoupling
efficiency(%)

10 2.31 1.74 1.61 75.32 69.70
20 4.55 3.39 3.13 74.51 68.79
30 6.72 5.02 4.59 74.70 68.30
40 8.91 6.68 6.24 74.97 70.03
50 10.90 8.21 7.59 75.32 69.63
60 12.97 9.71 8.93 74.87 68.85
61.8 13.26 9.84 9.08 74.21 68.48

 Itcan befoundfrom Table1that whenthe
working current reaches a maximum value of
61.8mA,theactualoutputpoweraftercouplingis
9.08mW,andtheoverallcouplingefficiencyis68.
48%.Fig.6showsthesemiconductorlaserP-Icurve
and overall coupling efficiency curve from an
experimentaltest.

Fig.6 SemiconductorlaserP-Icurveandoverallcoupling
efficiencycurvefromanexperimentaltest

 The overallcoupling efficiencyis morethan
68.30%intheactualtest,butthecouplingefficiency
ofthetheoreticalsimulationis78.4%.Thereis
certainagapbetweenthesimulationvalueandthe
actualvalue.Themainerrorsareasfollows:
 1)Opticfibererror.Thepropagationlossofthe
beamintheopticfiberisnotconsideredwhenusing
Zemax for simulation. The fiber used in the
experimenthasacertaintransmittance,withinthe
rangeof90%-99%.Therefore,someofthelight
energywillbelostduringtheactualtransmission.

 2)Couplingerror.Therearemanyopticalsurfaces
intheexperiment,andtheprocessingerrorandthe
relativepositionerrorbetweeneachopticalelement
willreducethecouplingefficiency.
 3)Shapingerror.Duetothedeviationofthe
shapingandadjustmentoftheshapingdevice,the
qualityoftheshapedbeamhassomedifferencesto
thetheoreticalsimulation.Forexample,thebeam
divergenceangle maybeslightlylargerthanthe
simulationvalue,thusthis willaffecttheactual
couplingefficiency.

4 Conclusion

 Aimingattheproblemoflightsourcecouplingin
fiber optic sensing measurement, this paper
establishesthecoupledmodefieldtheorymodelof
semiconductorlaserandsingle-modefiber,designsa
coupling system toimprove coupling efficiency,
adjusttolerance,andreducethelossoflightsource
powerinfiber opticsensing measurement.The
system usesa combinationlensconsisting ofa
collimatinglensandaballlens.AndbasedonZemax
purenon-sequence,thesimulationresultsshowthat
thecouplingefficiencycanreachabout78%.The
experimentalresultsshowthattheoverallaverage
couplingefficiencyis69.11%.Thisisbecausethe
opticalfibertransmissionlossandtheerrorcausedin
theprocessofencapsulation willmaketheactual
couplingefficiencydeviatefromthetheoreticaldesign
value.
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光纤传感测量中耦合系统的设计
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摘 要: 根据光纤传感测量中光源的选取原则,将半导体激光器作为光纤传感器的光源并选取单模光纤作

为尾纤,基于光学设计软件Zemax纯非序列光学系统,设计了一种半导体激光器与单模光纤的耦合系统。

通过分析半导体激光器的光束特性及半导体激光器与单模光纤的耦合模场理论,由一个球透镜和一个准直

透镜构成组合透镜耦合方式,达到提高耦合效率和容忍度的目的。设计时在非序列光学系统下进行了百万

次光线追迹,仿真得到所设计系统的耦合效率为78%左右,而实验测试结果为69.11%,由此对误差产生的

原因进行了分析。

关键词: 半导体激光器;光纤耦合;Zemax;耦合效率
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