AnnualReport2000

Chairof Optoelectronics
Instituteof ComputerScience
Faculty of MathematicandComputerScience
University of Mannheim
B6,23— 29 Building C
D - 68131Mannheim
Telephonet+49(0)621/ 181- 2704
Fax+49(0)621/ 181- 2695
EMail info@oe.ti.uni-mannheim.de
WWW http://wwwti.uni-mannheim.de/ oe



We have moved

Themostsignificantchangdn theyear2000is thatwe finally have movedinto anew building, whichwascomple-
tedatthe sideof the old building. Also, the cleanroomandthe opticslaboratoriesveremovedinto the basement
of this building andwe thankthe transporffirm for safelytransferringthe heary equipmentandthelasertablesto
their new location.Soafter4 yearsin Mannheim the officesandthelaboratoriesarefinally in onebuilding.
Ourresearchs centeredn opticalinterconnectg&ndoptical storage For theseapplicationsthe designandfabri-
cation of micro optical componentss the main componenbf our actwities. The masled ion-exchangein glass
meanwhilehasfound an application,which is both scientifically and economicallychallenging.To this end,a
spin-of firm (Brenner& Bahr GdbR)hasbeenfounded.Contributions1 and2 describethat we have fabricated
an arrayof rectangulamicro lenseswith diffraction limited performanceTheselensesareusedin a Hartmann-
ShackwavefrontsensorAs RobertKlug hasfinishedhis PhD-thesisthework on angledivision multiplexing was
completedandthe studiesin contritution 3-6 reporton that.

As anindustrialdevelopmentproject, the designof micro opticsfor the pickup of next generatiorDVD readers
posesaseriesof interestingohysicalandoptical problems.The beamshapingoroblemdescribedn 7 is still under
developmentand a patentapplicationfor the nonsymmetriccasehasbeenissuedrecently In contribution 8 we
have realizeda diffractive optical elementandin 9 a vectorialtreatmenbf high-NA focussingwasperformed.

Karl HeinzBrenner
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1 High precisionmicro-lensedor Hartmann-Shack wave fr ont sensoring
for applicationsin ophthalmology

J. Bahr, K.-H. Brenner

We reportthe realizationof diffraction limited micro lenseswith high fill factorusingthe maskstructuredion
exchangeprocesgMSI) for applicationsin modernophthalmology As describedn the last annualreport, the
MSI techniqueprovidesa very accuratdocal insertionof silverionsin planarglasssubstratesisinganexchange
maskwith locally varyingaperturedensity With this methoddiffractionlimited performancéetterthanA /10 can
be achieved at numericalapertureof N.A. = 0.05 andless.As animportantbenefitthesetypesof lensescanbe
realizedwith almostarbitrary shapeat a fill factorof nearly 100 %. Herewe reportthe realizationof quadratic
micro lensedn acartesiarpattern.

In modernrefractive eye suigery, even high order optical aberration®of the humaneye canbe correctedalmost
completelywith the LASIK ® technique Accordingto the measuredvave front defects the corneaof the eye
is alteredby the useof laserablationin this method.To identify all kinds of optical defectsthe completeoptical
systemof the humaneye consistingof cornea,eye-lensandretinahasto be examinedtogether Sincetheretina
scatterdight diffusely, the measuremenrhasto be performedincoherently Figure 1 demonstrateshe principle
of the measuremen®A small spotis generatedn theretinaby alaserbeam.The light scatterecbackpasseshe
completeoptical systemof the humaneye. In absencef aberrationshe eye would actasanideal collimator. Any
wave front errorsof the eye canbe detectedhsa deviation form a planewave, usinga wave front detectoyr herein
particulara Hartmann-Shackensor

To coverthewhole pupil of the humaneye anarrayof 25 x 25 micro lenseswith afocal lengthof 32.0 mmanda
diameterof 400 um (fig. 2) is usedin the Hartmann-ShackensorTo minimize the exposureof the eye with the
laserbeam,the lenseshave to provide high efficiency. For this reasonthe lensesweredesignedwith a quadratic
shapedemonstrateéh fig. 3. Sincethe maskis realizedby a photolithographigrocessthe positionsof the lens
centersandalsothe positionsof the spotsin the focal planeareasaccurateasthe laserlithography Fig. 4 shows
theintensitydistribution in thefocal planeusinga planewave for illumination.
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2 Array testof micro lensesfor usewithin Hartman/Shack- sensors

U. W. Kradkhardt

The Hartmann/Shackechniqueprovidesa metrologyof e
phasefrontswithout requiringa referencevave [1]. The

methodis basedon the samplingof aninput wave front \

by anarrayof lenseswith acommonfocal plane(fig. 1). | ..
In the caseof a planewave impinging perpendicularly >
ontothelensarraythe foci form aregularspotpatternin
the focal plane.Any deviation of this wave front results
in a shift of theindividual foci which correspondso the
averageslopeof the phasdront acrossalenscrosssecti-
on. \
For automatednspectionthe ideal spotpatternmustbe B B
known asexactaspossible SomealgorithmsareFourier il
basedandrequirea definite periodicity of the ideal spot

pattern Besidegshe optical quality requirementshelens

positionis a vital quality criterion for the fabricationof wave front lensletts detector

-lensarraysfor Hartmann/Shackpplicationg?2]. Fig. 1. Sketchof the Hartmann/Shackensoiprinciple

We have developedasoftwarewhichis capableof grabbinganimageof thefocal planeby meansf aCCDcamera,
finding the centersof anarbitraryspotdistribution andcalculatingtherelative encircledenegy of the spots.

In the imagea thresholdmay be definedinteractvely to separatehe backgroundambientand scatteredight).
Subsequentharegion of interest(ROI) maybe defined Within this ROI the softwareautomaticallyfindsall spots
anddetermineshe centerof gravity (COG)of eachspot. The COGis calculatedby anintensityweightedaverage
processhusachieving sub-pixel resolutionof typically 1/3,...,1/5 of apixel. In thesamestep theencircledener
gy of eachspotis calculatedn arbitraryunitswhich senesfor judgingthe homogeneityof the spotarray i.e. the
lenstransmittivity. Theresultsarepresentedn atablewhich maybe exported,e.g.,to a spreadsheetsoftwarefor
further evaluation(fig. 2). The positioninformationmay be displayedin absoluteunits, providedthatthe system
software/camer&asbeencalibratedbefore.
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3 Exploring the extensibility of the ADM concept
U. W, Kradkhardt, S.M. Flammuth

Angle division multiplexing (ADM) allows for multiplexed signaltransmissiorthroughoptical fibers over short
distancesn the order of several meters[3]. Its suitability for practicalapplicationshasbeenshawn in termsof
multiplex degree,bandwidth,crosstalk, transmissiordistance alignmenttoleranceof MUX andDeMUX units,
androbustnessgainstervironmentalstress.The scopeof this contribution is to sketchapproache$or extending
the ADM conceptExtensionganbethoughtof in two terms:

e PerformanceAs describedn [4] performanceanbe measured
in termsof the productof the numberof logic channelsN, the [ =*=without index match —&—with index match |
transmissiordistancel. andthecross-talk Thekey parameteis — g0
the angularextent 89 of a channel. A minimum &9 leadsto a
maximumperformancedd consistsof a constantoffsetanda
lengthdependentontribution. Thelatteris phenomenologically$ 40
expressedby the mode coupling constantD [4]. The constant ; 30
offsetof &9 is dueto the angularspectrumof the light source, 3
diffractionat the fiber apertureand scatteringdueto roughness
of thecouplinginterfaces.

In orderto decreasehe constantoffset of & pursuedthe ap- . ) ;
proachof elevating the influenceof the roughnes®f the coup- Fig. 1 Angulqu|dth vs.couplingangle
ling interfacesby index matching. for afiberof L =7.88m

To this end,the fiber input hasbeencoveredby UV-inducedadhesie which matcheghe coreindex. Fig. 1
shavsthatdd canbereducedby afactorof 1.2 by this techniquelt shouldbe notedthatthis technique
canbe appliedvery simply andthereforedoesnot substantiallyincreasefabricationcosts.We furthermore
investigatedpolarizationpropertiesof the fiber channel.For a fiber length of L = 0.4 m we measurech
polarizationcontraspf 0.3.For L = 2 mof thesameypeof fiberthepolarizationnformationwascompletely
lost. Furthermorepolarizationis very sensitve to environmentalstresdik e local pressureandbendingi.e.
micro andmacrobending As aresultof thesemeasurementshe polarizationdegreeof freedomcannot be
exploitedfor ADM.
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e Handling: Typical applicationsof ADM areboard-to-boardrack-to-rackinterconnectiorandsensorsignal
transmissionBesidesrobustnessthe effort for mountingan ADM sub-systeninto an embeddingsystem
is decisve for its acceptanceMounting effort is closelyrelatedto the questionof connectiorinterfaces A
typical ADM systenconsistof aMUX andDeMUX moduleanda multimodestep-inde& fiber. Connection
interfacesmay be situatedeither (a) after/ beforethe MUX / DeMUX modulesrespectiely, or (b) at the
multimodestep-ind& fiber. A connectioninterfacewithin the MUX and DeMUX modulesis not suitable
dueto the alignmentrequirementsf typically 5— 10 m. Approach(a) is a purely electric interconnect,
whereagqb) is a purely optical one.We exploredapproachb) in termsof power lossdueto misalignment.
The questionof cross-talkis still underinvestigation.The multimodefiber hasbeencut into two pieces
andbutt-coupledagainwith somecontrolledmisalignmentThe misalignmentasbeenrealizedin termsof
lateralshift andtilt. As canbereadoff from fig. 2 (fiber NA = 0.39),power lossis not a critical parameter
sincetypical fabricationtolerancesare 10 umfor lateralshift and5 mrad for tilt control.
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4 Automated measurementof fiber quality for Angle Division Multiple-
xing applications

U. W. Krackhardt, S.M. Flammuth

Angle division multiplexing (ADM) providesa meandor paralleldata
transmissiowith high aggrgyatebandwidththrougha singlemultimo-
de step-inde fiber [3]. The performanceof an ADM systemcan be
measuredh termsof theproductof thenumberof logic channelsN, the
transmissiordistancel andthe cross-talklt canbe shavn thatoptimi-
zing the performanceéasicallyis equivalentto minimizing theangular
extendperchannelddy. Theachievablenumberof channelds determi-
nedby

N
Z 09y < arcsifNA) whereNA denoteghefiber NA.
K=1

In areal systemthe value of 33 is limited by the angularspectrun]:ig. 1 Farfield distribution of amultimode
of the light source diffraction at the fiber aperture scatteringdue to
roughnessf thecouplinginterfacesdueto core/claddingmperfections
anddueto coreinhomogeneitiesThe latter two effectsscalewith the
lengthof the fiber, i.e. thetransmissiordistancel. Theseeffectscause
modecouplingresultingin angularbroadeningwhile light propagates
throughthe step-inde fiber. Gloge[5] hasdescribedheeffectof mode
couplingin termsof a phenomenologicabptical power flow analysis.
As aresult,opticalpoweris distributedaroundtheprincipalpropagation
angleby adiffusion-likeprocessin this contet thediffusionconstanD
describeghe effect of modecouplingandis called coupling constant.
The angulardistribution of the optical power p(6,2) is approximately
gaussiarshapedike

step-inde fiber with severalactive
channels

(8 —6m)? 2D-z

, wherethe letter © denotesangleswithin the fiber. 8, representshe  Fig. 2 Automateddentificationof ring
principal propagatiordirection. location,radiusandthicknessby image

processingndnon-lineardatafitting.
In the far field of the fiber outputan angulardistribution p(8) canbe
obsened(fig. 1). 63 is obtainedrom B(8) by clippingatanappropriate
thresholdwhichis givenby thecross-talkreequirementdt canbeshovn  goe0s
[3] thatclipping atthe 1/e-level resultsin a cross-talkof —10 dB bet-
weenadjacenthannelsThen, &% ~ /4D -z Thus,D canbe obtained
from linear datafitting of 332 vs. fiber lengthz
We developeda softwarewhich acquireghefarfield intensityof amul- — 208057
timodestep-inda fiber at differentcouplinganglesandfiber lengthsin = o.0e+00
anopticalset-updescribedn [6]. Fromthis datadd is obtainedoy mea-
suringthethicknessof theannularings(fig. 1) andtakinginto account .
the geometricaparametersf the measuremerget-up.Thering para- 193 Result:CouplingconstanD vs.
metersare calculatedby image processingand non-lineardatafitting couplingangled
(Levenbeg-Marquadt). As aresult,for eachcouplingangled avalue
of thecouplingconstanD is obtained(fig. 3).
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5 Influence of a Gaussianwave fr ont on the angular spreadthr ough mul-
timode step-indexfibers

R.Klug, U. W. Krackhardt

Recentlyafiberbasednultiplexedtransmissiomy angle 1y array
division multiplexing (ADM) hasbeenproposed3]. A

key parameteof ADM is theangularextentdd of achan-

nelsincethis limits theperformanceTheperformancef 5
an ADM systemmay be definedasthe productof fiber /
lengthL, numberof channelsN andthe maximumtole- 3 /
rablecross-talk.

09 is determinedby the angularspectrumof the light 1 /
coupledinto the fiber, diffraction at the fiber apertures,

roughnes®f the couplinginterfacescoreinhomogenei- 5

ties, roughnes®f the core/claddingnterface.The influ- /

enceof imperfectionswithin a fiber hasbeendescribed
by aphenomenologicaheory[5].

This contritutioninvestigatesheinfluenceof theangular
spectrumof the light coupledinto the fiber on the angu- p-lens array macro lens
lar spectrumof the light coupledout of thefiber. Fig. 1
shavs atypical multiplexing (MUX) unit couplingdiffe-

Fig. 1 Sketchof a multiplexing unit

50

rent physicalchannelsnto one multimodefiber (MUF) .| M50 o 0
at differentcoupling angles.The MUX unit imagesthe 4o |

angularspectrunof thelight sourcese.g.VCSELs,ont0 §35{ A &-&—-—-——4%&—-—————— -
thefiberinput. Providedthelight sourc&hcwsagaussian%30 1 — - theo1s
angularspectruntherewill bea scaledgaussiarangular zz 1 Qece-&----- AR R
spectrum:;lt_ thgflberlnpqt. Thgscalmg|s determinecby g - — —O—tehxepoll::SZ
the magnificationof the imaging system.The spectrum g 0 A exp1z
atthefiber outputis measuredn thefarfield of thefiber | theo 2:3
aperturein termsof thewidth of annularringsasdescri- ——

bedin thelastyears annualreport[7]. 01 0 01 02 03 04 05 06 07 08 09 1 11

At first glancetherearetwo waysto minimize33: a)Ma- _ /5ace ©f beam waistirom coupling interface [mm]-

ximum magnificationd of theMUX unit. b) Locationof Fig- 2 Angularwidth vs. distancebetweerfiber
thefiber input apertureat the waist of the gaussiarbeam apertureandbeamwaistfor different

to have zerocurvatureattheinterface. magnifications

Approacha) is limited by the coupling efficiengy. Typically, 1 < 3 < 10. As canbe seenfrom fig. 2 thereis in
facta reductionof angularspreadwith increasingmagnification.The markersindicateexperimentalkresultstaken
from afiber with NA = 0.39 anda corediameterof d = 200 umanda monomoddiber with NA = 0.095aslight
source Thesolid linesdenotetheoreticalvalues. Thetheoreticalvaluesareobtainedby the consideratiorthatthe
total gaussiarwidth o is obtainedby a corvolution of two gaussianst thefiber output:Onegaussiar{op) results
from aplanewave coupledin, the secondyaussiamesultsfrom theangularspectrum(ag) of theinputwave front.
As aresult,0? = 0% + 05. Op is measuredy couplinga planewave, i.e. gaussiarbeamwith a very large radius
of curvature,into the fiber. The deviation of experimentalfrom theoreticalvaluesarewithin the resolutionof the
measuremerget-up(+0.5 mrad).

Likewise, fig. 2 shows that approach(b) is not valid: The angularwidth 9 at the fiber outputis virtually inde-
pendenbf the distancebetweerthe fiber apertureandthe beamwaist. This is dueto the quasicontinuousmodal
spectrunof thefiber. Therefore theangularspectrunof a gaussiambeamremainsconstanwith free spacepropa-
gation.In this contet, approach(a) correspondso a hard-clipof the angularspectrunof a gaussiarbeam Jimited
by enegy lossconsiderations.

As aresult,longitudinalmisalignmenbf the multimodefiber hasno impacton the angularwidth of achannel.
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6 Analysisof alignmenttolerancesof ADM MUX- and DeMUX- modules

R.Klug, U. W Krackhardt

TX-array macro lens

ADM hasbeenproposedsa fiber-basednultiplexedtransmissiorsystenusing
Angle Division Multiplexing [3]. Fig. 1 shaws typical set-upsfor multiplexing
(MUX) andde-multiplexing (DeMUX) units. This contribution focuseson the
impactof misalignmenbn the systemperformance

AN P ow o

visi 1 I 1 i I I IE ' multimode fiber
A lateralshift of aninput sourceor of a micro-lensin the MUX module(fig. 1)

u-lenses

causes magnified(B1) lateralshift of theimageat thefiber input, thusincrea-
singinsertionloss. The sameis true for an axial shift, however, scaledby [3% at
thefiberinput. Ontheotherhand,asdiscussedh [8], if thefiberinputselecton-
ly the centralpartof thebeamcrosssection,areducedangularspectrunresults.
Theaxial shift of thebeamwaisthasvirtually no effectto theangularspectrum. dreeion™\
As aresult,thereis a trade-of betweeninsertionlossandangularspectrunfor ™ coH lens
thechoiceof B1. Themagnification32) of theDeMUX moduleis limited by two Fig. 1: Typical set-upsfor MUX
effects:An upperlimit is imposedby alignmentconsiderations, e., theimageof andDeMUX modules
achannehasto staywithin theareaof adetectoiin caseof lateralmisalignment. ,, ——acam |
A lower limit is givenby the detectorextentandthe maximumdeflectionangle R e
of the CGH (fig. 1). Sincethe core diameterof the multimodestep-inde& fiber

we usedis d = 20 um, andthe diameterof typical detectords in the rangeof
d’ ~ 200um B, = 1 is chosenfor a testsystem.An axial misalignmentof the
fiber outputresultsin a changeof ring radii at the CGH resultingin crosstalk.
Theproblemof power insertioninto thereceversis consideredninor, sincethe
optoelectroniaeceversacceptvirtually all reasonabl@pertureangleswithout = s e
changeof insertionloss.

For aquantitatve estimatiorof theinfluenceof fabricationtolerance& 3D, non-
paraxialray tracing formalism hasbeendevelopedanalytically Sincethe pro-
blemis non-linear numericalresultsare now discussedy meansof particular
designgoals:The ADM systemis designedo have N = 10 channelsanoverall
crosstalk of —10 dB, a detectorpitch of 250 umanda CGH with a maximum
deflectionangleof 25° at A = 850 nm Theinput sourcesare monomodsdibers %
with a corediameterof 9 um A magnificationof B; = 10is chosen. |
Fig. 2 shows the insertionloss vs. focal length f; of the micro lensarrayfor ..
differentvaluesof fabricationaccurag dx. For dx = +3.5pmandf; = 575there ] -
is aninsertionlossof ~ 1.5 dB dueto a positionmismatchat the fiberinputof =~ = oy
about90 um Thecrosstalk causedy this MUX unit canbereadoff from fig. 3

as—10.7 dB. Thedivergenceof the Gaussiarbeamatthefiberinputis 7 mrad.
As alreadypointedout, insertionlossis notcritical for thedesignof the DeMUX
module A lineardetectorarraywith 10 elementf pitch 250 umresultsin f3 =
fa = 2.7mm(fig. 1). Fig. 4 shovstheimpactof fabricationtoleranceonthecross 3 J
talk: Themismatchof thering thicknesds muchlesscritical thanthedecentering 35
of theCGH. A decenteringf dx = +7umleadsto a degradatiorof crosstalk by
1.5 dB. Theoverall crosstalk of the systemwith the givendesignandtolerance
datais —9.9 dB. Thepowerlosscausedy theMUX andDeMUX unitsis 1.5dB
(MUX) +0.7 dB (CGH@DeMUX)=2.3dB. TheCGHis assumedo berealized
asan8-level phase-onhydiffractive elemen{9].
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Fromthe deriveddesigndatathe volumeconsumptioris Vipux = 152 - 8 mn? = w s 4 s 8 1
0.6 Cl'T'i3 andVDeNU)( ~ T[32 -8 mn? ~ 0.25 Cn’? for the MUX andDeMUX mo- tolerance [um]
dules,respectiely. Fig. 4: Crosstalk causecy the

DeMUX (seetext)
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7 Designand investigationof arefractive Gaussianto flat-top converter
PeterKiimmel Karl-Heinz Brenner

For thenext generatiorof DVD we have designedain Gaussiano flat-topcornverterthatincreaseshelight efficien-
cy in theoptical pick-upfrom about25 % upto 100% (fig. 1). This corverterusestwo refractive opticalelements
(fig. 2).

Conventional light efficiency about 25%: input refractive
intensity elements output
itensity

objective

Light efficiency with converter up to 100%: lense —>

/ \

i - intensity- angle
Gaussian to flat-top correction correction
converter

Fig. 1 Improvedlight efficieny by beamshaping  Fig. 2 Geometrianodelof the Gaussiario flat-topcorverter

The designmethodis basedon conseration of enegy of geometrical
raysandthethin-elementpproximation(TAE). This approacHeadsto 40
an analytically solvable equationfor the optical phaseof the first ele- 35 | —speciicied
mentwhich wassolvednumericallyby integration.For anexperimental 30+ /\\
verificationof thedesignprocedurewe chosethe situationof a Gaussi-

anbeamwidth of 1.5 mm positionof the secondelementin a distance
of 60 mmanda top-hatradiusof 2.2 mmwith a theoreticalpower effi-
ciengy of 99%. Fig. 4 shavstheradialphasedistribution of theelement 101

\AAAAAAAAAL

phase in rad

resultingfrom theseparameterst alsoshonvsthemeasureghaseof the ®

realizedelement.The elementwasfabricatedby direct write in photo o0 o T s 2
resist(IOF Jena) Thepropertieof thedesignedlementvereanalyzed radius in mm

by numericalnonparaxialave-propagatioraswell asby experimen- Fig. 3 Phaseof thebeamshaping
tal characterizationFig. 5 shavs the calculatedoutputintensity as a elementasafunctionof radius

gray-levelimage.Fig. 6 shovsthe measureautputintensity

Fig. 4 Gray-levelimageof calculatedbutputintensity  Fig. 5 Gray-level imageof measureautputintensity

References

[10] P Kimmel,U. Krackhardt,K.H. Brenner Berechnungund HerstellungmikrooptischerElementefiir den
blauenDVD-Standard.Optik in derRechentechnililagen(2000)
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8 Diffracti ve elementfor focus& position tracking in DVD-pickups by a
Foucault knife-edgetechnique

S.Dambad 1, U. W Kradkhardt

In the scopeof an Europearresearctproject(BLUE-SPQI) our groupis working on the optical pickup system
of the next-generatiorDVD storage By reducingthe wavelengthto 405 nm (blue), using fastfront lensesand
decreasindhe pit size on the mediumthe capacitywill be increasedy a factorof morethan4 ascomparedo
todaysDVD (4.7 GB) systems.

Oneof ourresearclyoalsis to provideameans
for generatingoptical signalsfor trackandfo-
cuserrorwhich canbe subsequentlgvaluated
in an electroniccontrol circuit. Togetherwith
our industrial partnerwe realizeda diffracti-
ve structurewhich in essencectsasaperture
splitter and spacevariantdeflector The struc-
tureis partitionedinto 4 quadrantg@achhaving
a linear binary phase-onlydiffraction grating
with individual sizeandorientationof thegra-
ting vectors(fig. 1). The gratingis locatedin
the corverging backward beamof the pickup
suchthatall quadrantareequallyilluminated
if the systemis ontrack. Thediffractive struc-
tureis designeduchthatthediffractionorders
impingeon a structureddetector

In the caseof perfectfocusthe, say —1% dif-
fraction orderslie just betweentwo adjacent
detectorareag(fig 2b). If the systemis out of
focusthe imageno longer coincideswith the
detectorplane. The quadrantboardersof the
diffractive elementact as knife-edges.Thus,
thedirectionof theraysconstitutingthe focus
are not symmetricwith respectto the princi-
pal propagatiordirection. This leadsto defo-
cuspatternswhich shaw differentorientations a) mediumtoo nearto front lens
dependingnthesignof thedefocudfigs.2 a,
¢). Thecontrolsignalis obtainedoy electrical-
ly subtractinghevoltagesof adjacentlietector
areasBy theabsolutevalueandthesignof the
resultingvoltagethe amountandthedirection
of defocuscanbe monitored.

The track signal can be obtainedin a similar
mannerif thetrackis shiftedout of focus,the
quadrantsof the diffractive structureare un-  p) mediumin focus(focusdetectordashedirack detector
equallyilluminated.This changesheintensity dotted)

distribution of the,say +1% diffractionorders.
Again, by electricallysubtractinghe voltages
of correspondingletectorareasa monitoring
signalfor trackcontrolcanbe obtained.

For the fabricationof the diffractive structure
wedevelopedapolygonintersectioralgorithm
to automaticallygeneratestructuredatafor our
direct writing lasermachine.The specificati-
ons were met with an absoluteerror of be-
low 2 %. Technicalassistanceof the Fern-
Universitt Hagenfor etchingthe glasswafer
is gratefullyappreciated.

iHighe

Fig. 1 Microscopeimageof the diffractive element

¢) mediumtoo far away from thefront lens
Fig. 2 Diffraction patternof diffractive element

1ThomsonMultimediaGmbH, Hermann-Schwestr. 3, 78003Villingen-Schwenningen
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9 High NA - lens: Fresneltransmissionand vector propagation
PeterKiimmel Karl-Heinz Brenner

The next generatiorof DVD will have anobjective lens/ lens-system
with aboutNA = 0.85. Figure 1 shows the correspondingangleaper
ture of arcsir(0.85) = 58°. Refractionat suchlarge anglesmakesan
investigatiomecessargonsideringhe polarizationof theincidentray.
In a single lens-systenthereare two points of refraction: 1. air-lens
and2. lens-aif seeFig. 1. At thesepointsarelight lossesdescribedy
Fresneldormulae.Becausef differenttransmissionsf thethreeelec- NA = 0.85
tromagneticomponentsherefractionwill alsochangehedirectionof 0 - ca 60°
polarization We have calculatedheintensitylossesandrotationof po-

larizationfor sucha systemUsingalensdiameterof 5 mmandn = 1.5
for thelensrefractive index we assuma incidentlinearpolarizedplane
wave with the only nonvanishingx-componenof the electromagnetic
field. Figure 2 shaws the intensity transmissiorof the two following
refractions Thetwo maximaoriginsin the Brewsterangles.

1. Air - Lens
2. Lens - Air

Fig. 1: High NA lens.
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Fig.3:Rotationof polarization.(Angle: —12° to 12°)
Of highinterestis theintensitydistributionin thefocal plane.Thereforewe have calculatedhis distribution under
consideringhevectorcharacteof light. Thevalidity of ray-tracingbreakingdown at suchhigh NA we useawave
opticaldescription.The downward propagationwascalculatedfor the threecomponenseparatéy the Kirchhoff
diffractionintegral. Summatiorof the threeindividual intensity distributionsgivesthe overall intensity Figure4
shavsthe calculatedntensitydistributionsof thethreecomponentg aplanatidens,NA = 0.85,A = 405nm).The

no morelongerrotationalsymmetricoverall amplitudedistribution of the electricfield shavs Fig. 5. The added
circle indicatesthefirst minimum of the scalardiffractiontheory(Airy).

.x
.y
-z

Fig. 4: Intensityof thethreecomponents Fig. 5: Overallintensityin focal planeof a NA=0.85system.
Unitsin pm
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10 Equivalenceof paraxial optical systems

K.-H. Brenner W.T. Rhode$

Onthe occationof avisit to Mannheimlastyear, Bill Rhodesthe directorof researchat Geogia TechLorrainin

Metz, Franceposedan interestingproblem,for which he provided a closedsolution. The problemcan be stated
like this: Is it possibleto realizediffractionin free spaceover a distanceof z with an optical systemthatis much
shorterthanz ? In a mathematicaformulation,the goalis to find anequialent,but shorteroptical systemwhich

realizesa FresneltransformationThe solutionBill cameup with [11] consistedf two lensesa scalingunit, and
freespacepropagatiorover adistance

i
Zs= Z+ 1
whichis obviously shorterby afactor
zs
z  z+f

By employing diffractionintegralshewasableto provethatthis systemwasmathematicallyequivalentto a Fresnel
transformation.

Using the Wigner descriptionof optical systemsthe sameproof canbe performedby linear transformationsn

phase-spacdn Wignerspace the effect of propagation(P), a lens(L), and scaling(S) are describedby the

matrices
0= (3 ) w=(4 2) sm=(5 2)

with z asthe propagatiordistance,f asthefocal lengthandm asthe scalingfactor Thesematricesacton phase
spacecoordinates
X
= (&)

and arereadily identified as the ray-transfematrices,known in paraxialoptics. While raysare only applicable
in the eikonal approximationthe identificationof phase-spaceoordinatesasgeneralizedayswas shovn to be
mathematicallyequivalentto the integral treatmentof quadraticoptical systemq12] if a descriptionin termsof
the complex amplitudewasreplaceddy a descriptionin termsof the Wignerfunction.

Theabove solutioncanbe expressedn termsof systemmatricesby the equality

L(—z—f)s(¥)P( 2t )L(f):P(z),

z+ f

whichmustbereadfromrightto left. A lenswith focallength f is placedbehindthecomplex amplitudeug. Thena
propagatioroveradistancezf /(z+ f) follows. Theresultis scaledanda secondenswith negative focal lengthis
applied.This conceptanbe extendedalsoto otherproblemsA problemof specialinterestwasafocusingsystem.
Theequality
1
S(ﬁ) P(mf)L(mf)S(v/m) = P(f)L(f)

statesthata focusingsystemconsistingof alens(f) anda propagatiordistance( f) canbe replacedby a scaled
system(factorm) if theinputis scaledby v/m andtheoutputis scaledby \/1/m.

References

[11] W.T. Rhodes,SeminarPresentatiofi Light tubes,Wigner diagrams,and numericalsimulationof Fresnel
propagatiori presentedt Universityof Mannheim, 2000
[12] M.J. BastiaansOpticaActa 26 (1979)1265,J. Opt. Soc.Am 69 (1979)1710.
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11 Correctsamplingof paraxial focusingsystems
K.-H. Brenner

Sincethe classof analyticallysolvableproblemsis muchsmallerthanthe classof all problemsthereis alwaysa
needfor numericalmethodsin orderto solve thoseproblems,wherean analytic solutioncannotbe derived. For
a satishctory numericalrepresentationthe continuousdistribution hasto be sampledaccordingto the Nyquist
criterion, statingthatthe samplingdistance L

max

hasto besmallerthatahalf of theperiodof thehighesfrequeng. Opticalsystemsonsistof lensesandpropagation
distancesin the paraxialapproximationthesemodulescanbe approximatedy quadraticsystemsThusa thin
lenscanbedescribedy a quadratigpphasdactor Thereal (or imaginary)partof thelensamplitudeis a sinusoidal
functionwith linearly increasingspatialfrequeng:

ox <

v(X) = %

Hence correctsamplingof alenswith diameteD = 2R requiresthat

f

MNens< ==

lens > 2R

Thus the samplinghasto be betterthan the spot-sizeA /NA for a numericaltreatmentof lenses.If we useN
samplingpointsto representheinput diameteyrtherelation2R = Nox indicatesthat

(s N&x?

- A

is anecessaryequiremenfor thefocal lengthof thelens.The propagatiorin spacein the Fresnelapproximation
canbesolvedmosteasilyin the Fourierplane,wherethe spatialfrequeng spectrumis multiplied by the quadratic
phaserm\zv? . By similar stepswe find thatthe samplingin the frequeny domainaccordingto Nyquistrequires

that
1

OV propagation < m———
propag ~ 2M\Vmax

UsingadiscreteFouriertransformthe spatialandthefrequeny samplingarerelatedby dv = 1/Nox , thusvimax=
1/25x andwe obsenethe condition

< Nx2
- A

for the propagationdistance Thus, if lens-and propagatiormodulesare chained the Nyquist criterion requires
that

leaving

astheonly optionfor afocusingsystemwith afull lensdiameter
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12 Off-axis operation of optical phaseelements

K.-H. Brenner

A hologramis typically reconstructedby illuminating it with a planewave from a collimatedlaserandobserving
the reconstructiorat the focal planeof a lens. For a binary phasehologram,the zero diffraction order can be
suppressedf the phaseadifferencebetweerthetwo levelsis 1, or equivalently, if the differencebetweerthetwo

heightlevelsis

2(n—1)

If the hologramis placedin the collimatedbeamnot perpendiculato the axis, but at an off-axis angle,thelight
paththroughthe phaseelementwill becomdongerby afactorl/cosd . Thereforeit is awidely heldbelieve, that
alsothephasdevelsh will increasey this factorandthe phasewill be @ —axis = k(n—no) % . To make things
short,this formulais wrong and Markus Testorfand Wolfgang Singer two former PhD-studentsluring my time
in Erlangenwerepuzzledby this, comparingt with the Rayleigh-Sommerfelgropagationdescribedy

~ 1 < () KL iz (22) k2 2
u(rl,z)zwf/u(lg) ki g7y (8) g2y
It indicatesthate.g.for thex-componentky, = nkysind andthus

2
(%)) — K2 = kozv/ N2 — n2sin 9 = kozncosd

is the appropriatephasefactor to be appliedif a planewave propagatesn a mediumwith index n at an off-axis
angled . Sincethereis a significantdifferencebetweerafactorl/ cosd andthefactorcosd, MarkusTestorfhas
pursuedhis problem,pointingoutin arecentpublication[13], thatthe correctphasefactorfor off-axis operation
of aphaseslementwith heighth is

Qo f—axis = Ko(ncos? — ngcosdo)h 1)
2.5 T T T T

if ng istheindex of theoutsidemedium 9 is theangleof I.’
theilluminating planewave outsideandsind = ”—rﬁ’ sind e e
is the angle of the planewave inside the mediumwith ‘
index n . It is easyto shav thateq.1 canequialentlybe  crp 8 ) b S
written as - ' g

OFD (8 ) J

J— s

(Poff—axis= koh <\/ nz—ngsinzﬁo—nocosa(;)) OFD (8 ) ir

illustrating, how the Rayleigh-Sommerfeldescriptior 0.5
canbeappliedfor propagatiorin aninhomogeneoume-

dium. 0

By usingonly 3¢ in thedescriptiontheinitial spatialfrequeng spectruncanbe usedthroughouthe propagation
in differentmediawith differentindicesof refraction.The graphabove shows the optical pathlengthfor 1/ cosd
(topcurve),cosd (bottomcurve) andthe correctformula(solid line) for anindex differenceof 0.5.1t indicateshat
the phasendeedgrowsfor off-axisanglesandthatthewrongformula(top) is anunexpectedlygoodapproximation
for the correctformula.

References
[13] M. Testorf,” Onthezero-thicknessnodelof diffractive opticalelements , JOSAA 17,pp 1132-11332000
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13 Realisationof vertical coupling deviceswith SU-8resist
J. Bahr, T. Sdmelder, K.-H. Brenner

We reportthe realizationof multimodewave guide substrate$or vertical coupling[14][15] with a very costeffi-
cientUV-structuringtechniquen thick photoresist.

For realizationof D-WG structureswe suggest differentapproachesThe first is to embossa semicylindrical
structureinto a blank of PMMA (fig. 1). After thatthe structureis filled with a high index material,for example
PolycarbonateThe secondapproacthis the field assistedsilver-sodiumion exchangeprocessn planarglasssub-
strated16]. Herewe usesoda-limeglassesoatedwith athin layerof Titaniumwhichis structuredon onesideby
a photolithographigrocessThis glassis putinto a silver saltmelt at a temperaturef about250to 400 degrees.
Betweerthemeltandthebottomof theglassanelectricalfield is applied which forcesthesilverionsfrom themelt
into the glass.In caseof a line shapednaskwith a very narronv aperturenext to the maskaperturethe electrical
drift field shavs semicylindrical geometryin goodapproximation3]. Accordingto the ion migrationalongside
thedrift linestheindex distributionis semicylindrical, too. This approachs certainlythe mostexpensve one.But
themainadwantages thatby applyinga postheatingprocessthe steplik e index distribution canbe smoothened,
andevenparabolicdistributionscanbeattainedwith high precision[16]. With thistechniqueve cangetstep-inde
andalsograded-inde profilesto reducemodaldispersion.

Thethird approachs the mostcostefficient. We realizedstrip-wave-guidesby UV-structuringof thick photore-
sist(SU-8 by MicroresistrM). By varyingthe rotationspeedf the spinningmachinewe canadjustthe thickness
betweenl0 to approximatelyl000micronswith goodrepeatability With 2000J /min thicknessof 50+ 5 micron
couldbe obtained.Theindex of theresistis 1.61. After UV-exposurethe non exposedareascanbe unhingedso
we canattainrectangulashapedstrip waveguides.

Di=

Kask
Blank i
Ra=i=l

L Subs=lrake

Slrip-
W eag uide

O - aweguide

Slass
electical
Corift-Fizld

fig. 2 field assistedon exchange fig. 3 UV-structuringof thick
processstepindex andalsograded  resist:strip waveguideswith step
profiles index profile

We realizedplug ontop couplingwith thesestrip wave-guidesAccordingto figure4 we puttwo identicalsubstra-
tesontop of eachother Light wascoupledinto thebottomwave-guide The microscopemageof thebacksurface
demonstratethe enegy transitioninto the uppersubstrateFor bettervisualizationof the two strip-wave-guide
substrates slight sheabetweerthe substratesvasintroduced.The heightof the strip-wave-guidewas40 pum his
width was100 um The substratesvere pressedogethemwith a force of approximatelyl N/cn?. We did not use
ary index matchingfor this experiments Sincethe modesaredistributedstatisticallyin multi modewave guides,
the maximumamountof enegy transitionis limited to 50%. In our first experimentswve obtainedan transitionof
44+ 5% of the insertedenegy. By comparingthe power in both wave-guidesin the pluggedsituationwith the
powerin the bottomwave-guidewithout connectiorwe obtaineda couplinglossof about0.05 dB.

fig. 1 embossandfill: step-inde&
profiles

fig. 4 schemeof thevertical couplingof two strip fig. 5 microscopemageof the outputplanesof the
waveguidesubstrates stripwaveguides

Refereces

[14] T.SchmelcherdocherBahr, K.-H. Brenner Fabricationof integratedD-Waveguide Y-Branchedy field assi-
stedion-exchange AnnualReport1999,page4

[15]

[16] J.Bahr, K.-H. Brenner H-ROD a new andversatilemicroopticalcomponentOptik 2000,accepted

16



14 Experiment for measuring wavelength and angletolerance of two di-
mensionalcontinuous phaseelements

G.Walze

Diffractive elementscanbe usedfor mary of today's applicationsOnegoalin designingdiffractive elementds
to obtaina high diffraction efficiency. Thereforephase-onlyelementsare preferredto amplitudeelementsThe
diffractionefficiency increasesvith thenumberof phaseguantizatiorievels. Thereforecontinuougphaseslements
(CPEs)areexpectedo shav the highestdiffractionefficiengy. With anew designmethod[17] we arenow ableto
designarbitrarytwo-dimensionatontinuousphaseelementsOur goalis to investigatethe toleranceof elements
designedvith this methodagainstchangesn wavelengthandincidentangle.In orderto measurehis tolerance,
we build atestarrangemenin which wavelengthandanglecanbevaried.

Fiber from Monochromator Pinhole Phase dement

Thewavelengthcanbevariedfrom 480nm— 840nmandthe anglefrom —60°to+ 60°. Thefirst testobjectrecon-
structsanarrangemendf 24 spotsrepresentinghelettersUM for Universityof Mannheim.

g " 4 ' ‘
! CCD-CameraThecentrerspotcor-
o e respondgo the zerodiffraction or-

Fig. 1 ContinuousPahse Fig. 2 Reconstructethtensity der
Distribution
The diagramsbelow shaw thefirst resultsof the experiment. The diagramsareshawving the standardieviation of
thespotsrelative to their middle valuefor wavelength(Fig. 3) andangle(Fig. 4). Becauséhe elements designed
to behomogeneouat the designwavelength,a minimumis expectedfor this wavelength.ln our experimentsve
foundthatthis deviationis areliablemeasuref wavelength-andangletolerance.
5

0.9 4 o,

Figurel showvsthe continuougpha-
se element,where different greys-
calesarerepresentinglifferentpha-
sevalues.The phasechangeof this
elementcovers a range of 2,51-
1. The whole elementhad all to-
gether5*5 of thesepatternstiled
in a2 mmx 2mmsquare Figure 2
shavs thereconstructedmageon a
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15 Measurementof the attenuation of D- Waveguidesby cut-back method

T. Schmelder, J. Bahr, S.Seov

For opticalinterconnectst the board-boaragndchip-chiplevel, thereis anincreasingnterestin solutions which
are tolerantwith respectto fabrication, positioning and operationconditions. Consequentlymultimode inter-
connectsarefavored over single-modeapproache the shortdistanceregime. The interconnectiorsystemwe
proposecearlier[18], utilizes D-shapednultimodewaveguidestructureswhich areembeddedh aplanarsubstra-
te. Theflat sideof the D-structureis realizedasthe substratesurfaceandcompletesirtually the structureto afull
cylindrical by total internalreflection(Fig. 1a). In analogyto D-fibers[19] we usethe expressionD-waveguides
(D-WG).

O <
Fig. 1aAn integratedRodis structurally
equivalentto asemi-glinder dueto total internal Fig. 1b Front-end Fig. 1c Plug-on-top
reflectionat the surface coupling coupling
Dueto this D-WG structureall the operationsof guidingandbeamsplitting canbe realized.In additionto front-
endcouplingonecaneasilyrealizea plug-on-topcouplingby simply placingasecond-WG ontop. For thereali-
zationof D-WG structuresdifferenttechniqueganbeapplied.Onepossibilitywould beto embossa structureinto
apolymerandto fill the resultingchannelwith a higherindex polymer In the presenistagewe usethefield assi-
stedsilver-sodiumion exchanggrocessn planarglasssubstrateanddirectwrite technique$20]. Theseprocesses
provide stepor gradedndex variations[21] [22]. Couplinginto the D-waveguidewasrealizedby focusingalaser
atthefront surface. Thebacksurfacewasmonitoredby a microscopesetupwith a CCD cameraandapower meter

Fig. 2 Measurement—principe

D-Waveguide | 1 2 3 4 5 6 | Average
Pover/ mW @ zp = 26.65mm | 35.6 39.2 38.0 375 350 36.0 36.9
Pover/mW @ z; = 1593mm | 50.0 53.8 52.8 50.3 48.6 48.8 50.7
adB/cm 1.38 128 1.33 119 1.33 1.23 1.29

A largepartof thisattenuations dueto normalglass-attenuatiomvhich contritutesatthemeasurementvavelength
to. By choosingadifferentwavelengthand/ or adifferentglasstypetheattenuatiorcanbereduced Theremaining
attenuatiorcanbe explainedby micro cracksandnon-uniform exchangeregions.
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of SPIE,Vol. 4089,86- 92,ISBN 0-8194-3732-8|SSN0277-786X ,QuebecCity, Canadg2000)

K.-H. Brenner J. Bhr, T. SchmelchemDesignandFabricationof arbitrary, non-separableontinuougphase
elementsin Diffractiv Opticsand Micro-Optics OSA TechnicalDigest,237 - 239,ISBN 1-55752-635-4,
QuebedCity, Canadg2000)
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U. W. KrackhardtR. Klug, andK.-H. BrennerMultimode Fiber Interconnecfor Parallel,High Bandwidth
- ShortDistanceDatalLink in Progressin ElectomagneticsReseath SymposiunfPIERS),The Electroma-
gneticsAcademy PIERS2000 Proceedingsy26,ISBN 0-9679674-0-6Cambridge Massachusettd)SA
(2000)

DanielaDragomanMirceaDragomanandKarl-HeinzBrennerOpticalrealizationof theambiguityfunction
of realtwo-dimensionalight sourcesAppliedOptics39,No. 17,2912- 2917,(2000)

Karl-Heinz Brenner Developmentof modulesfor micro optical integrationand MOEMS packaging in
MOEMS and Miniaturized SystemsEds: M. Edward Motamedi, Rolf Gring, Proceedingof SPIE, Vol.
4178,138- 140,ISSN0277-786X SantaClara,USA (2000)

P. Kimmel,U. Krackhardt,K.-H. Brenner S. DambachBerechnungind HerstellungmikrooptischerEle-
mentefiir denblauenDVD-Standard5. WorkshopOptik in der RechentechnikTagungsbandgds.:Stefan
SinzingerJmgenJahnsp9- 73,1SSN 1437-8507Hagen(2000)

U. W. Krackhardt,R. Klug, K.-H. Brenner Realistionand Application of a parallelhigh-bandwidthinter-
connectover a single multimodeFibre by Angle Division Multiplexing in 14th InternationalConference
on Optical Fiber SensorsA.G. Mignani, H.C. Lefvre, Editors,Proceedingof SPIE Vol. 4185,174- 177,
ISSN0277-786X,Venedig(2000)

J. Bahr, T. SchmelcherK.-H. Brenner TolerantCouplingof integratedMultimode Waveguides in LEOS
2000 IEEE AnnualMeetingConferencé’roceedingsyol. 2,571- 572,ISBN 0-7803-5947-XPuertoRico
(2000)

J.Bahr, K.-H. BrennerH-ROD: A new andversatilemicroopticalcomponentOPTIK (2000),accepted

JocherBahr, Thilo SchmelcherKarl-HeinzBrennerTolerantCouplingof integratedMultimode Waveguides
in Opticsin Computing OSA TechnicaDigest,116- 118,ISBN 1-55752-656-7l.ake Tahoe/N&ada(2001)

U. Krackhardt,R. Klug, K.-H. Brenner Angle Division Multiplexing: Investigationof the multiplexing
potentialof real systems ORT 2001, Proceeding$th WorkshopOpticsin ComputingTechnology 101 -
108,1SSN 1437-8507 Paderborn(2001)

T. Schmelcherd. Bahr, K.-H. Brenner TolerantCouplingof integratedMultimode Waveguides ORT 2001,
Proceedings&th WorkshopOpticsin ComputingTechnologylSSN1437-850787 - 91, Paderborn(2001)

Karl-Heinz Brenner Ulrich KrackhardtandMichaelKraft Integratedguiding structuredor passie aligne-
mentof micro opticalcomponentsSPIE46. Annual Meeting,accepted

JochenBahr, Karl-Heinz Brenner Realizationof refractve continuousphaseelementswith high design
freedomby maskstructuredon ex-changeSPIE46. Annual Meeting,accepted

Karl-Heinz Brenner PeterK immel DesignandInvestigationof a Gaussiarto flat-top corverterfor optical
storageapplicationsSPIE46. Annual Meeting,accepted
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