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Compatibility with mainstream Si Integrated Circuit (IC) technology promises low cost and
reliable manufacturing of monolithic Si-based optoelectronic integrated circuits that will be

15  much like today’s electronicICs.

Optical switches, very much like the conventional transistor, are essential components of
photonic guided-wave devices. Optical switching is needed for rearranging the optical paths in

a telecommunication network, for example.

Most optical switches have one or more elements that are mechanically actuated. These kind
20  of switches are thus referred to as optomechanical switches. Typical examples are addressed

in “Current European WDM deployment trends”, E. Lowe, IEEE Commun. Mag., Vol. 36, pp.

46-50, 1998, and in “All-silicon bistable micro mechanical fiber switches”, M. Hoffmann et

al., Electron. Lett., Vol. 34, pp. 207-208, 1998.

It is desirable to have optical switches that are less bulky and more reliable than
25  optomechanical switches. An often followed approach to build an NxM optical switch is to
cascade a (large) number of simple 2x2 optical switching elements, where each of these 2x2

switches consists of one or two tunable Mach-Zehnder interferometers. An example of such a



WO 01/ 79926 PCT/1B01/00328 2 switch is described in "Low Loss and

H gh- Extinction-Ratio Silica-Based Strictly Nonblocking 16x16 Ther nooptic
Matri x Swoeftr’9e2d. Goh, M Yasu, K Hattori, A  H neno, RT/Gmumes2and Y.
Ohnori, | EEE Photoni cs Technol ogy Letzers, Vol. 10, No. 6, June 1998. A
second approach, which uses beamsteering to realize a 1xN or NxI switch 5
is described in "Conpact Versatile Thernooptical Space Switch Based on Beam
Steering by a Waveguide Array", E. FlUck et al., |EEE Photonics Techn.
Lett., Vol. 11, No. 11, pp. 1399-1401, Novenber 1999. This integrated
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free space | Esreﬂ;, J i h j e
proj ection v%ﬁe é‘ge eristi g"ﬂ?gﬁ%ﬁdﬁ% gtqu%{ lrll%ﬁ)% %u&ﬁ%\%ﬁ&%@é@d%é??&m t he
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is focussed. This allows to switch input signals to desired output channels. This IEEE

publication is herewith incorporated by reference.

15  Itis an object of the present invention to provide a switch which is simple and inexpensive
to fabricate and which switches light paths rapidly and without frictional wear to the

switch.

It is another object of the present invention to provide a switch which can be integrated

with other components (e.g., optical components) on a substrate.
20
SUMMARY OF THE INVENTION

The present invention concerns optical switches and data transmission systems comprising
one or more such switches. A switch, in accordance with the present invention, comprises
an input channel with an input optical free space element, a large optical free space

25  element, an input tunable optical lens with adjustable projection characteristic for
projecting a light wave received from the input optical free space element into the large

free space element. In addition, the switch comprises an output channel with an output



free space elenment. In addition, the switch conprises an output channel
with an output WO 01/79926 PCT/ 1B01/00328 3 optical free space el enent,
and an ow@ut/7®Munabl e optical |ens with adjustabl e recei vPOIB01/00328
characteristic for capturing the light wave fromthe | arge free space

el ement and for feeding the light wave to the output optical free space
el ement. 5 DESCRI PTI ON OF THE DRAW NGS The invention is described in detail

below with reference to the follow ng schematic drawings. It is to be
not ed t hahtitdl ek @bé B8 mahand0h RfAMINEKe SfiRhBlendhith adifitablie leSeidingequence of
schematic cross-sections illustrating the fabrication of a rid wavegui de

e
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p View o

FIG 2B is schematic t n input optical free space el enent,
according to the present invention. FIG 2Cis a schematic top view of an
out put optical free space elenent, according to the 15 present invention.
FIG 3A-3B are schematic top views of a first switch, according to the
present invention. F 4 is a schematic top view of a second sw tch,

| G
accordi nPFE-RIFEIGN EHE DR/XING®. FIG 5 is a schematic top view of a

third swtch, according to the present invention. FIG 6 is a schematic

top vi ewrql ifoh@Hir it le2Mbidil aoR BORH itk LALDE PHERI I WAL @leE! & 7

is a schenatic top view of a swtch, according t e present
i nvent i ontis kd & nd@ed thatahesEigeentienot dpwukewalef a si xth switch design,
according to the present invention. FIG 9 is a schematic top view of a

seventh it esign, accqording.to the present inventian. W _01/79926
S e85 i el e Sl e b Spii o s 220
enbodi MeRf e idd RABchFLERBEING WY preRnAihCerdi8sCr i bed, the basic el ements

10 FIG. 2A is a schematic top view of a tunable optical lens, according to the present

invention.

FIG. 2B is a schematic top view of an input optical free space element, according to the

present invention.

FIG. 2C is a schematic top view of an output optical free space element, according to the

15  present invention.
FIG. 3A-3B are schematic top views of a first switch, according to the present invention.
FIG. 4 is a schematic top view of a second switch, according to the present invention.
FIG. 5 is a schematic top view of a third switch, according to the present invention.
FIG. 6 is a schematic top view of a fourth switch, according to the present invention.

20  FIG. 7 is a schematic top view of a fifth switch, according to the present invention.
FIG. 8 is a schematic top view of a sixth switch design, according to the present invention.

FIG. 9 is a schematic top view of a seventh switch design, according to the present invention.



and building blocks as well as the underlying integrated planar wavegui de
technol ogy, in accordance with the present invention, are addressed. 5 The
present swobohvse@an be i npl enented in various material syspenmeEBdained2sadi ng
Silicon oxinitride (SiON), Il11-V semconductors like InP, silica (i.e.

Si 02) gl asses, lithiumiobate, and polyners. Optical wavegui des are

enpl oyed that guide |ight waves to the switch and away fromthe switch. An
optical wavegui de usually conprises a core made of sonme high-refractive
index 10 material and a cladding of a lowrefractive index material. The
core and cl addi ng may be nade of doped silica glass, where the necessary

refractive | r j i appropriate doping profile.

For nass pH%%%@??ﬁﬁﬁﬁéﬁféRgé%ﬁﬁg%?éﬁgggﬁggﬂggate t he wavegui des on a

sem conductor technol ogy conpati bl e substrate, such as a Si wafer (e.g., a
four inch mRiforsaffesrent eRibo@ithedts Ot BB PrasbiiShiveatith ard QbRrib&S tHeltasit Blewhats i S

call ed a planar_ wavegui de or an 15 integrated planar wavegui de. A review
on pl anar &¢byidiagbloskesasoredgy thesingprdpg infpgratid plangr waseedidspcheelpey. it egr at ed
circuits", J: ] ~Pptoel ectron. Vol. 143, No. 5,
pp. 263-286?&%§%8Bg?hf 9%%§$?ﬁ¥ﬂgmgﬁgg%?%3m§£ made of silica, which has a
refractive index of 1.45, for the core a nmaterial with a higher refractive
i ndex (&.9.Thepeaentkwitth can wasipieetnteNiat earidoainaterial gyhtems inetlelng Scai ves

smal | er devi ces, I hi gher. | oss, e difficylt e
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refractivezkagg§nﬁ§@ be tuned over a wi de.range by changing the nitrogen
concentration of the material. An exanple for use of SiON as waveguide is
described in US patent 5,416,861. In "Plasma-enhanced growth, conposition
and r ef r act@ptizal wakeguidés a8 @nplbyddnbat goydeiight wavzs tovihie switenanidawgy fiygpthe

Phys. 77, No. .12,.15 June 616- 66 iat,i. . ni.trogen in
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appropriate doping profile. For mass production it is desirable to fabricate the waveguides

on a semiconductor technology compatible substrate, such as a Si wafer (e.g., a four inch
Si wafer), or on a glass substrate. This results in what is called a planar waveguide or an

15  integrated planar waveguide. A review on planar waveguide technology is given in
"Silica-based optical integrated circuits”, by Y.P.Li, C.H.Henry, IEE Proc.-Optoelectron.
Vol. 143, No. 5, pp. 263-280, October 1996.

If the cladding is made of silica, which has a refractive index of 1.45, for the core a
material with a higher refractive index (e.g., near 1.5) is desired. Note that a higher index
20  gives smaller devices, but also higher loss, more difficult fiber-to-chip-coupling etc. SiON
can be chosen for the core, because its refractive index can be tuned over a wide range by
changing the nitrogen concentration of the material. An example for use of SiON as

waveguide is described in US patent 5,416,861.

In "Plasma-enhanced growth, composition and refractive index of SiON films" by K.E.
25  Mattsson in J. Appl. Phys.77, No. 12, 15 June 1995, pp. 6616-6623, the variation of

nitrogen in SiON for changing the refractive index is examined.



possi bl e range. A typical conposition of the waveguide core is Si OL. 9No. os.
A known fabrication technique is to deposit SiON using a Plasma Enhanced
Chem cal wapor992é Deposition (PECVD) process. The resultipgr/mmtisns2al has,
however, a |arge hydrogen concentration. Hydrogen is incorporated in the
form of hydroxyl groups, Si-H groups and NH- and NH2-fragnents. These
groups and fragnents introduce additional absorption into the optical
transm ssion characteristic of the silicon oxinitride. The first overtone
of the '\Hﬁxﬂ&ﬂ&ﬁ@at%s&rs% 'I\P?esi?ﬁlﬂg fx‘ohleasmﬁ&uréé%e eam?&sine\s% ARSI, the
spectral w ndow which is used for optical transm ssi on and which
ext ends fthait f@ﬁﬁ@mﬂfph@lsEﬁﬁ@ummndié&téhfrmmnems&mwblebmrrt@dwlmie as the
optical transmss W, en for optical
transm sspognéarang?o t lca? r?pc{sﬁlofmﬁhfa%gé%?d;ecg%tlﬁeré H& its | ownest
absorption and that erbiumdoped optical anplifiers there have the range
of nost |A Refin ABRtabh G2hhiglle B%0 E3siDSION Gl AIPREMA Bliddead Eh¥ndéal Maper earth
doped fiber |asers and anplifiers” by P.Uquhart, |EE Proc. 15 Vol. 135,

Pt. J9 NdPepgsitiph @@é’lamocq%éfé\ﬁﬁépltlmsmww ag, homésyeint fasge IVEEEER s i n of t en
unaccept e )

Ve | hor an Y PR RS ie Rorpl 8 SRHEH By ar a2 e SRR i R ™
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absorption .l osses . are the efor ed. by a_hi t enper at ure
anneal | ngPiFd it Cae Rl Ll R GRSt R s itsee s o
optical veNegitceEsbsbptiIreMa lies bwﬁs nﬁ)‘afnﬁejvérlaqk wagh. thé gpectﬁn f6eRel, RBShiH 96
Synposi um of the | EEE/ LECS Benel ux Chapter, Ensch g 290- 293 whi ch
pr océls dspkior Pwaa%g%éfawmqneandwqxg&é%@gmtlﬁ@ Wd? @@rﬂ%éﬁ@é‘ﬁﬁe‘étl on

evapqqrgl%lg, R 8Tas ARAGpABATRh GnissIdl WindOE UIBNyidadw/HAS BERRh&eR doer i n by

rreans of erence. The nitrogen atons change their atom c nel ghbor hood
from two opiital (trensnasmd@rtd thgrfect 2imt Isnildfr gig@rihcm ban itsdowé¢st elesogition emhthaei ghbor s.

The | 0SS & it dop&i"o’e b1 aqgrpég%gs%ﬁerg hgve tMe g%‘e (t>tc rgostt ﬁnear a ltif3 cahbn l;?secC a4ze | onger

anneallng P HES ar & duce a i'onal sca erlng centers,
whi ch i s regiafpoh &d"Re@m\r yfstl elaitis dbped iber laghose ssaifieat bph.Urdmait IE Bpar oach

to reduce the ydrogen c t i s described in "Low Hydrogen
Siliddn &@H%r?ﬂg%?i%%g@ep “%F%aﬁged by SPCVD' by Dianov et al. in
Journal of |ightwave technol ogy, Vol. 13, No. 7, July 30 1995.

This absorption results in often unacceptably large losses for viable products. The NH

concentration may even increase with time and humidity due to natural exchange with the
surrounding medium. The hydrogen concentration and with it the resulting absorption losses
are therefore currently reduced by a high-temperature annealing process asdescribed in "High

20  contrast and low loss SiON optical waveguides by PECVD", by B. Offrein et al. in
Proceedings 1996 Symposium of the IEEE/LLEOS Benelux Chapter, Enschede, pp. 290-293,
which process consolidates the material, and reduces the hydrogen concentration by
evaporating water and ammonia. This document is incorporated herein by means of reference.
The nitrogen atoms change their atomic neighborhood from two silicon atoms and one

25  hydrogen atom to three silicon neighbors. The losses can however be reduced only to a certain
extent, because longer annealing times are assumed to produce additional scattering centers,
which is ascribed to crystallization or phase separation. Another approach to reduce the
hydrogen content in SiON 1is described in "Low-Hydrogen Silicon Oxynitride Optical Fibers
Prepared by SPCVD" by Dianov et al. in Journal of lightwave technology, Vol. 13, No. 7, July

30 1995.



WO 01/79926 PCT/1B01/00328 6 A well suited, special class of SiON
materials is disclosed in the co-pending PCT patent application

PCT/ | B98MA 0L 79926vi t h I nt ernati onal Publicati on nunber WO BOT/ABIARE328Thi s
PCT patent application, which is curréntly assigned to the assignee of the
present application, is incorporated by reference. 5 The foll ow ng

enbodi nents will be illustrated in connection with IBMs

hi gh-i ndex-contrast silica-on-silicon integrated planar wavegui de

technol ogy which allows to nake |low cost silica on silicon integrated

pl anar |ightwave conponents for optical networks. This integrated planar
wavegui de tech y e refract

Cont rast t Had SIHARLaR Svsa PN deleBar Bl s Sh e g B S
Thi s enabl epplidacion BGMBQ&/Dm17p¢v1tmmagmodas>mmwdmos miainbexbefmob%g%adrhhs and

t hus consi bl e vice mniaturization. Petails of th

hi gh- i ndex- TN ?Plgicﬁtﬂ%wéﬂ? hd§ fureptly %Sé{gﬁ?fb‘iocsbfyasaﬁggceaqmla%ggsgat in
"vavelengthm,h&&@ﬁqgmggk&bghQ§ngﬁggJdrop ring technol ogy in corporate
backbone wor ks . Bona et al., Opt. Eng. Vol. 37, pp. 3218-3228,
1998. This document is 15 herein incorporated by reference. The term
wavegui de dihedgllovasg tmbaiimenis wd] bd dlustemgadtin conneeticarwitholBM’sar r ay of channel
wavegui des sQ ca res,

bur  od wavSid 8 ERVER B S TS sl P BT AR VBRI o e
i n connect it®maké fofy-Ed3esii¢asBsilicon iimy@hkd pmnmmhtﬁahec@hpcaqynwe@umes a
nunber of different shapes and geonetry can be 20 applied. Note that in the

Fi gures fomeeks Shisdntpsgpted plapargynveswies /eefmripgy a%ak%e ] }?r&etqffgwg\m
vavegui e Gheapagl hadt GorbaaHH: od vl @Gl EMiAARRNABY SRS abdISRE
wavegui de channels are bent, as shown in Figure 9, for exanple fhe wor d
channellOr efldissenpblesihe rfpiamtloowlf aevdguides with amelbhendirigradii and thusvonsiflerablear r i es
a nultlmavgvggg%ﬁml|ngnwave 25 An optical free space elenent has a free
propagatlon regro wWhere Tight is not laterally confined. Light can be
proj ect ed fron1an i nput wavegui de (herein referred to a input

Details of the high-index-contrast silica-on-silicon technology are addressed in

“Wavelength division multiplexed add/drop ring technology in corporate backbone
networks”, G.L. Bona et al., Opt. Eng. Vol. 37, pp. 3218-3228, 1998. This document is

15  herein incorporated by reference.

The term waveguide array, as herein used, is meant to refer to an array of channel
waveguides. Ridge waveguide (also called stripe waveguide) structures, buried waveguide
structures and any other structure is well suited for use in connection with the present
invention. For the array waveguides a number of different shapes and geometry can be

20  applied. Note that in the Figures for sake of simplicity only waveguide arrays with straight
waveguide channels are shown. In most practical applications these waveguide channels

are bent, as shown in Figure 9, for example.

The word channel refers to one particular link of a communication link that carries a

multiwavelength light wave.

25  Anoptical free space element has a free propagation region where light is not laterally
confined. Light can be projected from an input waveguide (herein referred to a input

channel) or input waveguide array into such an optical free space element. Optical free



channel ) or input waveguide array into such an optical free space el enent.
Optical free WD 01/79926 PCT/1B01/00328 7 space elenents are in the
literatumeoal/zmeé eferred to as free propagati on regi ons (PFERsB01/0VE2S8 herei n
make a distinction between input optital free space el enents, |arge optical
free space elenents, and output optical free space elenents. This is an
artificial distinction which is nerely introduced in order to be able to
better describe the different conponents of a switch, 5 their arrangenent,
and thei pdcdREdmeaR-ardin thé MeRhfe hied&terredSo RERES ﬂ}oph%ﬁﬁbn 16 SIBRY (FPRS). varavegui de
array plus phase shifters (e.g., heaters). This tunable |ens takes a

di ver genthe@pn waked fistincHen hstypapapioptienl fige spags elemerpliga prtfcakisee sppegce

el ement this
beam 1 nt &EaEnts, B o R R R o PRGN WEE I ce

el enent , maely intiddeceal imorderio bleelhk td Betton désdritlothe Bdfer¢r eompporpots @f a swittihe

pr esent escrl t| on. ey t t% between the first optical free space

el eneht &NeF FHEELAEE TR g‘b‘{ 8%"°Pr ee space el enent nekes up the tunable

| ens. The focu5| ng properties of the wavegui de array and the wavel ength
dependency«anfdle HRChiMenEsludY, dodprik® A dvegui8s 4061 f1YepraRy dhgrds de@ngt hs of the

wavegui des in the vvavggw de array This effective optical length is
det er nmi n&gatprp)- {This terabledensiakes ﬁdéﬁ@f&ﬁlt oreradlet bear papRRSAH ipyisst@atical fise | engt h

of the \A@f{%%léle%gt(lt ig{.,&??ﬂ&ﬁ? Oétlcﬁﬁ&ée%ﬁa% ﬁllleﬁﬁéﬁg) dn ?rgﬁ&%%% R bl it %e 9.

heat er s) e subs a nor ens |'T'es a conti nuous
phase nogataditlicwreotvergent oantinnyewsd wanat fremp,acdagleraemz;ajuaglks daocanaldgns whi ch
appl i es a discrete. nunber hase shifts to a_ di

20be WY e ol Biion pDRtes B 1B SRS Bihsrbien Ut oiRe R REE 4 T GRECD s
These ef gt slenrifhridiBe B ptiBAl HeBlsgRe bR\t Iﬁél&sﬂﬁltﬂe thi®WedsO @ person
skilled in the art of 20 AW5 design. In general, the nore wavegui des the

array consists of, the better it approximates a continuous |lens, and the
| ess i npdhe Sorusing propertiesiof the wavagyida paay m/tbwavelmgthﬂe@md@ncmveguu des in an

array. e phase aRLALAS HaNE ol SRS be A6 5 0SRARY BL AOULIRLLLYO the

tunabl e I'ens. ere| escri be ogy ere one
needs t h&@hhesdfeetie cptisd lérxgth21§ detemtisdat bysthel effentise pldas of efraaion andtHelphysical

Wave%j | d?engthkk%mﬁ Wavegllnde (}t can %%%e—tune uglngﬁxe phgs?ens 1rft%|rs (e% heaters).

The substitution of a normal lens, which applies a continuous phase modulation to a
continuous wavefront, by a waveguide array, which applies a discrete number of phase shifts
to a discrete number of sub-waves, introduces extra losses and spurious diffracted light beams.
These effects, and the way to minimize them, are well known to a person skilled in the art of
20 AWG design. In general, the more waveguides the array consists of, the better it approximates
a continuous lens, and the less important these side-effects are. However, with more
waveguides in an array, more phase shifters (e.g., heaters) are needed for controlling the

tunable lens.

This holds for the herein described SiON technology where one needs the heaters also to

25  correct spurious phase errors in the waveguides. However, if one uses a very well controlled
technology, without these phase errors, it is possible to employ only two heaters: one to ai)ply
linear phase gradients (steering) and one to apply quadratic phase gradients (focal distance)

with many array waveguides.



technol ogy, w thout these phase errors, it is possible to enploy only two
heaters: one to apply |I|inear phase gradients (steering) and one to apply
guadr at i w@has®@r adi ents (focal distance) wth nmany arrpgTAaBu®gizsdes. WO
01/ 79926 PCT/ 1B01/00328 8 A tunable $ens can be inplenmented in different
manners. A typical exanple is a tunable Ilens that conprises an

i ndividually tunable heater for sone or all of the wavegui des of a
wavegui de array. Under certain circunstance it is desirable to enploy nore
than one heater per waveguide. 5 By adjusting the heaters one can control
the projection characteristic of the light beam emtted into a free space

| t. Depend the. i npl t gt i ther adjust the focal
poi nt (7 ocah CHRGEH & B RIS F B PIESHERS PR SpiedlaRPlSY BIeRg) , o

both at t thns&HzifQoanH%s afiddii@ailly PirABR Hgheeioe Fdmd eadioftiR wavkidildsg a
(steering) of the phase front of the light emtted. Wth quadratic or

hi gher or de¥avsadearyabindscertamereumstanpai dedeshidbls weaplapmeiedhaamme of t he
| i ght vvave.hehggr ér%‘ire%’éf?&é.js’ such a tunable lens allows a thernoopti cal
control of the projection characteristic. Well suited are heaters that
conprise chrom um pads or lines that are placed close to the waveguide
t hat 1 s5t o Byeadjustihg éredeaters Ahe tannuomrblahelprofatiohéehavwedisticoofdhd Nght beani ent

t hrough the .chyomu ads or lines. A current or voltage source i.s needed
for “dri vi ng HHE 26 4 A PR AT A rer R JR PP e st P56 08Hr oo and
ot her el emapd ffcsll gofildifodal Gfanb® o @eldireBiontofNRBt Ghis§ibe@ickbigh) Utbbth apieh a
heater steering unit nmay conprise a mcroconputer and a nenory to store

t he respectspye imgapdincargihpserggadiens feads torpefilting(stearine Of B¢ phasedroshpithey cont r ol
box or a c £ Vi.A: [ ' ol box
obt ai ns/ exEi @g‘%@“eégﬁg}i} ﬁ%adg?lcg)ﬁﬁt chi ngériﬂr}\l? ggggr%?%ggr\orf?g?\%%g?@%ql&n or mat i on)
ei t her 10r ondidtdnee phibk dight wave Zd dthea wesdsy @ck aviexibledershdownp termsoopecaf t he
switch, or thi nnection infaormation is received fromother systens. The
respective 0Bl oL thenaeeod Rt abl i shed i nside the  switch/ optical chip
via the heater steering unit and the input- and output tunable |enses. In

or Qe r to fiwel sihedart el thaabRprifehtdiigh pads 6EHRe nat e pla@ed d6sc\8fHeOUS
swi tch states, one
waveguide that is to be influenced. Aluminum leads can be used to drive current through
the chromium pads or lines. A current or voltage source is needed for driving the
15  individual heaters. Such a current or voltage source and other elements/circuits can be part
of a heater steering unit. Such a heater steering unit may comprise a microcomputer and a
memory to store the respective heater settings, or it may be connected to a switch control
box or a computer (e.g., via a computer interface). A switch control box obtains/extracts
routing or switching information (connection information) either from the packets or
20 frames received on the input side of the switch, or this connection information is received

from other systems. The respective connections are then established inside the

switch/optical chip via the heater steering unit and the input- and output tunable lenses.

In order to find the optimum heater settings corresponding to the various switch states, one
can use an iterative optimization procedure. Well suited is a Levenberg-Marquard

25  algorithm, as described in “Numerical Recipes in C: The Art of Scientific Computing”,
Cambridge, Cambridge Univ. Press, pp. 683-688, 1988. The respective heater settings can
be stored so that they can be recalled when needed to change the switch state(s). Such a

reconfiguration can be done in the ms range.



can use an iterative optimzation procedure. Well suited is a

Levenberg- Marquard 25 algorithm as described in "Nunerical Recipes in C
The Art ofodoi®md i fic Conputing”, Canbridge, Canbridge UnCwiBRmeRs, pp.
683- 688, 1988. The respective heater %ettings can be stored so that they
can be recall ed when needed to change the switch state(s). Such a
reconfiguration can be done in the ns range. WO 01/79926 PCT/1B01/00328 9
M cromechani cal on-chip elenents can al so be used to realize a tunable

| ens.  Befgre, £l2hAlidafoh LA RIRALRb 985 bOisch AereRiASER LGNt I On are
addressed, the basic conponents of a swtch, in accordance with the
present invention, and its operation are discussed. The basic elenents of a
swi t ch, iBefare demid@inoplementatibieofphepesent innemioh aerpddesed, thabasiypusmpoptitcal 5
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The path for a connection through the switch is as follows: light from an

i nput  chamaehsi¢ Slemb@y BENRFtdNIncadtdAned With @R préiht ihi@@ioR RAS &n BlpRMBMIcanNd
beconmes a laterally divergent beam This divergent beamis picked up by

t he f¥r stireegpachelsmieatnan npakiapahlalens g laige pitigsl firedpegesiement] an QuippipBsdtde ned

into a pg‘%gl '%"?la{‘%ﬁlg’ﬁfﬁ’\r{%ﬁﬁ?pﬂ%@%&tt he | arge optical free space el enent.

At the cal tree space elenment the beamis still
parallel, or divergent again (past the focal point). This parallel or

di ver gentThe@atnfbiSa @@na&etidn thaolh théewiskede adfollowma ikt fra@n an inpaeshand] wavegui de
array plus heaters) .and transforned into a convergent beamin the output
optical fwehedjaiogn dnrupaptical freresPReslqmenh ant becpraes platerally ddivereephbaapt s el enent
i's adj ustggl EWGBent Balm idkbd 6PbP RIS ablR l%ﬂ?w%e%ﬁitde Afray N8s RAtRY tand

wavegui de. The Tight is then coupled into this output wavegui de and | eaves

t he $W t dlansfhmendghioiatparalipleorirnyesgent bdaimnig thalargeopiical freg spase démentstdhdy

adj ustin i el t .he.. dir i the beamin the
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beam can thefopadipnin®@dThis paralldl@r divegeit leamad piakaduiplbgrthodecoid theabgnienout put

tunable 20 | epnses. I n the sane y,.the_output tunable | enses can be
Erbsdrerg fid 5

adj ust ed EGeH YRSBUAGRTaY B R fEmeh iRt R EPVARgEnt BSRBALIE SHIPHY from
di fferentoplitipbte spabedlbBert ENFSosROE oPIRIHASG! SSntQR Hs él&ﬁegt is adjusted such that

15 it coincides with the start of the output waveguide. The light is then coupled into this output

waveguide and leaves the switch through it.

The NxN switching functionality is obtained by adjusting the input tunable lens to steer the
direction of the beam in the large optical free space element. For a number of different
settings, this beam can be pointed into the direction of a number of different output tunable
20  lenses. In the same way, the output tunable lenses can be adjusted such that for a number of
different settings, beams coming from different input tunable lenses are projected onto the

waveguides of the output waveguide arrays.

An optimal link between a given input waveguide P and a given output waveguide Q is only

made when:

25  a)the input tunable lens P is set to point the transmitted beam into the direction of the output

tunable lens Q, and



wavegui des of the output wavegui de arrays. An optimal |ink between a given
i nput wavegui de P and a given output waveguide Qis only nade when: 25 a)
t he i nputwounzdbke lens P is set to point the transnmtted bewmmaindi2st he
direction of the output tunable |lend0oQ and WO 01/79926 PCT/IB. 1/00328 10
b) the output tunable lens Qis set to focus a beam com ng fromthe input
tunable lens P onto the output waveguide Q and c) Either: ¢ 1) The focal

| ength of the input tunable lens Pis set to transmt a parallel beam in
the large optical free space element and the output tunable lens Qis set
to refocus such a 5 paraIIeI beam onto the output waveguide. O: c2) The
focal Ieng nabl ens IS set r gent
beam wit h (i eﬂftu(r)l?tﬁ G btlh%et?%r é“és %b almccé)fm?gr}r mé ealf:l%&pnlmeaﬁl\g(riﬁns al f -way
bet ween themuﬂﬁubmpmﬁhmk@ﬁ¢ﬂglﬁmt tunable | enses, and the output tunable
lens Qis set to refocus the divergent beamafter this focal point onto

t he out put waveguide. 10 If the directions or the focal distances of the
t unabl e | esd Eihag] ¢1gdhe focgldgnath ef the grput faabiplsyel ispetipitgadpt 3 peabglibeam t her e

m ght still;, : Sgégg[?{ﬁgpﬂ?éé ggce ettlenhddthé ERBurttlBBIeqBs! Cg}é%t (6 Q4B e

eff|C|ency T e used for power adjustnents. ortant optica
pr oper t § es pafalleeamwintocthe sutpatowaveguide.t o t he present invention are the
transm ssion | oss, output channel loss uniformty, channel isolation, etc.

Gven a fi chnol o he _free design paraneters that can
b ohed 1 o Ghartiame et ok et e PSR o AT e oA ot ood
by a persoRyigfa f%lﬁdl'pbln'tﬁlth@ﬁrgi'f 1c£\fh%k dc6 Slemdst hElvhay bREwdeH BRI dﬁﬁlandimdel i ng
or simulation tools can be use esig nlngga switch according to the

present i nVRARURIK tumipéerrﬁ%@e@i thee)ufwr upoide leneQdnsb tarsfsiyde diversest as
appl i ed whep, gRQQhk@me%ﬁﬂQﬁ&ﬂh@wﬁ fevivegside. 20 An exenpl ary cross-section

of a wavegui a ridge structure s own schematically in Figure IF.
For the fabrication different steps are needed, as illustrated in Figures
1A - 10  If the directions or the focal distances of the tunable lenses slightly deviate from the above

mentioned scenarios, there might still be some coupling, but with less than optimum

coupling efficiency. This can be used for power adjustments.

Important optical properties of the switches according to the present invention are the
transmission loss, output channel loss uniformity, channel isolation, etc. Given a fixed

15  waveguide technology, the free design parameters that can be used to adjust properties of
the switch are well known and understood by a person of skill in the art. Analytical as well
as numerical modeling or simulation tools can be used when designing a switch according
to the present invention. This procedure follows the same considerations as applied when

modeling standard AWG devices.

20  Anexemplary cross-section of a waveguide with a ridge structure is shown schematically
in Figure 1F. For the fabrication different steps are needed, as illustrated in Figures 1A -
1F. A Si substrate 20 (e.g., a Si wafer) is thermally oxidized to form a SiO, layer 21 (also
referred to as lower cladding), as shown in Figure 1A. In a subsequent step, aSiON core
22 is grown by using a PECVD process. The result of this PECVD step is illustrated in

25  Figure 1B. The whole structure 20, 21, 22 may now be annealed in an annealer to reduce
absorption losses caused by N-H bonds. A Tempress System TS-6304 can be used as

annealer. As indicated in Figure 1C, a ridge 23 is now defined by means of a Reactive Ion



IF. A'Si substrate 20 (e.g., a Si wafer) is thermally oxidized to forma
Si02 layer 21 (also referred to as |ower cladding), as shown in Figure IA
In a subyeguem92et ep, aSi ON core 22 is grown by using a PECUbdIpnizsess. The
result of this PECVD step is illustrdted in 25 Figure 1B. The whol e
structure 20, 21, 22 may now be annealed in an annealer to reduce
absorption | osses caused by N-H bonds. A Tenpress System TS-6304 can be
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depoéited one dditional steps are required in order to forma chrom um
heat "e. These additional steps are illustrated in Figures 1lE
- IF. As |nd|cated in Figure 1E, a chromumlayer 25 is deposited on the

upper cl gdglkAguiliGye Eteﬁs4ar§ quhﬂé’é m'o}de? QYR aRBFdmih h%i&@r fod eRBHPIE S hese
deposition process can be used to formthe chrom umlayer 25. An additional

al um numadditienal siepsage Blyptrased indposes 80 By Aspedicasqd indiguee {Brarphgpmium layer
| ow-r esi n e guyr F. Atypica
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pref ab of 1,3, um The ari hi ckpess of the S 2 Fi gure
1B) 14y %[\ﬁ%b‘he deptiticd b SBUgHDE g i% TEREARCA 8onkAsh RS- Lz"hﬁrﬁ et ione 1 dge
fornatlomhﬁﬁgﬁzlayer 22 is reduced to a thickness of about .65/ um (Figure
1 C. The SIM cladding |ayers 21 and 24 have a refractive |ndex of about
1.45 and the SiON core 22 has a refractive index of about 1.5. The index
cont r ast A tgpichlyavepuds, a@o8lisg tPHke ppseatiamentinniteg airides witdly betweqar bppmgadi on
| oss of Iess t 0,15 dB Whe ng . the ove
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geonetrical cross-section ? gh
15  about 2 um. After the ridge fo rmatlon thls layer 22 is reduced to a thickness of about .65 um

(Figure 1C). The SiO; cladding layers 21 and 24 have a refractive index of about 1.45 and the
SiON core 22 has a refractive index of about 1.5. The index contrast is thus about 3.3%. The
present waveguides have a propagation loss of less than 0.15 dB/cm. When using the
above-described high-index-contrast silica-on-silicon integrated planar waveguide technology,
20  waveguides can be realized that have a relatively small geometrical cross-section and a high

lateral effective refractive-index contrast of 0.02 compared to standard single mode fibers.

An exemplary top-view of a tunable lens 40 is illustrated in Figure 2A. The tunable lens 40
comprises a waveguide array 39 with three ridge waveguides 30, 31, and 32. The light is
channeled along these waveguides from left to right. Two chromium heaters 25 and 35 are
25  arranged on top of the two uppermost waveguides 30, 31. The two heaters 25, 35 are
connected by a first aluminum contact line 26 to a first contact pad 36. This first aluminum
contact line 26 serves as a common electrode. Each of the two heaters 25, 35 also has its
individual aluminum contact line 42, 43 and contact pad 37, 38. This arrangement of
aluminum contact lines allows to individually drive current (I1, I2) through the two heaters

30 25, 35. A steering unit 44 can be employed that drives the individual heaters. These heaters



| ateral effective refractive-index contrast of 0.02 conpared to standard
single node fibers. An exenplary top-view of a tunable lens 40 is

i Il ustratvedoi/meé gure 2A. The tunable | ens 40 conprises pCwaB@us2de array
39 with three ridge wavegui des 30, 312 and 32. The light is channel ed

al ong these waveguides fromleft to right. Two chrom um heaters 25 and 35
are 25 arranged on top of the two uppernost wavegui des 30, 31. The two
heaters 25, 35 are connected by a first alum numcontact line 26 to a
first contact pad 36. This first alum num contact |line 26 serves as a
common el ectrode. Each of the two heaters 25, 35 al so has its individual
al um num cogt ¢ , A nt of
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gr adi ent a%[e@[ﬁﬁt@beshownflﬁefg@nyzyavegw des. By adjusting the phase gradi ent
one can control the projection characteristic of the light emtted by the
wavegui de array 39 into a large optical free space elenent (not shown in
Fi gure 2A) Arsxamplasceteptvagvy of apnpitontienl ranspaapelementlde & schereaticeliace el enent
180 is sch | t i nput
opt i cal 1 Ol Meule drBh 5 KRl B ithforku A0 e By R hagthe "2
mul ti wavel em;gmlﬂqahn@hlslmcel duidea b dsaltivhevelenpgiitlighpwaveadwartls ehe irppacical enent ' s
free propagation re In this.free, pagation region the |ight wave
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di ver gent RBRPGek Sas 1l dutakia trighige BY by BR fH@UMeYVAUR G WE TRRAMBI it BB is 185 of
t he wavegui de array 186. This wavegui de arra¥ 186 is part of a tunable

| ens (HOt §Wé5@\ﬁ11uli’hythﬁlf@urlsi’aqgglbd‘?@ﬁnne}ﬁ‘ll8@[]'[1[3@!9 Bptiareguiderasay dpaddisel enent
190 is schengt ?@J{%% I%B%ﬁﬁa&fﬁ% Bleﬁé Wh& shSwn i }hhﬁf@r@@%t 190 conpri ses

a wavegui de ar our c anne vvave ul 5 a free
propagation regi on, and an out put channel 191 A parallel or divergent beam
15 schemat iAmadutpat bﬁq'm’abﬁe:ﬂi[ﬁch dgmém upo isi snlmmmicilty 1aalns“ttam1 in thuaanzs(t arhiss by
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free propagation region, and an output channel 191. A parallel or divergent beam -

15  schematically represented by four lines with arrows - transforms by superpositioninto a
convergent beam in the output optical free space element 190 if the phase relations in the
waveguides of the waveguide array 196 are set correctly. The convergent beam is then

coupled into this output channel 191.

The basic principle of the present invention is now described in greater detail in

20  connection with Figures 3A and 3B. A 1x1 free-space non-blocking switch 10 is illustrated
in these two Figures. Figure 3A shows the switch 10 in a first switching state (on-state)
where the input side is connected to the output side. In other words, in this first switching
state a multiwavelength light wave arriving via the waveguide 6 at the input side is
coupled to the waveguide 7 at the output side. In a second state (off-state), the connection

25  between the waveguide 6 at the input side and the waveguide 7 at the output side is
interrupted and no coupling between the two sides takes place. This second state is
illustrated in Figure 3B. The switch 10, according to the present invention, comprises three
optical free space elements: an input optical free space element 8, a large optical free space

element 13, and an output optical free space element 9. In addition, the switch 10
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space el enrent 13 can be steered by adjusting the ens 12. e to the
adj ust mendf theflafgh&ct egase dlmontel3can change the 10 projection characteristic
of the input tunable optical lens 12. In Figure 3A, the input tunable

A A s T
tunabl e GRin GRllark@Ree dacd demérntapgaevidsthatiiiaéeeiving chatlolegisticds hgjagtéye t he
g ht15 Wava%colrc?ingly. For this purpose, the output tunable optical lens 15 comprises an output

waveguide array 14 and heaters that allow to adjust the receiving characteristic so as to

(actively) capture the light wave 16 from the large free space element 13. As illustrated in

Figure 3A, all light from the input waveguide array 11 is focussed at focal point 17 and from

there captured by the output waveguide array 14. The output optical free space element 9

20  collects the light from the waveguide array 14 into the output channel 7.
In other words, light is switched from the input side to the output side.

Turning now to Figure 3B, the same switch 10 is shown in a second state, also referred to as
off-state. It is obvious that there are various other switching states. In this particular state, the
input tunable optical lens 12 is adjusted such that the light wave 16 has a focal point 19 that is
25  not in the middle of the large free space element 13 anymore. The light wave 16 was tilted
upwards by tuning the input tunable optical lens 12. The output tunable optical lens 15 has not
been adjusted in the present example which means that the receiving characteristic remains

the same. The output tunable optical lens 15 has a focal point 18. Since the focal points 18 and



fromthe large free space elenent 13, provided that its receiving
characteristic is adjusted 15 accordingly. For this purpose, the output

t unabl e op0bDZ924 ens 15 conprises an out put wavegui de arpayiHid/oasrd heat ers
that allow to adjust the receiving characteristic so as to (actively)
capture the light wave 16 fromthe |arge free space elenment 13. As
illustrated in Figure 3A all light fromthe input waveguide array 11 is
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array 14. The output optical free space elenent 9 20 collects the |ight

fromthe waveguide array 14 into the out put channel 7. In other words,
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out put —opt iR b ire atieBd arel it D8 iy vie s g Pzt irey 51

is focussed onto focal point 67 and then captured by the output waveguide array 58. The

15  light wave 65 is emitted by the input waveguide array 52 into the large free space element
60 and projected onto the focal point 69. The output waveguide array 59 captures the light
wave 65. The light wave 66 emitted by the N-th input waveguide array 53 is focused onto
the focal point 68. The output waveguide array 57 captures this light wave. Many different
switching states can be obtained by tuning/adjusting the input tunable optical lens 54, 55,

20 56 and output tunable optical lens 61, 62, 63. The input side and output side of this switch
70 are symmetrical. In the present snapshot, input channel 187 is connected to output
channel 191, input channel 188 is connected to output channel 192, and input channel 189

is connected to output channel 190.

Another embodiment is illustrated in Figure 5. A switch 70 is shown that comprises N

25  input channels 74 - 76, N input optical free space elements 71 - 73, and N tunable lenses
152 - 154 with N input waveguide arrays. The switch further comprises a large optical free
space element 151. The switch 70 comprises N output channels 81 - 83, N output optical
free space elements 77 - 79, and N tunable lenses 155 - 157 with N output waveguide

arrays. In order to obtain a better separation of adjacent input and output channels (reduced



optical lenses 54, 55, 56 on the input side and the tunable optical |enses
61, 62, 63 on the output side are adjusted such that a |light wave 64
arrivi ngwoai/tdees i nput wavegui de array 51 is focussed onpoT/AENaab3zpoi nt 67
and then captured by the output wavedide array 58. The 15 light wave 65 is
emtted by the input waveguide array 52 into the large free space el enent
60 and projected onto the focal point 69. The output wavegui de array 59
captures the light wave 65. The |ight wave 66 emtted by the N-th input

vavegui de Lk, 2 Altkidngd QGHS 0 er}l&:ed th@e (BGAL ol m:e %ce JBReRUBRUEn;s

wavegui de array 57 captures this light wave. Many different swtching

st at es cditetieg elomentf@dithyherg mmgveaﬂ?d%@ fasgl nléme of rﬁmﬂwﬂtCh Aabiselt opmprises | ens
54, 55, I h put, side
and out pégemn%faat ﬂ}ogff &9%{ ong h@r}% fgcfgf))&lht% %e Irl;lﬁrgﬁplgtl\gz}vgéflde %rﬁaé/l_ I%a S rFal
snapshot ,1magﬁmﬂth@h§mnﬁveglﬂaesuﬁ the aiiddle béﬂleﬂm‘g@ﬂéepsﬁace déaemabi amuy ivhpitet

channel 188 is. co ed. to_ out n 192, and i nput channel 189 is
connett edh%@eﬂﬁﬁb%{]tﬁﬁhg?f%le Pg@%?ﬁ@r%%f‘%ﬂ?"ts SRR B%E“P%ffté’d in
Fi gure 5.acyebp\bdpifie KohtitDusMoWbpbiiaks. %qgrmig?haﬁ&du difffuch chanmel s 74 - 76,

N input optical free space el ements and N tunable | enses 152 -
154 wi t h Wevegyidaaraey biguitibe dilterinaselenns 89 witistsh the apeniags is Svpréssasibyahe ar ge
optlcal f I ut., channel s
o8 °3h, "8y BU9SE B AP REE: T IRe I UG0S SRS NN e 2

| ens es 1@6smorils5? rel hh\ag&s oLthis uﬁtemdeaguﬁod;ﬁ plame bﬂylSe calaulapedd & cakofONKN &

01/ 7820 B PEOTIONITH 56 Peipsele1af Ryrtie el B R TERLAT B OP aced

in the mddle of the free space elenment 151. This filtering el enent 80

sits meﬁﬁt&h&lé@h?éé&ﬁ@ﬁ@&cﬁn& %ﬁlxoxﬂ'o@%dﬁieaﬁ&% o WelifitendPOschdme hile COMPri ses
openi ngs at those Tocations where focal points are. The input wavegui de

arrays crgdesed Trheeﬁ4>llowmagl@etyfatmnsendlmmhovmwgml dedflembleithe invegtibe of the
| ar ge frgg}g&ng ”%Q%h%%1 §éﬁﬁﬁe ?%%ﬁm%nl the openings of the filtering

el enent e can be tuned to actively
capture |ight fronlthose openlngs Any hi gher order diffraction peaks from

the wavegbigde @4 syaysettibatwhel arttdagerdnt D@ Isishgwe hisRNtier8feQU3shsle t he
openings is supgressed by the filtering element 80, |n other words, th
fi1t&ti nghamelidrt: 186, W hed iaput ghangphcomirisesian gt ontigal free space element 193

and a tunable lens 205 with five waveguides 91. The switch 90 further has M=3 output
channels 123, 124, 125. Each output channel comprises a tunable lens 206 with five
waveguides 95 and an output free space element 194. The waveguides 91 and 95 are arranged
with respect to the large free space element 92 such that (1) the focal points all are on the

20  focal plane 93, and (2) such that the focal plane is in the middle of the large free space
element 92. The present symmetrical switch arrangement has tunable lenses, like the other
switches addressed before. Note that these tunable lenses are only schematically illustrated in
Figure 6. Figure 6 represents a switch state where all tunable lenses are in their off-state, i.e.,
no beam steering takes place. The light beams enter the large free space element 92, are

25  Tfocussed onto focal points 94 and from there captured by the tunable lenses 95 at the output
side. In other words, the switch routes a first light wave from the uppermost input channel 120
to the uppermost output channel 123. A second light wave is routed from the input channél
121 in the middle to the output channel 124 in the middle, and a third light wave is routed

from the input channel 122 at the bottom to the output channel 125 at the bottom.



positions of real images in this internediate focal plane can be
calculated. In case of an NxN 10 switch there are 2xN-1 focus points, i.e.,
the filtavong7®kenent 80 woul d have 2xN-1 openings. | n theT/iriiloosmsng
sections, sone variations or nodificdbions of the inventive schene are
addressed. The follow ng observations indicate how powerful and flexible
the inventive schene is. It can be used in many different applications. In
Figure 6 a synmmetrical switch arrangenent 90 is shown where there are N=3

i nput 15 channel s 120, 121, 122. Each input channel conprises an input
optical free space elenment 193 and a tunable lens 205 with five wavegui des
91. The swi.t.c rther has 3 ,out S 12 24 125 Each

out put chanlﬁlhe S‘”c‘gcr‘%ﬁpfé%‘é"% nab e%“#%ﬁéggfég‘t&%a{lﬁét?‘gb a%jusg‘%the i 95 and an
out put fr eausddicsptiedlaensed anBMthequamvamelgaiopke&l Risearickt ﬁﬁamme tortieengad with
respect to the |arge free space ele such that ( ocal 0| nts

al | are on BeH@ tha Jyshthginpht thable gpticeh ni tﬁ%ﬁ%ﬂ’?“fl?ﬁ&fnptlh af"&f‘éi?—‘; BlaélYé eds in

the mddl e jplrdeh® rh@Jeqse fdcaepomaﬁﬁle uBp &R IiglZbeatN\HWRFRS Rt 2BYRELE Cal
swi tch arrangenment has tunable | enses, |ike the other sw tches addressed

bef or e. 5 Nottenableeaptictldenses inntkeifé staien s werld msan {hatbp éovalt padatiof thej | | ust r at ed
in Figure WEH || Ie | enses
are in thei &’pelﬁogt%%‘ glft%hg&gf %eﬁ eﬁ“@?ﬁc{%g%@#lﬁgﬁ%na es 3 d?angte%olf i ght
beans ent eranymerel Ahegrst lighe w&pamﬁvmgerﬁmthis c82neR 29 1Qﬁotfr0ﬂel$&ﬂﬂe mrtpm f ocal
points 94 and mthere ¢ ed the tunable |l enses 95 at the output
side. In ot%@“mdgmlﬁwl%&f Hcatl gﬁi“e?%““ﬂ‘? Ecs | i ght wave fromthe
uppernost input channel 120 to the uppernost output channel 123. A second

l'ight wave Ih%lgfu%’f? Ge‘&l aﬁﬁ%{bthbﬁ sbvﬂ@t?&rr&@éﬂ@zﬁ'mo is?slaow tHalBasNihfut 0 the
out put channel the mddle, and a third light wave is routed from

t he i npQt c;lharml;lMQzlzllaMz Eechhioputehutnel ¢dweprisest aauinpus leptivab freel spBceatleméerd
Do Y R AR BT BT AR AR s BT 3PS M R P Pl Lohes

into various $W t ical” | enses

and/ or the dmtﬁuptﬂanhcumatﬂ e4aa|at45 Cfaich benp&as;anﬂeebomﬁlmmmpdt@ptidam&eé spxee bei ng

t hat j ust the mgg tunabl e optjcal, | ens of %F giﬁerm)st i nput channel 120
%d 1

i s adj ust et 2 Bn3plR1eng 408 vithihyee b‘@l"?ﬁu‘ e ppebkdses 3%ht beam
upwar ds. W5oB &l drrah B8 V‘?lttlhl%gpe%t troliﬂ@lm% fRBEp£RleIhRASHES shéh thiq1PhE r&hpt es this
woul d nean that the focal point of
15  points all are on the focal plane 133, and (2) such that the focal plane 133 is in the middle
of the large free space element 132. The present switch arrangement 130 has tunable lenses
207 and 208, like the other switches addressed before. Note that these tunable lenses 207,
208 are only schematically depicted in Figure 7. All tunable lenses 207, 208 are in their
off-state, i.e., no beam steering takes place. The light beams enter the large free space
20  element 132 and are focussed onto focal points 134. The receiving characteristic of the
output tunable lenses 208 is adjusted such that the focal points 136 do not overlap with the
focal points 134. In this switch state no light is captured by the output tunable lenses 208,
i.e., the input channels 140, 141, 142 are not coupled to any of the output channels 143,
144, 145. No light travels from the left hand side to the right hand side. The optical links

25  are all interrupted.

This switch 130 can now be switched into various switch states by adjusting the input
tunable optical lenses 207 or the output tunable optical lenses 208. Preferably, both the
input tunable optical lenses 207 and the output tunable optical lenses 208 are adjusted so

as to satisfy the criteria a) - ¢) for an optimal link, as defined in an earlier section of the



upper nost i nput channel 120 and the uppernost output channel 123 do not

coi ncide anynore. The first |light wave arriving via this channel 120 is
not rout adovo7dke out put channel 123. This particul ar oppcT/aot/obszmk' is
interrupted. In Figure 7, an asymmetrical switch arrangenent 130 is shown
that has N=3 input 10 channel s 140, 141, 142. Each i nput channel conprises
an input optical free space elenent 195 and a tunable I ens 207 with four
wavegui des 131. The switch 130 further has M=3 output channels 143, 144,

145. Eachie@HEPutscERRANEL: u§ HFBME FRSThAMmOBEiREThatRbt thRbuthit @R 3BBcal R MENt
196 and a tunable lens 208 with three wavegui des 135. The tunabl e | enses

207, 20808 ptthauppargest owipuhchaargddd3 istadiustsd In erfgfetompaye thefaesd peineypsyards 32
h hat 2
such Ehgtw{tlﬁgll @@%thlep&gllméﬁatgcgl ﬂﬁs%s?r“h BfiSud hﬁshsogwglggn @Lﬁﬂ@fo%%}m&n&i (2)

oca ane I's1n arge ace
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208, |i ke the other. sw tches ssed t.hese tunabl e
Conset pdehl Vagangring ia e Sonaade or BuBr Sual el Bl 0 g paREnan! o
| enses 2Qf op8 1akebdtReddtbése tw@f;ﬁana&latﬂl the ofher optRaDIRAR 6N B ihtBGuitakes

pl ace. The Flght beans enter the |arge free space 20 elenent 132 and are

focussed onto focal points 134. The receiving characteristic of the output

t unabl e |Tan swscmso ped BH) besh eat bsseichaddry adivetingibe beapoiliseson Beheilargrot
overl ap @%CS 1 %b egcal points 134. In this switch state no light is
captured B Piie II’tput tunable | enses 208, i.e., the input channels 140,
141, 142 are not coupled to any of the output channels 143, 144, 145. No

li ght tr ageehsothidr @Witééesigaf160) mwdﬁfgd@thte@retsm iviegtidn, hanektusieden Fifhe opt i cal
links 25 are all _interrupted. This switch 130 can now be switched into

vari dis Jusieaiet n B{EEeRigeAoral Blen ey e iffﬁ%ERace elemany 161 Bpt 3 lective surdace207 or
the out plisy tHARRlE AP GZhad BRSDS, AA8unfRh BERIARIKpIlPkb: (I cbiBl 1dAnabl e

optical I'enses 207 and the output tunable optical |enses 208 are adjusted
so as td98duiablejensael @y dndebf cand wavegiydefagray oo po§. Aufthdrmate, thaes ad@twcned in

an earlier ot ChtaI i %3 E&P WM? 8ligqpét oz)?lfaq fre%éace Qllénggt?%% 265 t natoﬁel nse

descrlptlotr?u us~ assune just "the ou unable
optical laems66, BﬂBWWegﬁﬂe aumampsno atﬁrmighcdummahwﬁgl@iam& iapljt uth:ﬁdl 201 order
to ane t he fog poi n g

is focused onto the e ectlvc surface 162 from where it is captured by the output channel 203.

A second light wave arriving via the input channel 202 is focused onto the reflective surface

162 from where it is captured by the output channel 204. Such a switch 160 may require less

space than the other switches presented herein since the size of the large free space element

161 can be reduced.

20  The preferred implementation of the present invention is illustrated in Figure 9. This switch
210 is characterized in that its input side is a mirror image of its output side. The switch 210
comprises 8 input channels 212, followed by 8 input optical free space elements 213, and 8
input tunable lenses 214 with heaters and waveguide arrays. The waveguides of these
waveguide arrays arc connected/coupled to a large optical free space element 211. On the

25  opposite side of the free space element 211, there are 8 output tunable lenses 215 with heaters
and waveguide arrays. These 8 output tunable lenses 215 feed light into 8 output optical free
space elements 216 that are coupled to 8 output channels 217. Note that the contact lines for

the individual heaters are not shown in Figure 9.



Wth all the other tunable optical lenses in the off-state this would nean
that the focal point of the uppernost input channel 140 and the upper nost
out put chve@net9916l3 coi ncide and the first 5 |ight wave arPpPCviBig/ 00328 this
channel 140 is routed to the output dBannel 143. 1.e., there exists an
optical "link' between these two channels. Al the other optical |inks
still are interrupted. The switches 90 and 130 both can be sw tched by
adjusting the beamdirection in the large free space elenent. Yet another
switch design 160, according to the present invention, is illustrated in
Figure 8. 10 Instead of an internedi ate focal plane, the |arge free space

el emrent 161_has. lective suwrface. 162. There.are t i hput channel s
01 202 aieRay A i e §5e N P dhred b A on HGon Métusd T ot e
| enses 163 @adr Vadguidd techadogl THE piafeiay Jirddhdiond B swits 1 10Qk BN E o fher € are
two output channels 203, 204 with output optical free space elenents 199,
200, t unabltep fefinsgd siggsf Fighe 9 8Bc inghe 2aed theroaiput qlggnely 21/ ar f r st

light wave @{)]Jrﬁt\(él’990.\{ilﬁrnfﬂl%uémyhu&Qﬁ@ﬁx%kergﬁ}b}godgf/&?ﬁﬁﬂﬁqgeQri'ﬁ ¢the

reflective surface 162 fromwhere 1t IS capture e out put ‘channel 203.
A second | iqphitaliize epage clewienty 243 and the 8iontput opticalrfreelsp@® 2leinenfs@d Gsach lowve 0 t he

200, “Such & BWEen 2o Oy P Getebet <AL bR AN ehdEs R bR it BRce

present ed HEr find) prféialsly Of3emsil The lafgelobcdl &@spats EemsRag e, Ihen@Nhas al61 can be
reduced. 20 The red i nplenentation of the present invention is

f h
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i nput si de 48 ef%}ab[fz.z;hﬁﬁ.@ﬁm@épa&&tﬁm%mwa@_ satTtg@ogmarﬁ& i conpri ses
8 input channel's 212, followed by 8 input optical free space elements 213,
and 8 1PnpulemantsdiBelll, andl is bawgpn humeat @0 g ma prefevahle godud 8 1ax. Thy beatdfhe
wavegui des of these, wavegui.de arrays_ar onnect ed/ coupl to | ar ge

opti cal frepeadss(f)ra%:neeS léafvg’r?gn gttﬁ%fv.ve ay?ﬁlea"agﬁt%rﬁb%?ft%@%& a§>§ut m%gg? P%dt’g space
el ement 21%are $patred beteveSn SO MU 50MAD] prefeabbely abbht WO, ITha k&iagation pd
wavegui de arrays. K These 8 out_gut tunabl e | enses 215 feed Iiggé into 8

out put opt itBaindividual heaten przays inbatweed 199 gm apdi0- Ling, prsfisntdy akayt 0Qugmput

channel s 217. Note that the contact lines for the individual heaters are

not shown igppi Hiléﬁ-?nd%x—cmrg“iﬁgaggx@siﬁgﬁl iht%éggc/dgpa%%&vav%guide technology allows

15  to make waveguides with small bending radii and the switch design can be further

optimized to reduce the lateral size.

By slightly defocusing the tunable lens on the input side and/or the tunable lens on the

output side, the power throughput to the output channel can be varied without introducing

crosstalk to other channels. The present switches thus can also be used to adjust the power
20  in the output channels. The heater steering unit may comprise a unit that allows the

adjustment of the power in the output channel.

The number of input channels does not have to be equal to the number of output channels.
The number of waveguides per waveguide array does not have to be the same on the input
side and output side. It is also conceivable that there are a few input channels with five

25  waveguides and a few input channels with six waveguides, for example.

It is possible to use two heaters per waveguide array: one to apply linear phase gradients to
adjust the distance of the projected light wave and one to apply quadratic or higher order

phase gradients to adjust the focal length of the projected light wave.



The switch 210 is made using I BMs high-index-contrast silica-on-silicon
integrated planar wavegui de technol ogy. The preferred di nensions for
switch 2Mo0ar/®9gé ven on the top |eft-hand side of FigurepPOI/IBhmos2sput
channel s 212 and the out put channel s1217 are separated by 0.1 mmthrough
0.5 mm and preferably by about 0.25 mm The 8 input 5 optical free space
el enments 213 and the 8 output optical free space el enents 216 each have a
|l ength of 1 mMmthrough 0.1 mm preferably about 0.5 mm and a width of 1mm
through 18efeWdPheRESHRE BRE YaeQes? Ol AR Heatle SRR IuGR Iand §B8chRALS RkEMENt
211, however, has a length of 10 nmthrough 1 nm preferably about 4 nmm
and a wi &eermaf. 10 mmthrough 0.5 nmm preferably 2.4 mm The separation of
t he wavegui des at the optical free space 10 elenents 213, 11, and 216 is
bet ween um and 20,.u ref er T [ r lines
have a | éjrlllﬁtp e Igtsv\xg%hnm y?fr’n %f?sg%%xrrr@h&%%%u iél%g%ﬁnileragsb‘g&?s h per%ﬁ? &%%é%f)ads are
separ at edxheplegery ebeudaaboblmgQlanmnt. [Suel & dahsht Ajtowdihe buit-06ypling o he
separatign of the individual heater arrays is between 100pmand 0.1 mm

pr ef et abfPeLiBEgE © @@PH%WChqﬁﬂwgr%FEHP&ﬂﬁ X-contrast silica-on-silicon

i nt egrated planar wavegui de technol ogy allows 15 to nmake wavegui des with

smal | benrgl l&agss&ﬂqfvhc@i@%m‘aitmo} %Jaelg@eﬁﬁ,h%th%arg@%uwﬂ&%mer %ﬁﬁdﬁ%ﬁ@@n{ao

reduce the Fateral size. By slightly defocusing the tunable lI'ens on the

i nput si abipafiy oyitchese a¢agriing © theprsseohinyérgionquroyide theibizh fundtionpisywthich
throughput.1 o the ggipgt f?ggnekmﬁggmpgtxakied wi t hout i ntroducing
crosstaIW”{ © SHher annels OHie presen "Wt ches thus can al so be used to
adj ust the power 20 in the output channels. The heater steering unit nmay
conpri se Theprisént i@hticH da@ws iftbated dhitd Sl AvelOfgth RecB@YRNichtord d¥ea out put
channel . The nunber of input channels does not have to be equal to the
nunb&? oftrapimiptien BKEMSel s. The nunber of wavegui des per wavegui de array
does not have to be the same on the input side and output side. It is also
conceivable that there are a few input channels with five 25 wavegui des and
a few input channels with six waveguides, for exanple. It is possible to
use two heaters per wavegui de array: one to apply linear phase gradients to
adj ust the distance of the projected |light wave and one to apply quadratic
or higher order phase gradients to adjust the focal |ength of the
projected |ight wave.



WO 01/ 79926 PCT/1B01/00328 19 The fewer heaters one uses the | ess conpl ex
the heater steering unit and switch control box becones. The present

swi tch nayooomeé se one or nore coupling el ements. A v-sheppr@Bioezese, for
exanple, may serve as a coupling elenent. Such an el enent allows the
butt-coupling of a 5 fiber to one of the input channels or out put
channels. The present switch is well suited for integration wwth a | arge
nunber of other conponents on a chip. The switches, according to the
present invention, provide the high functionality which wll be required
by future tel econmuni cati on networks. The present invention can be
integratesfiq%giggultimavelength t el ecommuni cation data 10 transm ssion
syst ens. 926 PCT/1B01/00328 20 CLAIMS 1. Optical switch (10; 50;
70; 90; 130; 160; 210) integrated into a substrate, conprising an i nput
channel (6;1. 740pttal ddtchl2@;50170) 904330, 18Y 21@nteZ@bd 2023 2 seisthteyddnipriimgi nput
optical free space elenent (8; 71-73; 181 183; 193; 195; 197-198; 213), 5 a

| ar ge optlcal free space el enent 151: 100; 161; 211). an i nput
tunabl e opt'i ca® 1P@H§B§f!’921, (655 12&6%2 124671421135’27 B8 201140 2EAywitl aorjnput

adj ustabl e cg;lu%tf}e% £R[AChER! P1-v5: 1591138 RI3ed5,; 1g7-20d; by wave (16;
64- 66) receive fronltﬁe i nput optical free spacé element (8; 71-73;

181-183; 193; 195; 197-198; 213) into the large free space el ement (13;
60; 1515 100; aledge optidal freq spaapclowepi3;eRahrel0¢;261;821183; 190-192; 123- 125;
143- 146; 203-204; 217) wth an output optical free space elenent (9;

77-79; 184-,186; .19 |caI

| ens (15; 61- 6%1 'ﬁ%ur%gg Op%%zle%gglz %g% %8?07 1?%1%{5 ust {J)quﬁﬂe uesla\?l)l ng
char act eri st i oprbjectichahtatienigictfteprbjecrivig aﬂeghewéﬂeﬁc165@14~6©)recfcmmfrbhﬁhe | arge
free space el eurlrguqtoptgca?free spacél' glg'ment Q 7117%11812%3) 1 Ip d19f5 C)1r97f le%dﬁln n}t(t] ?hel ' ght

wave
large free space element (13; 60; 151; 100; 161; 211),

10 *  anoutput channel (7; 81-83; 190-192; 123-125; 143-146; 203-204; 217) with an
output optical free space element (9; 77-79; 184-186; 194; 196; 199-200; 216), and

*  an output tunable optical lens (15; 61-63; 155-157; 165-166; 206; 208) with
adjustable receiving characteristic for capturing the light wave (16; 64-66) from the
large free space element (13; 60; 151; 100; 161; 211) and for feeding the light wave

15 (16; 64-66) to the output optical free space element (9; 77-79; 184-186; 194; 196;
199-200; 216).

2. The switch (10; 50; 70; 90; 130; 160; 210) of claim 1, wherein the projection
characteristic is adjustable by adjusting the direction or focal length of the light wave

(16; 64-66) in the large free space element (13; 60; 151; 100; 161; 211).

20 3. The switch (10; 50; 70; 90; 130; 160; 210) of claim 1, wherein the receiving
characteristic is adjustable by adjusting the direction or focal length of the output

tunable optical lens (15; 61-63; 155-157; 165-166; 206; 208).

4. The switch (10; 50; 70; 90; 130; 160; 210) of claim 1, wherein the input tunable
optical lens (12; 54-56; 205; 207; 152-154; 163-164) comprises an input waveguide
25 array (11; 51-53; 91; 131;167-168).



15 (16; 64-66) to the output optical free space elenent (9; 77-79; 184-186;
194; 196; 199-200; 216). 2. The switch (10; 50; 70; 90; 130; 160; 210) of
claiml1, wher/egme t he projection characteristic is adjustpoi/adpord] usting
the direction or focal length of the2light wave (16; 64-66) in the |arge
free space element (13; 60; 151; 100; 161; 211). 20 3. The swtch (10; 50;
70; 90; 130; 160; 210) of claim1, wherein the receiving characteristic is
adj ustabl e by adjusting the direction or focal |ength of the output

tunabl e opti q@l s§285(10180; 761905330, 185,218Y0f Ibm-11 GBere?Ufc oftBtundble opfiaSW t ch
(10; 50; 70; 90; 130; 160; 210) of claim1, wherein the input tunable
opti cal | enslgns215; §4-6856155210%; 160166; 263 208 pompaiges B HptpubwpYagyids ampy (Idput

wavegui de 2 I & 1L05L~D3; 91; 131;167-168). WO 01/79926

et LBos ) 00333305 a8 eoR S, (10; 50; 70: 90; 130; 160; 210) of claim
1, wherein the output tunable optical Iens. (15; 61-63; 155-157; 165-166;
206; 208) 6COMAE swich @0; SDYTOLL0; W60y @ G0Li2d8) eiclaay 4(ck4, wherémalk wegnilid airay
169-170). 6. The switch (910' 50; 70; 90; 130; 160; 210) of claim4 or 5,
wher eih t he BV SYEPUY-2%:P4y131593:1135; kY- 158) cagrprises ridgp. waygguidegavithyay s
167-170) corrwaiv%&%ercioggg(?_zy@ﬂ\ﬂqggicgggn%g @h 2 waveguide core (22) and two
claddings (21, 24). 7. The switch (10; 50; "70; 90; 130; 160; 210) of claim
6, wherein the wavegui de core (22) conprises SiON and the two cl addi ngs
(21, 24) Gonfhe seiti 00; 50870;T0e 1304il 6@ 12 100¢;cl;6, WhereMmOhe ¥BGEguitl6 OpreZ2T)) of

claim6, wherein.the,.ri vegui.de h 10 thigkness between | ,um and
3 ,um pref eF%‘BP’S’/Sef)?SIQN%%,gmﬁ Wgﬁ%dgmg? @e?‘tkfa’?ﬂ”ifeﬁg@een 1,um and 5,um
preferably 3,um 9. The switch (10; 50; 70; 90; 130; 160; 210) of claim1,

wherei n tRe mARWitdhUMeE0e 708000 €5; 160,210) dfkBim B whbeindROiidgOavednde HR4:
163-164) and/or the output tunable optical |lens (15, 61-63; 155-157;
165- 186:; 206 thickwgys hebraspilgan angnbiyneprpfeeabbirof 1¢3ygy. ands ridge wigth betgfeert b1 0;
50; 70; 90; ;{%&)5#&]681;6&%;}9}) 3%1 claim9, wherein the tunable heaters (40)

9. The switch (10; 50; 70; 90; 130; 160; 210) of claim 1, wherein the input tunable optical
lens (12; 54-56; 205; 207; 152-154; 163-164) and/or the output tunable optical lens (15;
61-63; 155-157; 165-166; 206; 208) comprise tunable heaters (40).

15 10. The switch (10; 50; 70; 90; 130; 160; 210) of claim 9, wherein the tunable heaters (40)
comprise chromium pads or lines that are placed on top of those waveguide arrays where

a phase gradient is to be adjusted.

11. The switch (10; 50; 70; 90; 130; 160; 210) of claim 9, wherein a linear phase gradient
between the light waves traveling in the different waveguides of the waveguide array is

20 obtainable if a current is driven through the tunable heaters (40).

12. The switch (10; 50; 70; 90; 130; 160; 210) of claim 9, wherein a non-linear phase
gradient between the light waves traveling in the different waveguides of the waveguide

array is obtainable if a current is driven through the tunable heaters (40).
13. The switch (70) of claim 1, comprising a filtering element (80) with openings.

25 14. The switch (70) of claim 13, wherein the filtering element (80) is placed at the large free

space element’s intermediate focal plane.



conprise chrom um pads or lines that are placed on top of those wavegui de
arrays where a phase gradient is to be adjusted. 11. The switch (10; 50;
70; 90; MOpP1/1HB 210) of claim9, wherein a |linear phasergr/aglii®ni28 bet ween
the Iight waves traveling in the diff2rent wavegui des of the wavegui de
array is 20 obtainable if a current is driven through the tunable heaters
(40). 12. The switch (10; 50; 70; 90; 130; 160; 210) of claim9, wherein a
non-|inear phase gradient between the |ight waves traveling in the

di fferent wavegui des of the waveguide array is obtainable if a current is
driven through the tunable heaters (40). 13. The switch (70) of claima1,

conpri si ng fl t ekl el.ement . (;80) W gpeni ngs. 25 .14...Th witch (70)
of claim 131% v%héarséviltﬁﬂ?]ﬁéljﬁ%t %Q’ilgg’ lgp'éin@%? P(((?l%l} g’icgmgflsé%%g]%Qu%tcﬁaennffeglr ge free
space el ement ' (§; T41&r1oedea @0fideal 87pISANZ01-32; 017) 498 R6oltet/chBhdlsQD328 22
Foput channel 9108 19839%d25136: 143362890452 Mhgpin e Bhint3iceen 2) "and m
out put channelgin{bdss. 81-83; 190-192; 123-125; 143-146; 203-204; 217), with
N and M being integer nunbers. 5 16. The switch (70; 90; 130) of claim 15,
conprising N input optical free space elenents (8; 71-73; 181-183; 193;
195; 197-198; Te3yitamVOMPGUBPLeL odgimi 16 a¢onfprismgdpapet optica fenisgact 8lemignts79;

Lod 186 194, AS5TASHIN0 18k, 7 o OB IAED A0 S0 B0, 1201 160

210) of claim el apl e using Wavegui de

technol ogy. 1QIlekfentsTOe7EMW;t18h-168;0945006; TH-2@H214)30; 160; 210) of claim1
bei ng designed for use in the optical transm ssion window, i.e., in a

wavel engt h ranﬁg bet ween 1540 nm and 1570 nm 19. The switch (10; 50; 70;
90; 130; 166: Dregyiteh (18 a0:m0p90; d 8%kpioPs3 19y obclpient bingproduqeplge using ¢n (44) . 15

20. The swi tCaat(egxgéed%pahagx%vegﬁdeé%ol&g?.o; 210) of claim 19, wherein the

heat er steeri

10 18. The switch (10; 50; 70; 90; 130; 160; 210) of claim 1 being designed for use in the
optical transmission window, i.e., in a wavelength range between 1540 nm and 1570

nii.

19. The switch (10; 50; 70; 90; 130; 160; 210) of claim 9, comprising a heater steering
unit (44).

15 20. The switch (10; 50; 70; 90; 130; 160; 210) of claim 19, wherein the heater steering

unit (44) comprises a current source or a voltage source.

21. The switch (10; 50; 70; 90; 130; 160; 210) of claim 19, wherein the heater steering

unit (44) comprises a microcomputer to store settings of the tunable heaters (40).

22. The switch (10; 50; 70; 90; 130; 160; 210) of claim 19, wherein the heater steering
20 unit (44) comprises a unit for the adjustment of the power captured by the output
“tunable optical lens (15; 61-63; 155-157; 165-166; 206; 208), by defocusing the input
tunable optical lens (12; 54-56; 205; 207; 152-154;163-164) and the output tunable
optical lens (15; 61-63; 155-157; 165-166; 206; 208).



unit (44) conprises a current source or a voltage source. 21. The swi tch
(10; 50; 70; 90; 130; 160; 210) of claim19, wherein the heater steering
unit (44weonmmeces a mcroconputer to store settings of paeIRunaiEse
heaters (40). 22. The switch (10; 5@3 70; 90; 130; 160; 210) of claim 19,
wherein the heater steering 20 unit (44) conprises a unit for the

adj ust nent of the power captured by the output tunable optical |ens (15;
61-63; 155-157; 165-166; 206; 208), by defocusing the input tunable

opti cal |2@nsrﬁés%ditc§?I@@0; 7#0090; 240Yof &é&w@%e&ﬁﬁn&ﬁ%ﬁ fshid %ﬁicgq&@l{ﬁz;t unabl e
optical lens (15, 61-63; 155-157; 165-166; 206; 208). WD 01/79926

PCT/ | BO1/ 003%1856;285:287; 1iiel i @3 ho4) ir mBmor ipage @@he iy tuspble PRl Ens wher ei n
the input t e Lead. Jlens . (5ke; 4-56; 205; 207; 152-154; 163-164) is
amrror irralj(gg’l)é)lﬁ#ﬁgsgﬁtﬁgsqt%g’na rzeo ptical lens (15; 61-63; 155-157;
165-166; 206; 208). 24. The switch of claim11, conprising a coupling

el ement i CrheadwlitoWsf tlhign hubinpasitph cogpling Eicheniswiioh sii@vsahe bliecduping
channels (6;,_74-76; 120-122: 140-142; 187-2%89' 201- 202: % and/ or_out put
channgl s ( 7;fibs1s ig9ne pofe inpst chpprely s 74-79:31292182; H§3l435 J87- 58Py 01-262; 212)

Non- bl ocki nganﬁfo?%ﬁt%ﬂta&ﬁmﬁsw t7C4y-gHNBO1 190D 38128 43CTn6asERSEh; pgyyt 0 any of the
clainms 1 through 24. 26. The non-bl ocking free-space switch of claim 25,
conprising a switch control box or a 10 conputer interface. 27. Data

t ransm siSoMNaybloensg fresracs switchaospiistiop a awitdr atcongingdo ampyoiche ¢lhignsdl ai s 1
through 24'through24.

26. The non-blocking free-space switch of claim 25, comprising a switch control box or a

10 computer interface.

27. Data transmission systems comprising a switch according to any of the claims 1 through

24.



