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10020250-1 AN OPTI CAL ATTENUATOR USI NG A PERTURBATI ON ELEMENT W TH A

MULTI - IV[DE! TECHNI CAL FI ELD 5 Enbodi nents of the present invention
relate to wwgﬁof optical circuits. Mire specifically, enbodi nents of
the present invention relate to optical attenuators. BACKGROUND ART 10 A
class of optical circuits includes circuits known as planar |ightwave
circuits (PLCs). In such circuits, optical signals received frominput
termnals are selected) redirected and transmtted to output term nals.
Caten) the redirection igNPEEDSTEIES PATENT ARPLACATIORW tches. 15 In fully
optical circuits) optical signals are carried al ong wavegui des. Wavegui des
are typically fornmed as a doped core region situated wthin a substrate.
The doped core region and the surroundi ng substrate generally have
different refractive indexes. An opticdbr signal is guided through the
substrate al ong the wavegui de. Perturbations nay be fornmed within or al ong
20 the waveguide to performsw tching operations on the optical signals
traveling in the wavequi d{e;) for _exanmpl e. Typicall t he wavequi des are laid
out as a grid havi rﬁ“&ﬁ-@ MWP%D%H%&%P FHUB%Tt'Q perturbations
are formed at the int EISEMENTWITEA MUSTIMODE WAVEGUIDE a liquid-tilled
trench used as an optical switch) a doped portion of the waveguide, or sone
other structure or material having a refractive index different than the
refractive index of the wavegui de. The refractive index of a sw tching
perturbation is capabl e of being changed between a nunber of possible
states, for instance, between two |evels. One of 30 the | evels causes the

optical signals to pass through the perturbation w thout changi ng
direction, and the other |evel causes the optical signals to change

direction and pass into an int ersecéri]n tWa\_/egui de. In the case of a
liquid-Titled trench) the Iigqui Y%gﬁved asjde in some manner to |eave
a gaseous phase at the int er@@ﬁ%‘% L¢ %9&8}1% bubbl e may be fornmed in
the trench by 35 heating the quuimuﬁ X al, the perturbation defines a
t hr ee- di mensi onal index of refract GAMRYTBOTTbuti on) positioned at an
intersection of two wavegui des; changing the value of the refractive index

perfornms a switching operation. 10020250-1 Prior Art Figure 1 illustrates
an exenplary switching device 1D that is able to switch Minput optical

pat hs (designated Input-1 11, Input-213, ...) Input-Mi 5) into N output
optical paths (designated Qutput-1 i 7, Qutput-219) ..., Qutput-N 21 ). The

i nput and out put paths can be wavegui de segnents;
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5 however) al though desgri bed herein as such, in gegeral the optical paths
can be any optical pat apabl e of conducting an cal signal. Device 10
i ncl udes opt0@2025Qvit ches (designated S,~, where i Is the input row and j
is the output colum) at each waveguide intersection. Prw Art Figure 1

il E)st (rjat es t\AodoiotﬁgeqwﬁsiAUWUAa'Oprsmewmmn_ms)ﬁm@' N10. I Tlhe fi rit
pat esi gnat e y t n : signal | nput-
11 directed via switch %ﬁﬁm%%&%#ﬁﬂﬁbm@k%wg 19. The second
pat h) designated by vectors 14a and 14b, shows an input signal I|nput-2

directed vi 0 the output termnal Qutput-N 21. 15 Prior Art
Figure 2 |ITE6PN'§% SP'é\)l'lljew of section 18 of device 10. Section 18 incl udes

a fluidSoptical Embogimens afihe pgesxentl nramﬂoazrela@m the tigld ofoplieal ned by

trench 22 fGriimd. IbNE icdil @g@ rﬂxeti‘ﬁ%)n'r fo Of device
10 i ncl udi ng, Q t hout ﬁbmc?’t at ?on) baFad I é and heat1 ng CI rcuit

| ayer 28, |‘?R,’|C@JjﬁH§"H§7&!$ '‘ng el enent 29. The Iayers of device 10 20 are
typically buin on a substrate 30. Such switches are known in the art. A

variation i | Wi thin an optical circuit nmay cause del eterious

effects, |£¢§8H‘@6Qﬁ%r saturation and inter-channel cross-tal k) that

can | ed@ to tranSclass efropticabcircuiBdoeludes pirauits khawnias planar lightwaves

dynam cal | Yo 581 ORYt | u ans of
%ﬁtg (PL@%?]eﬂi kﬁéﬂ ciréuifs bbﬁcéltsbé?r?alﬂ?ééﬁfd from inpuf %nm)

adj ust nment . tion of attenuat or s

The VOAs ofaree eﬁtﬁeﬂe&#rpc@g&n%%smmmoa%wgﬁnm Oftenothesr t voAs may

be too | ar gedireélforeisngeriontsed 0sing @mtady bPswittlés.pover . Prior art 30 VOAs
may al so have a sl ow response or a high insertion loss. In addition, prior

art VOAs may not be readily integrated with optical circuits and sw tches
such ad5t hose ddsdullyeptical wireuitsioaptical signals areccarried along waveguidesneed for

VOAs t hat t.

T0020250- 1 W egcER o ERVAN RN B U § dBoEhase 00BASuated BANRY Y ST+ o0
pertain to Skstipte.cahe doped care regigniang thensrrounding sybskate grnaralfrent and
a pertur bathave differentrefréctivierindexes. Amtgitneahsngaabbtgmdéd throagh thé converted

opt fcal - at CURSTRHE alot ing Wi¥quid, "PpififRtioh 'ﬂﬁfgﬁ“@*ﬁ%gﬂﬁ}@%@%ﬂ the
muf ti - 20de thawayeotide typererm swilchingoperations: andbe eptical sigpaisrisaveling
optical si Ghghe wave &Wﬂ?@talm;g&: i ggﬁ%‘ﬁ?ﬂqﬁ}%@&’g@;ﬁ@w 3 ﬁi‘

acconpanyi ng, dravm ngs, which ar Qrma
speci f i cat iG5g having itersections, NI GrRss ROBIS.t ﬁ"l‘?\/’%‘?ﬁ‘i”gﬁ 'ﬁ'ﬂﬂ?rg

t he descri pheé imtersettionst 0 explain the principles of the inventwn. The

drawings 5 referred to in this description should not be understood as

being drawn to scale except if specifical lé’ noted. PRI OR ART FI GURE 1
e

i|lustRates a prA perturhatiopigandpe adiquihfiled trench eisedmsran opticatswitabuRE 2
i |l ust rat egopeBPdriion opihé mve vigey oﬁéém&%théh‘sﬁﬁctﬁ?é’b? fheéridll e ﬁ? & |
i cal signa

O 3 Al e o, BonTnB e nabxt thd Gevpoibes i c o &
illustrat eseluaﬁmet index taf answitching pe rtuehatipmni lde:apabln df bgingachanged
between a number of possible states, for instance, between two levels. One of
30 the levels causes the optical signals to pass through the perturbation without
changing direction, and the other level causes the optical signals to change
direction and pass into an intersecting waveguide. In the case of a liquid-filled
trench, the liquid may be moved aside in some manner to leave a gaseous
phase at the intersection; for example, a bubble may be formed in the trench by
35 heating the liquid. In general, the perturbation defines a three-dimensional
index of refraction distribution, positioned at an intersection of two waveguides;
changing the value of the refractive index performs a switching operation.
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one enbodi nent of the prg@sent invention. FIGURES 54 5B and 5C illustrate
enbodi nents of an Op{IC 20 attenuator according enbodi nents of the
present i nvd@ORBRSOFI GURE 6 illustrates an optical attenuator in operation
according to one _enbodi nent of the present invention. 25 FIGJRE 7

i | lustrates an oftriorr Figured illmiraqu Ap exempaty switching deviced:thalisg t o
one enbodi nQiE%E f t of a
g?t[]ﬁg 1;) (r)re ?ﬁ;ﬁeﬂmmgi %?thé)ges'an acc!) Sﬁc? pl::ﬂ?g;gﬁ? erﬁ)odl ment
| NVENTI ON' Ref, eogfpiR-Nv2h rmw» f‘é%ﬂﬁoutﬂuﬂ?étﬁb'cafn%é W%vté??]e Godh ”fents

f th t ? trated
0 oot ot howaver AR deerbBhasan as.tih éé%pﬁewﬁpmwrp&ﬁ oS
enbodi nment s heZariyt optiddl path sapatletol @dntibeting anoplical sighal. nDevigedo o i it

h h we) h
| htended t otidas pica! DeS Ok SanatRe. D oHESTRI 36 thp, Pl SV SR 2hE 1y e
i ncl uded w bbtput icolurmn) af eaetnwavegmde driterdectiony RriorArt Figuteft illastratest he

or esont i v DS P ROREPBTlopl BeirRinicanlyidh 16, i Wﬁ?@h Bhad (o°

provi del@ t bpweot;hsdlﬂaeam 320, shpws an mmmrmgnaltlnpmv‘enmwmctedwmsare:tch
i nstances, Qbh'gao pggéiﬁi"ﬂ @Bﬁﬂ"l@esTh&QW hih, deBignatdfy s have

not been des?:?l to unnecessarily ObscOre aspects of the

present i nv¥eetoEhl q@@ﬂﬁtﬁ.ﬁ#@wmmwwg@a&m 2 M?ﬁd#ﬁ pwitehSan e

optical att gigaiputtérmihal@itpbeN 2Rdi |y integrated into planar |ightwave
circuits (PLCs) Including contenmporary silica-based PLCs and in particular

silica-based PLCs that match (mate) with single-node fibers. In general,
the optigal atteﬁnermtsﬁgnre pdllystratesha view ehsectior 18 of dewiceci(at Sedtiari e an

obeou e 18 RGeS aShud Belh SAlor S, AR o FARITRS i 85, 8", 00115
bot h gui deddefinedhy tremneh %medl betweend, braak lmvegul@mmpﬁnqaatjmres down a
wavegui de vua@eisabﬁaemaéelro*rﬁuddmg SitHout lidiatibAs cRdaifysiagetd 26 andact i on of
st as’ 11 hesErLpRcTt Byen o8, sy Rkl Laawm%"}’e“‘fﬂ#h%ve%agqﬁ%ﬁey@% e
does nao20 pr areatypically beilton @substriate 36c Sudhoswitches arerknowroin thie ant.avel . In

designing a systemw th guided wave optics, it nmay be desirable to 30 use
only the | owest order guided node present. The | owest order gui ded node has

the | argest frachivafialipninopgealpowsr withinaan petigal GirgHkimay eavseed wit hin

the wavegui Séleféﬁdﬁs dffécis qaalum Gétb@tdi' samambﬁ mwﬁtémm efdstatk, Wi th
t he presenc of s | e mode

Strutt or oo a8 caBIeREln BRbSmat Suork Boflie bonbY IfuEET PRAY vaegui de
i s conf2sheddynanaicplly within an Ogucdszicﬂﬂd'é)s ptinterest inshave aimaeammot as | ong as

it is tr aveé? j08trhéht2 THS 8 fHeuhetion 6PParkibié bRUER HtteriatorRVCOKY). cal

devi ces, incl'uding a variety of PLCs such as optical sw tches, structures
such as trenches are often used at the intersection, 5
The VOAs of the prior art each have their disadvantages. Prior art

VOAs may be too large, too expensive, or require too much power. Prior art
30 VOAs may also have a slow response or a high insertion loss. In addition,
prior art VOAs may not be readily integrated with optical circuits and switches
such as those described above. Accordingly, there is a continuing need for
VOAs that provide an improvement over the disadvantages of the prior art.




10020250-1 or cross poigd, of two waveguides to peghorm a sw tching
operation in an opti calggw tch. Such a structure i‘roduces a perturbation
in the pathHQ020280-dpti cal signal. Perturbations can crease a variation in
the dielectric constant in the region of the perturbation. On encountering
a vari ati orDISCLOSUREOTHEINVENHEONNt ) the optical signal behaves

thougnt o " as. borRECRRAE ile priert ifVePhEH erfpIR® bH okl Bydrianal” o

light at a !ta\mseatmum-medewamgmﬂe segmeuntand aspenturbation ieleraént dnpossi bl e

d I f t
nunber of - AicEnf Sinie;itde o2 ﬁ;gnﬁf'a*’ma“eeﬁe%ﬁﬁ?ﬂm@@ opficarSordl, 1) ©
and synfret rl9 tbﬁ multi-mede waveguisle sagreenti nehe\aptical altesvator nt as wel |
as their r%éﬁhbhﬁh t9RRY ﬁigﬁemd“éirrﬁwaf {he n@upﬁfdderm%@ndé Bebhie

dielectric congstanl can c s, and al | ow exchan of efer from
one node tdeﬁw@ﬁgrmﬁteﬂpaﬁq"ﬁ)ﬁ’glf&mc’g%‘él@ﬂ?@aﬁ9 -can cagse an opt |g%:/al
signal to |l ose sonme of its power due to diffraction and radiation. Mde
conversion and coupling can be a source of |oss. Radiation nodes excited
near an obstacle such as a trench or 20 other type of perturbation nmay not
be re-trapped and guided into the wavegui de on the other side of the
perturbation) thereby | osing power. The nagnitude of such a | oss depends on
the nature of the dielectric perturbation, AE, which in turn depends on the
refractive index distribution, An, as well as the geonetry and symetry of
the structure. In accordance with the various 25 enbodi nents of the present
invention, perturbations in the dielectric constant are designed that can
attenuate optical signals and mnimze insertion loss. In general) |ight
traversing a perturbation 50 (illustrated as a trench 50) in Figure 3 will
diffract and scatter fromthe obstacle as shown by vectors 5i . 30 Light
originating fromthe input wavegui de 54 that scatters fromthe perturbation
may not lie within the nunerical aperture of output wavegui de 56) thus
realizing optical loss. Optical loss may al so occur fromdiffraction; the
spreading out of the light as it crosses trench 50 |leads to a | arger size,
and thus poorly node-nmatched, beam of |ight at the output wavegui de 56. 35
Excitation of higher order "|eaky" nodes can |ead to additional optical

| oss. The trench refractive index distribution, geonetry, and symretry can
be optim zed to prevent the excitation of these higher order nbdes. Figure

4 illustrates a perturbation 62 across a wavegui de 64 according 6
10020250-1 to one enbodi nent of the present invention. For the perturbation
62 illustrated in Figure 4, the dom nant node conponent 68 and the

hi gher - order node conponents 70 of the optical signal conmbine in
superposition to forma wavefront 72. The trench geonetry and refractive
index distribution are 5 selected so that the phases and anplitudes of the
dom nant node and any hi gher order nodes excited by the perturbation 62 are
adj usted appropriately to allow recapture within the coupling |length of the
out put wavegui de. In general) node coupling is a nore conplicated function
depending 10 on the propagation constants of the excited nodes as well as
the geonetry and refractive index distribution of the perturbation.

Addi tional ly) a wavegui de perturbation can lead to the excitation of |ossy
hi gher order nodes. This is the physical mechanismfor attenuation. 15
Suppose) for exanple) that light is incident on a dielectric perturbation
such as a trench. The representation of the light near the trench is a sum
over an infinite nunber of nodes as follows: E(x,z,t)=~~a~=(z)Ey(x)e

UA r-~>+a~Z(z)E~(x)e 'Z+. ~~~+ LI (1) f d~a(~,z)E~(x)e ~~-~"f+c.c. 20
Not e that synbols used herein but not specifically described have the



usual and conventi onal aning within the art. - T@e coefficients a~(z) in

equation (1) determ ne w much of each 25 node i resent and are
t hensel ves 108120250<# ned by the specific details of the perturbation. That
t hese coefficients depend on distance illustrates how different m xtures of

nodes can SRIEF RESCRIBTIONOQF THEBBAWIIGSI ong t he wavegui de. The

coefficients a~ wﬁ? r i it [FYs[a¥" tion
di rection) whil mg@gﬁfz‘ Z g?e re P%’ ?gghmﬂs @eo ng?tgPe' ftoﬁﬁe‘%ggﬂq

obst acl e. Phdhig W@"Pﬂ&oz»y'ﬁ'é%"ﬂP mmﬁp&@nﬁ‘eﬂ vention Wﬂ&%ﬂ?’@ﬁi"ﬂ% nodes
and radi at itRe deBetion] kel f-egpiginne prineipisieef the inoentitisie Thetdrawirigee

i nt egrag IS su o.ve‘b.the |.n%n|s§1e @:@(ﬂ?ﬂof ra |z§al OP) m)dﬁrs. Tﬁjs, a

car ef ul 9t hBl&5IRq 19:10 1Bj% descHRYen shgy uRdersiad At PEING F@WLIR i nuum of
radi ati on rsedissexcept ifespetifioallpmotad subt |y adj ust their phases and decay 35
| engths to ensure optimal re-coupling. For clarity of exposition, and

W thout | oss of generality, it is possible to 7 10020250-1 drop the

radi ati on nodes RRIOR é(lfﬂéfvTIGidHEﬂ Mustrates @qrinsl ar} optical spiitehinggleviceui t abl e
and wel | -known di scretization procedure) and consider the electric field as
a sum of discrete nodes only. By assum ng that anplitudes vary slowy with
posi ti @ (sl ow PRIQRART BIGJRE 2illusiraies & partien 6f theprieran, swlehing  ne

or t hogonal ifeyice' sfFglne ¢f the transverse electric nodes) a differential
equation -- the so-cCalled coupled node equation -- is derived for the
anplitudes: ~-_ ~+f rcp =to~> -u6 =-~~ .0~~~z 2mdry

|~y( >r<] z, 1) Pr' ( X;IF)GURE\/GG[Iuslt%!és armodelof & pertinbation acting ionrambpiiczﬂi denL

ight with_a pet t t hat the
Lt Ry 6RRa R I G RSl ABhy of ESheRpnd phefis " 1
mul ti pl$ed by the perturbation. If the incident 15 light is contained in
node m then: E TR ; 1 RQE A

perturbation tafé‘é%hf'%%%&%%g@r‘%ﬂéﬁ%@:ﬂéﬁ )§§5 ‘L”E‘y’é@?d§~ of('cgﬁg ;o

0~( x, Z) a~t prp@mbedimeand of the-presend émMentiBlt i on is seen to couple node minto
node j via the overlap 25 integral. Several interesting features can be

derived fromequation (3). Firs ipthe limt of a very weak perturbation,
Pp", (X, z,t) = o FlGk) P4, 5B Mépi'ﬂgst@é?\ﬁ@gpqimé@ oieﬂ’gPH%és of no
coupl i p@ cafenaator acterting fo erbodimentstafghe prasanitihesitionich as in speci al
occasi ons where the perturbation has a 30 high degree of symetry. For
exanple, a symmetric notch in a slab wavegui de can only couple the | onest

order node to aFMGURE 6diuttratesdp optical attenuatgmineaperatiedmactendingtoudne f ound

by anal yzi :Qﬁ’}] 1 i hat power can oscillate back and
forth bet wgg'r#rm g}sﬂaéisﬁ'% #@%gﬁ@kegﬁorﬁ.he | ength of the obstacle. The
coupling in this case is often enhanced when the 35 perturbation makes up

et 23 erence, FGUREDT RIS anRIMOADMNIOS ifAshg tkiodl afdiudiBrREs 10
O Cor tor - aBofigitid {0 gné BribodiRant of the kBgnt MiShio.o i ¢ 5° ©

FIGURE 8 is a flowchart of a method for attenuating an optical signal in
accordance with one embodiment of the present invention.



10020250-1 perturbati ongaw th spacing A, can coupl ganodes. In this case, a
particul ar fé)@é(k# Four r conponent of the pertur I on causes coupling
when A~ =1/ A ooe coupling via the spacing of the perturbati ons may

tribut | | t nbodi t of
o car e DETAR B SRR L TAEIVEINON  °5, one, eroor et of o1,
optical att enuat Befefremn wilhsow beamade ia detailtodbe aariops embodiments oiothean
tical
I Rk kLD M o s T
as an erbi 9;3 € "FYQﬂiﬁO"aMHIhQ‘ 13%‘?3"(@9F'A)C0W'Qﬂé¥"h these: embedisients h a
const ants t gi g4l selmubrs@@wthaﬂhess are ﬁott |htbﬁaéﬂtlérhrmf trfé mbm.&h&m@sel nputs
totheanpllferc |n|V|d§' ou @)& é&ﬁa can see.a r
variation iSmpegigents: On fhé genteary. e javertionds inlgneeia coyer siterpa
i nvention omodiheaﬁomseahdteqwatmas,swachadpytenmomdeﬂ withindhé spiriteand Anot her

nventi on 1260P8 GiiRGiMVERiorves (el by SRRAIFaRE! ELRfeRRGRETL. ,

equal i zat i dhedollwngrmaw@d/desargmnmmhgmaseml invention, mymeropsispecifinal . For

exanpl n arrayed
ravepuide GeRuISRk 36 g‘ﬂﬁﬁﬂ”?‘i‘* Erdvido 4 MDrGUYIP U REaNENG cf e 2T ey
i ndi vi dual Rfﬁ”@dp"ﬁm alf-ther %mqseweﬁ PTQFWG&S descri bed

accordi ng toonpenems, ant ciecditschavehot méerthasmibealemtdetawastnwm can be used

the of f-ats @93%53%'?%??@8% Bhetds of e BisehinyeBliofs " eroue any stray |

l'ight | eaked fromthe onstate path. A VOA can also be enployed within an

t | tch t th
Wih rdference (5 W ritg gf thd Bfesent fivehibn paiaichie el cienfafeit 1t 12
i s situat e(!iaalch)Sﬁa mtegm@@l me@naabgamrmrm (P4Gs) lﬁﬂﬂdlnﬁert ur bati on
510 i's di S%ﬁ?&ngafé,fry%mc& Bsedf PECS andiih pariieier sidadased FCs gurent 520.

Mufti - node wave nsi onal racti ve i ndex

di stri but i dnateh{maig) wﬁﬁtsmg %'mQQﬁJﬁé?fﬁg In geBeral: Werpptical aliepuators ef thedex

di stributi Qﬂeé‘enﬁnvent&ﬂuﬂé!lémo anéﬁwtban aspet fe. @asp@.vél??;df %ﬂtc:pti%gl ?dex 510
perturpati on

di striQut - difie L f !
my. beHomerelyanetitet isio of CRPERLMEROEC: ol S wi oh the 35 pur pose of

effecting a change In the index of refractlon of nmufti-node wavegui de

i stribution, -t {8 obfced veRghit CaH fERGTIEANSlonb, oF fah, T bolF
consi der at mrdedmudwgufdedrrgodas, rlttodh;e guided mgde dlightimropagatesidawn ane
enbodi ment o, gui r?bﬁh'te Iﬁﬁ@rda‘f é’flé&tiﬁhm hés H%JHéL&iﬂfdl %cflaﬁfof gcl udes a

I|qU|df|IIe or nel ron In this
enmbodi A&nt powes cenfined Vtm"rbfhet wavegwdpd I th@#ngtﬂde@lempﬁaenowpf i 'Péhﬁ%r ature

is typical |I|§hp?rdda@a£§§j§ﬁla9ffron1%e gmdurbfmy@al thi. urrgejide?&hgmemésiﬁeﬁ changes

f f 5 d ffl I I

conat ant's ROPPGASBABENIBERCHgtanE, Aa0 UF BrRctpl o SAYEE on. I anot her -
enbodi ment, perturbation 510 includes a hybri d material with the proper

| ect t t t

oo ca ryara WORSBOUR) Sl SRELAAER, G B8 BB
bet weed0si M§eONH mﬁ@ggmﬁ! giides madespresenhd The dewestorsies asigasti ment )

nuf ti - mode m&i@eaasﬂfe mﬂra&.aa dfahe powWdir BPthé bgﬁéaisﬁgﬁalqaeénmnmﬁ g.)
di ameter) than sin vgaﬁl des 530a and. 5 odj. ment ,

Cha 5 e huli HavERtus . TGS Dmision Jb oS ASROCIABHIID Soqient
520 is essdtnd paéslenceabfaﬁwercordenemddesng'hmfdasibuﬁwagmch@sglbenw@n t hese

t wo Segmn%@b’?@"égﬂg eégﬁdeéﬂ%he 8 out put paths are described herein as

wavegui de optical paths can be any optical path
capabl 35of conducting an optical signal. 20

If light traveling within a waveguide is confined to a particular guided
mode, it remains in that mode as long as it is traveling in a perturbation-free
environment. In many optical devices, including a variety of PLCs such as
optical switches, structures such as trenches are often used at the intersection,



The perturbatlon 510 f sonme angl e 8 neasur abl roma reference. In
t hi s case, Is a line orthogonal to ti-nmode wavegui de
segnent 520 e angl e 8 may be any val ue ranging fromzero degrees to 360

part i oul ar G aTaes B SRR wARdliods REGEET e S fodlathRdndn, cl arount

of optical opticahswitchun Sush sostrudtarevintroduces @ peetortiationcihahe gath of theni ni ze

desi red aminbebyBhpt chBfbaRons Babrbalh andliyin 118 difebhle codidh i 0° °
enbodi nent sheregionxftihe perturhationat@n emoumnng a variatiorpinctherdieleatrient i on.
Opti cal gat CORERIR t 0@9,‘.’% s&gg@@%ﬁégﬁ%ﬂypert urbation 540 entirely

Wi t hin metl nmode’ ulr de“se cal attenuator 500c of Figure
5C shows a pertur batlon 550 entirely outside of nufti-node wavegui de

Eegmetnt ?20- ! lnngmewt r@bhgattnr?énésfélﬂé!eémcrpe@ﬁwﬁlat)orf@&ﬁbeﬁﬂ@bbhmﬂbfooc) t may
e situateg relatlv | €,.S n ositron to
cause pertg’leﬂ'ég @ pﬁF&g I'N \sﬁ%‘& que&?fESF%Pﬁé‘dgtﬁ’ﬁ@S | ong

muf ti - node dreieetgmpmtwbglmindimhs d8um amrzamhe possiblewnodes awiluding o

Fi 5A

Cotar 10 SN P SR G nodl 5 Al St
pert ur bat i ©hgoRNRUYB; Madest elegtryamnsgafaﬁeeeqnqtmmd symmetey of the

T forent | GopoMalthy détorRhle Whieh 1nB0Ss BFY pRisertas Wil B andif TeiBie or)

per haps. i PIORRionse Eiafisahugiuh 2 beinalpr i 13 ablRCtGE coRstant can | obs. 1 n
addi ti on, tbeplelmmpdesfandralliomaplexchanhge ot enetgyframnupie moalietoahigheul t i - node
vvaveguhgies Ly illustrated as tapering) may be shaped in different

ways depenglng on a desired anount of optical attenuation and perhaps
dependi ng on a desired 10 anount of insertion |oss. However, in one

e”F?dl ”Egt theAcﬁéerlbaﬂoﬁfcathatu%bﬁﬂ t&mgl vagwséesmwng mb tOFt he
mu | - Node ,se entl a adl a one apove | gure
BV ety s pbg Y iratfion ahdtBBRNbNS MEdS Tofuersist afd SHERIMGRER 18 L 15 ouo
enbodi ment sotircehsf lpss s Badidtionamodes excitechneayrani obstackeesuéchmas ladremoht @rxt  of

t t
ODeer 220 ™ Rl g o Egﬂt’ma“ﬁ‘gf“?g Eﬁbe re-ttabrRRRE bR ihittine ° s by
Fi gur es SBW@NQQB'QG o hﬁemus rgubetm thetghydasing; ppwer: r the
gt Todmdsmnaas ceuch & 'S’ggm",av shgHic e o MedfiblCiRIBoRImEoh,) - ThC
U el awhwﬁemi?ﬁm 48PS Y B effactos ihder ARMISRIOR A aiyfiCss, o' ©

excited bythe geormehy andisyrhmetry iof thepstroctubmt Incaccok@anddwithithg varieus

rount 21 - BEpehR of eisrBle intelftidh e RS cRR 1N e SHABCAR. Conknt” U7 o,
results f r are desighedtthathean attgmmateropincal signalscand rmulmlmmsmbon tosspl e

efficiently into the output single-node wavegui de 530b. As descri bed above)
a description of the | |ght at a dielectric perturbation includes a sum over

al! of the posslmgenesalidight fravarsingapertuibationdB{liustatedoasadanehcSQui ded

modes and mr:guie BiviR ma&pénwécéwwdmw oBEtaeRNAS BHBWN BIPdédtord Bl ectri c
constants urbat i on determ ne whi ch nodes

rrrretr of the p
SoRS L o LB originating Hara e Tnsiuk WayeORIderSH 18 deaters fam i | o
per t ur bat i pertlbation rmay nat hewithin &i@hum@r‘bbl%pbrﬁh@cmrmn abwavequide 6, coupl e
nodes and al | ow ange of Q p fromo e m)defto E her 3 or der
modes.  MoalusdAaliieg Sptgaticss, ClhficaPloss Y 85 sHeLE frgm clsttaction; dhe o
nodes eXCI spréadirgy outrofdhetligbt as atmbssaes trenche50 eads to Hdargey sizepind

bther s et RpRhoBE-marched pB?%Ba&ﬁg“Fégﬂﬂe Ol W HBIERES 7 OO o such
a | oss33epEncitation Qfm;ghalt arder Sleakye Bmleadﬂeraddimw @p)lcalslpss\hl ch in
turn 11 $R0%fimeR réfrgﬁﬁ?é]ﬁﬂewﬁlétns?ﬁ&i] eg%;o{n? ARy, il §y|[ﬂ 'é"omet ry”énAn as

wel | as.the geonetry and ¥' d ref
ractive i nqbwnmegttplnsaveram Gfe)@gi‘l@n phthese ’nge%ﬁrrﬂ%é“@@%ct ed so that the
phases of the dom nant node and any hi gher order nodes excited by
perturbation 510 are sted 5 app to allowr, thlnthe
coupl i ng | engt h'Q'(QP'? ﬁe'ﬂ G§ W\B@/‘E‘é{bﬁﬁ@n%& %é/ros§ |%UP¥GQW§88%9 U‘Q 530b) .
Figure 7 illustrates an opt i cal device 700 including optical attenuat ors
according to one enbodi nent of the present invention. In one enbodi nent,
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10 optical device 700 igama planar wavegui de circuitg(PLC). An advant age of
t he present Bésgébﬂn i its various enbodi ments, that it can be
readily intég thin a planar |ightwave circuit. In the present
embodi nent, o tical device 700 includes an array of 15 waveguides including
i nput opt i c¥fl ORe gmbodimentohthe presentavention Egr'@@mﬂmgaﬁwmﬁzs i to M and
out put si gnmhsﬁatdmsmlm ure4, macuo?ﬂ'néhemmﬁmpmautewﬁd thé Righer-ordér N9 a

d of M t ti t
The’i nput ;ﬁwdeﬁqmpom‘*ﬁ”?wmemeﬂ%av@éo@a@héﬁﬁ SuPeRqsontoorBEl |
herein as meeuomaegmmmchtgwmaw and r@éﬁ&wndebdnamn%m' cal paths

st 1 ecoABCRf g that g Bhasds ald ShTmunci of 8 Borinalfinor® and 880 put

wavegui des highen erdernriodeas exgitechby yhapeaarbqnmrﬂﬂ arcadjustex] appropeately s 25

ach e equed R St wiio oo Mt of M2 dlbut Nefjeghiddy | (7% *

wavegui de refractive index distribution -- for guiding light. To performa

swi tchi ng functi ingendial, cmode sbupling eca el cumplibated:uriiondepending

i ndi vi |caI ches tch lLocated at ea tersect and
desi gnaloq & ine Rrartietivg Sppetife. 8l s PhorBTnodes pe Wit MeToaibeti i e
switch is canimw'ram:veThde)sdssltmﬂm-namfdherpamnbatmmeAddmohbﬂy amaveguideed
with an in i r ndex
t he sane a%@%ﬁn&grﬂnm e re‘!f%‘a ?Q/é%flbdn% x'g% eg{/\g‘\f{ed;e%l ﬁ'éyesgwlents
(of the i nprhysieml mechanismifopatienyatiame swi t ches aI low |ight traveling in
t he wavegui de to pass directly through. When devoid of the index matching

medi um), _such as enth switch ( | led wWith.a gas,or. bubble
(For edsnpl e, “uoHbmese, fesarbnle. fatiighh s ineitent pb % eileati pethution

adj oi ni ng vwohgps dd[emhst'ﬂmiepfesmta@maf thellighe 62ao0the trenchsisia semh averough
the switch. ilurber of i dered active perturbations that
operate on E%rhe opplI cal si gna?s tﬂat are passing through. Wile illustrated
as a matrix of three (3) rows and three 3) colums for 5 a_total of nine
optical swtch point sE(i,b,e)f)Efa;a(z)Eé(\tba: ‘VﬁMDﬁYz)IEﬁU)efffé"Q?y nunber of

i nput wavegui des and out put Wwavegui d’es havi ng a comensurate nunbeq pf
cross point switches at the int t ReLof . Furthernore) whlle
illustrated as intersecting at f‘i’é‘ﬁﬂgﬁn&é Stn‘ﬁe Gfiput wavegui des and t he
out put pyavegui des can intersect at angles ot her than right angl es For 10
exanpl €, the optical device 700 be an o tical tch matr ving a
32by-32 matrix HiQtedha ?Ymhﬁ'ﬁtuﬁ%ﬁi"d@@t f&@xrﬁﬁiﬁsﬁﬁ 3}) or it
may be everysual gad coﬁoanﬁd;rimlm@amug within ltlye artiopt i cal swi tch ITB.tI’I X is
illustrated herein. Furthernore) in the present enbodi ment of optical

devi ce 700) each_of t J nput paths 1 ), and .,15) and the out ut paths
(17, 19) and 21h'5h€b? ggn M{hﬂ?ﬂlia%ég GEB'H% Wgnuchiofi€achches, thus

resulti 237 'rﬁ?&?fé‘?}d%%i aHB‘éﬁ&?Hé?ﬁséWQs %?fé}nﬁh'ét?ﬁk t%“é@@b‘i‘lﬂgﬂ |sé# thgPr | sed

of ap urall segnents can

be connect élﬁ'glﬁb@ipﬁﬂ tha\‘ thsée§09ﬂiql¢ras idepend C&h@szancpullgstraieﬁ "@X\hnpl e, the
Ib gpgg n\r/]vg\étemm&@ﬁt ixtufes eMAodes aaﬁ‘tetxm a8 futiction ot posilion aldng ie and 21t can
wavegul des HeNebuRda, Ph EoeticieHS o (Q?ﬁ%b’%?gw'a?‘%“%g'ﬁ f"’*ﬁ’t ahaingr.

Here) the spmpagaﬁwreduyectmne Mnlelthe agé(a)mfeaeﬂmtedmvwrmrat@ by thehe

o anar 30} o iaiasies3here B B0 RBRaa aoaes areient (e BImiR: 9uhd mkies”

perturbati @M radfationi moddsbﬂ'hpainswelmtsunnmcm)s glilded fictes/Whilettse 714. For

owover ) | dntegralis B ofGr 1ol ARFRTE RS Mo ol GHSRH. e

of pert ur bahiough-lbss optimizationdfoceses:bnwnderstandingethieccontismum ohl y a singl e

perturbati el e i on; that
s, for - exanplot BiousEhnd Rilig iow to SEBUF ehicsinglP phages ShiCURAY

swi t ch8§ Slermgthado snstre pptimabrereouplingdi nent) nore than one perturbation
may be used per wavegui de segment. Perturbations 710-714 are shown as being
between the switches S,,|; 35 however) under sone circunstances, such

per turbati ons mi istarity, ©4 exposition,Rnd Wi@?@b’@ﬁﬁ&ﬁgeaff"%ébﬁR%' ettt is to
say) in sone instances, the switches S, ~ may al so be used for optical
attenuation. Al so, although the perturbations are illustrated as being

pl aced roughly at the m dpoi nt between 173 10020250- 1



switches, it is understgad that they may be pl acedgat any | ocation between
swtches. Figure 8 is jl owchart 800 of a nethod attenuating an
optical signgd20Rs0@-1accordance with one enbodi nent of the present

i nvention. Al though specific steps are disclosed in flowhart 800) such

steps are Sgr??mpé_rrédiﬂm_tmbées RBRPEGURITRS(19T(for 'ekaRiphe, By empIGying an are wel |

suited to mrﬁg va]ikous ﬁher,steps or variations of the steps recited
> apg well- '

in flowchar$l RowR disgretization progedure) And considei-he ¢leeHs nay be

performed ifieldas@ gam of discreteinodesonh) By assmning thatdniplitidesovarg! | of the

steps in flgwchar 0Q. f t Anth resent
cbodi rment , SGYY, P ARRIERY (s Sang el o =Rrokinenbhl. and o (68
muf ti - mdde thevorthagomplityngnoperty o the transieerse €leciliec matieso atdiffetentiabnal i s
converted t fLi € [ ' : ane gm;gtgﬁ , the
nmuf ti - node %@é@ﬁl déﬁﬁgg%aaﬂpgrcg%gb'e?rg'gg?see dt%it'gﬂal ;sg(rjeé *adrﬁ%e (upstream
or input) samplittdeSde wavegui de to which it is coupled. In step 820, in the
present enbodi nent, the mufti-node optical signal is perturbed using a
perturbation el enent é;’; % ieous_f(ﬁnboa';ﬂent s) tahe. 20 perturbation is

di sposed either entir@f RiThineT et i= deBlixded PR Hal | y (2nsi de
and partially outside the n#ti-node v&veguilk@ed ent i rel's out si de tne

mufti - npde waveguige. pl n j d : ' 3@;@#&@3 a
three- glﬂnensi ongf}h%f?m{éﬂ\/}gs%ggéﬁgkaqt@nyﬁﬁér en@%gﬂtrﬁ refractive

i ndex of t Htlielegtric copsdantvavegui de. 25 In step 830, in the present

enbodi nent, the nmufti-node optical signal is coupled into a (downstream or

out put) singl e-nde wavggui de erein the nufti-node opti.cal signal is
converted to anr%qﬂﬁ;{}'?‘ @?ﬁbPﬂS%%‘hS&QWBPQ%HBPHEmeeﬁedﬁﬁs'o@mem) t he
si ngl e- nodeoverdapdniegealiai the modd j multiplied bysthetpertusbatish. alfdhe tincidenthe

muf ti - prde YeJUT W =Y 1 e output signal is attenuated (e.g.,

| ess pggmr)lwﬁg%rggm'?;&hﬁk@bﬁh?aw si ngl e-node optical signal. In one
enbodi ment) the attenuation is achieved by exciting sel ected nodes of the
muf ti - mode optical siBh,z,Nc0ali(@)BY(9e 4fttnt of optical power associated
with the nufti-node optical signal into the selected nodes, and 35 coupling
the sel ected nodes into the single-nmde wavegui de. I n one enbodi nent) by
changi ng t he r efanacthus éhe perurbation takesithe fokrmopt i cal power coupled into the
sel ect nodes can be changed and controll ed. For exanple) in the case of a

liquid-Tilled trench, jthe ind of \rgfraction can be changed by heating the
liquid 14 10020250‘5"@?1"&"25%{3?3 ffl{é”e odi ments of the present 4
invention utilize a perturbakiyizha 8 pHlle-ssegment for optical

Ay
attenuat'wn. I n one enbodi nent, a Si ng?\g’ g‘grtur bati on per wavegui de segnent
is used for optical 5 attenuation. In its various enbodi nents, the present

i nventbn provi dghegperitbhfien isiaéé@m@éaﬁpléhﬁéd@ﬁmrhsmm”w thei@faped into

pl anar Iighimavq circuits including contenporary silica-based planar

|i ghtwave dMO[@'ts. The enbodi ments of the -present invention are
partic@barly suited for optical circuits that couple well w th single-node

fibers. In additd i AP j ; V i
enbodi nent oi. ﬁ]&@éﬁ'gﬂ‘tgﬁﬁ!“ﬁi"’gﬁ [ g%tcggﬁb:égﬁl ev&fr ggvg?él@gr{] @3")%*&:’2’;‘50 ess
than 0.5 d§7‘3 'H‘Q\é veyy weak perturhatian, )5t Uy theLe 15,00 coURlInG ¢ of
?Epr 0>2< i5rfgtB Pletwédén ﬁ%d&t qﬁyfafricélﬁbf @%ﬁgﬁﬁg@a@%&dﬂ@tﬂh&fw p\{«eﬂ@" ance (less
an A W, S [ OXI N el e | [ . OVE
1300- 1565 kg vEPERes oS in sBidiaf fodie Wbk, Hik pRMANeB s, or i ous
enbodi aént highegreetdfsyprmetent Fonesample; ehsyminediic detebvinieeslabn parti cul ar
enbodi nent J égmy i r j J houl d not
be constr ugv(f \)ae?uﬁ%ﬁ]égtrgghﬁy suéﬁme%értm%g Ili]‘S’lc}tg t??ﬁ@”@?ﬁ@%?ﬁfggaaqcor di ng
to the fol With expresymmetry: sAnothen tesulidound by analyzing the overlap integral is
that power can oscillate back and forth between modes as a function of the
length of the obstacle. The coupling in this case is often enhanced when the
35 perturbation makes up the difference, A, between the propagation constants
of the modes in question. In practice this occurs when the length L of the
perturbation is of order AB = const/ L. In a similar fashion, a periodic



What is clainmed is: l.r‘ optical attenuator conpriging: 5 a nufti-node
wavegui de segnment, whe n an incident single-nod tical signal is
converted ti@0208F0-i1- node optical signal conprising a plurality of nodes;
and a perturbation el enent disposed in a position relative to said

mut ti node \perkgbation,seithrspacing A, ¢apardupidoatodes. eﬂmmseﬁuwrtﬂ:ulﬁrrt ur bati on

of 10 said r said

it - mode SBNP-EPBAF ohboAentoranE nefidbaddr Gatshe o EAHG MR 2a A

sai d mufti -Mode coapling vidctheespaeing ofstheqparturbaticrisimay comtrilaste te optical

si ngl e- rmd 0§5 wavegui de segnent and a downstream si ngl e-node wavegui de. 3.
The opti cal tenuator of Claim2 wherein said nufti-node wavegui de segnent
has a | &rger cross-sectional area than said upstream singl e-node wavegui de

segment and_sai (iGGHNSA RN mﬁhéeﬁ%&iu% Vﬁ%ﬁ?.%ﬁﬁfﬁﬁ" ahe

optical attenuat alm 1. wherei h sai Pﬂ rtu conprises a
trench fil [A6GOIEIRG t@ the prasent nyentionq in genslalnap Qﬁt'ﬁ’ﬂ@é?@"b'ﬁt‘?’épﬂﬁéﬁnson t hat

i's variabl go attehuat@e aep eme(e g opéwenr) it aprdptical s@hhﬁroﬁéqrsetﬁf dn eptnal

it %32'«%&5@5@‘*&8&%@%@@% %frp@ifﬁaﬁ’@@%ﬁ'ﬁ%%&ﬁ‘ze?' o nerei n

sai d pd0t unpacalmmptmm sugihas an erb qshfibenamplifier {EDEA); operates in
mufti-nodeg wher ei n
sai d pert ur | on, g&eﬁgaﬁ&hnht@almdm%dmm&e?@g?{ém%?@a|'%B|%ruf ti-node
wavegui de §B§P@ inpyts @ t nge: a8 ﬂd}/’@ ogipyit ghanpglcan seeai g

perturbati eapidivanationiin pdwos«wommgm asgdanouelembommbmss ahel predent - node

et emuat 0 oApsllery o
atten iﬁ%ﬁﬁﬂé@m Rt eges of SalisimettelbptibaEbbher S 4Bier
optical5ci uselql BCB% desaripedzby thesvariousgnabedimenis ok the presesyinventiom second
SI ngl e- MDUgs KEARLH th GAHTEI B arpMRSrith HTBAAe EPLeHl 6GuARSIB or 60UP! | NO

d first and t
2 sing ;Sneéase,if%cv"@aqngihgﬂwom@“&xﬁ‘&ﬂ&pﬁf%ﬂ@? né%em%i Batgrent .
wher ei In saimbysbe plaredumieeach ofthe aitputdhanmetsoofvan apdyed wavragmdmIt)de

t | '- ls s I on
o ementpodraing WGP ubihulteltirab doful wiPapinRorifafichiel btied ' 0
Sher o1 20 S PtaRRGlS Ch BHANGaKEIeaENG, A MO a8 dassberhaceprdiglto the |
signal . 10variéis émudémheﬁtsratthé p?éséﬁtawer&ndwéreba mudoﬁufdss-ﬁme 15

vvavegw de s nt .hes I .Crpss-sect an. sai I.rst
o ngr ermae BON A EnShicah Vet BaF Raplsna LoRpaced Htiotistaham
of an optical switch can be used to remove any stray light leaked from the on-
state path. A VOA can also be employed within an optical switch to equalize
25 the insertion loss between different paths.

With reference 1o Figure 5A, in the p}esem embodiment, a perturbation

510 is situated across multi-mode waveguide segment 520, such that
perturbation 510 is disposed partially outside of multi-mode waveguide

30 segment 520. Multi-mode waveguide segment 520 has a three-dimensional
refractive index distribution n_,,, while the surrounding substrate has a
refractive index distribution n,,......- 1Ypically, perturbation 510 has a
refractive index distribution n,,, that is different from n_,,. In general,
perturbation 510 may be comprised of a number of different materials, with the

35 purpose of effecting a change in the index of refraction of multi-mode
waveguide segment 520. In addition to the three-dimensional refractive index
distribution, the symmetry of the perturbation is an important consideration in
determining the mode coupling.



segnent. 11. The optic circuit of Cdaim9 whereigasaid first single-node
20 wavegui de is couple diabatically to said nuft\@node wavegui de. 12. The
optical cir 280-8 ai m 9 wherein said perturbation el enent conprises a
trench filled with a liquid. 25 13. The optical circuit of Caim9 wherein
sai d perturbati dn aneemshodimen; BW&W@GUQO%DGS@ dielaciric peuibation that- node
wavegui de i f | Wi ' | | yd
perturbati Zﬁfﬂe gém? n!?dhl'%-ﬁgﬁ 8’%@3@%@%’?‘5?@ ?g{?thsgf) 326)98 Hgé?éde é'maﬁ‘rﬁmml)r(‘je
wavegui de dRigrmbodigienisthevasiatipniof he davidis kefractive indexowiti teraperatured

per tur bat i entypicdiydn the shdepesad¢@pTepically, vefractile iftlex shénges bf a féwWe

wavegui de segnment. 16. The optjcal circuit of Claim9 wherein said
pertur b_@tt i W%I 'Er?_emou§_9na_§§e §H*fncrﬁ!1é>!0 OFOY'_@? f%r_seiqswg}m censtapts Wih s aj d
ircut of EPLRRES engiborney 1o erlurmatomoin anowey hicodrhént, e ot ea
t enper at ur #€ %‘Q%&Qﬁ?'@"ﬁﬂﬁﬁ ? g'ybﬁg r’E%ﬂe(ia; WP'E‘ 1he pPropes, elegtro-optic,
10020250- 1u@erhwb':ﬁc of efsstit properties] sudhoas ai brilinear bpiddl epystakerent and
said tenperature. 18. The optical circuit of daim9

adapted to oRn rE(‘)
wher ei n saP@Y8P% urbation el ement 5 is positioned at an angle relative to
said nmiti-node wavegui de segnent) wherein said angle is selected to cause

a certain anmoun . ' [ t ' J, ¢ ss. 19.
A method of att Efn@‘at'ﬁ%%@W%ﬁ@@ng%;ﬁgﬁﬁ??@iﬂfﬁ%? ipeivef SFidie Hodd
recei vi ng Waveguide-$eaments| 3 §80Pcdn aneggrabodimentamulti-modeode
Wave]gg! de, wmbtmda I§e”grﬁemrzlszoina§ aﬁbfg&r&:rﬂwge@ﬁﬁddr@r?é (@ @Idiaﬁ.ef?vvgr ted to
a mufti-node optical signal compr n raji 0 es;. perturbing
St mir 11 hanisngie mode avegiiGEE biba Bnd S4dH. ln s, SecRkent e,y ng o
r ef r ac13 vecoupling ohsingleamodiernwaveguidensegmemnb 880atoi malti-raode degnenm a
si ngl e- nod | ' W = LE RS ' onverted
Lo an out paRost %@P%ﬁfﬁ;'x% %{@a?%fg@ﬁ '°%”PQS@Q§F§M%&£9¥_°§& 8 gnal
at t enuat edsegmenis, eAltbough the inputiand ouipigiraths aee dpserihad kergimas 24 20. The
met hod of (ladbguitie sEyMENS, Mdehearal the' dptical pathier ¢4ls bé ang spticalpathe! ect ed
nodes of said thftl - m&de.rﬁt | calt. sﬁLgnal - coupling an anbunt of opti cal
power assoffRAE %cﬂﬁ' ughing aQfQRUC 'gngbt ical signal into said selected
nodes;2knd 25 coupling said sel ected nodes into said single-nde wavegui de.
The perturbation 510 forms some angle 6 measurable from a reference.

In this case, the reference is a line orthogonal to multi-mode waveguide

segment 520. The angle 6 may be any value ranging from zero degrees to

360 degrees. Based on empirical data, a numerical solution or the like, a

25 particular value of 8 can be determined that will provide a desired amount of

optical attenuation. Also, the value of 6 can be selected to minimize insertion

loss (including back reflection effects) while still achieving a desired amount of

attenuation.

30 Figures 5B and 5C illustrate alternate embodiments of an optical
attenuator according to the present invention. Optical attenuator 500b of
Figure 5B shows a perturbation 540 entirely within multi-mode waveguide
segment 520. Optical attenuator 500c¢ of Figure 5C shows a perturbation 550
entirely outside of multi-mode waveguide segment 520. In general, a

35 perturbation (e.g., 500a, 500b, and 500c) may be situated relative to multi-
mode waveguide segment 520, in a position to cause perturbation of a multi-
mode optical signal being guided along multi-mode waveguide segment 520.
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21. The nethod of d ai O conprising: perturbing id mufti-node opti cal
si gnal u3|n? sai d pert ation el enent wherein sai@grefractive index is
changeabl e, changlng said 30 refractive index changes sai d anount
of optical power coupled into said selected nodes. 22. The nethod of O aim
19 conpri sing: (Ajsm.l witly regard teniigureadfe56p pedutbations $10| 640 anal 550 are

cr oassect | Jutale! 88t stdre YriteCRinguiinH sRapB:, HoWeR ¥ uhBersfoc™ | ©*

. Al [ Y. Ah. Afhatpergbationg areaot lixdles! tqsux:h shapes@nn that, in the Nwee@r . A . A(- 1\ &
lnzjugklé gU] 95"‘ gsaloggl ror enurf)gtl r(':sa c LFap d' a]""&'th"c‘é']'ga ‘<‘:”éy§a] cal c
aU ca] cd] ¢ i%@pbleé{pcargpggq [mya} ohep mrhaps with consideration
zupkf a\ W el & dlbeiéd ahtount of mbﬁﬁirpﬁhsalﬁahambﬂwcwa“p%mcal ca] caj ca]

(I:E?;J]pgg% KI? Eﬂéﬁﬂg/b@ﬁ’%e’) }’J& #FI"Q?JZQO%@&‘] miti-meda waveqyides: geperalyu ca] calc
a] ca] cal cillustrelietihas 3apering; maybl chhped ¢ iffdrent ways dbpendingor a) * ++, ./ /// 1

231474’?4’\4a9§§i£§%§§é‘?_‘."3&.°f .‘]R“F‘i‘\ﬁ'fe.mpf‘a?r\ﬂ pethaps ferending e84 desited o) ca] ca

>l U BE v U8 ALt 908t 08 AN 0 AP P04t cav o
caV] ca] ca] es$entjaly adiabatiojassmentienad aboye.aV] caU] cal] ca UV] ca] cal] ca] caFF7G
H6l <JAJLJJLLLLLOO C6PP* Q7Q~SSSW4V\XeXZ’\’\’\ {qu gb] X] ca] ca] ca] ca] ca] ca] ca] ca]
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25 the excited modes. Attenuation results from the fact that light in a high order
mode does not couple efficiently into the output single-mode waveguide 530b.

As described above, a description of the light at a dielectric perturbation

includes a sum over all of the possible modes including a finite number of

30 possible guided modes and an infinite number of radiation, or continuum,
modes. Dielectric constants, geometry, and symmetry of the perturbation
determine which modes are present as well as their relative proportions.
Consequently, a perturbation (e.g., perturbation 510) in the dielectric constant
can couple modes and allow an exchange of energy from one mode to higher

35 order modes. Mode conversion and coupling can be a source of loss.
Radiation modes excited near an obstacle such as a trench or other type of
perturbation may not be re-trapped and guided into the waveguide on the

other side of the perturbation, thereby losing power. The magnitude of such a
loss depends on the nature of the dielectric perturbation, Ag, which in turn
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5 appropriately to allow recapture within the coupling length of the output
waveguide (e.g., single-mode waveguide 530b).

Figure 7 illustrates an optical device 700 including optical attenuators
according to one embodiment of the present invention. In one embodiment,
10 optical device 700 is a planar waveguide circuit (PLC). An advantage of the
present invention, in its various embodiments, is that it can be readily
integrated within a planar lightwave circuit.

In the present embodiment, optical device 700 includes an array of

15 waveguides including input optical signal paths 11, 13, and 15 (representing
inputs 1 to M) and output signal paths 17, 19, and 21 (representing outputs 1
to N) forming a grid of M rows by N columns with M times N intersections, or
cross points. The input and output paths can be waveguide segments. While
described herein as waveguide segments, the optical paths can be any

20 optical paths capable of conducting an optical signal, for example, optical
fiber.

While illustrated as single lines, input waveguides 11, 13, and 15 and
output waveguides 17, 19, and 21 typically actually include cores or channels
25 supported by a substrate, cladding, or both, through which light travels. Each
waveguide has a three-dimensional refractive index distribution -- waveguide
refractive index distribution -- for guiding light.

To perform a switching function, the optical device 700 includes an

30 array of individual optical switches, one switch located at each intersection.
and designated S,;, where /is the input path and the jis the output path the
switch is connected. The switches are transmissive, in that when filled with an
index matching medium, such as a liquid having a refractive index the same
as or similar to the refractive index of the waveguide segments (of the input

35 and output paths), the switches allow light traveling in the waveguide to pass
directly through. When devoid of the index matching medium, such as when
the switch (a trench) is filled with a gas or bubble (for example, upon heating),
the incident light is reflected into an adjoining waveguide, instead of being
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5 alotal of nine optical switch points, the optical device 700 may include any
number of input waveguides and output waveguides, having a commensurate
number of cross point switches at the intersections thereof. Furthermore,
while illustrated as intersecting at right angles, the input waveguides and the
output waveguides can intersect at angles other than right angles. For

10 example, the optical device 700 may be an optical switch matrix having a 32-
by-32 matrix having 32 input waveguides and 32 output waveguides, or it may
be even larger. For simplicity, a 3-by-3 optical switch matrix is illustrated
herein. Furthermore, in the present embodiment of optical device 700, each of
the input paths (11, 13, and 15) and the output paths (17, 19, and 21) crosses

15 multiple switch elements S at trenches, thus resulting in each input
waveguide and each output waveguide being comprised of a plurality of
waveguide segments. In use, the waveguide segments can be connected to
optical fibers at the inputs and outputs. For example, the input waveguides
11, 13 and 15 and the output waveguides 17, 19 and 21 can be connected to

20 optical fiber ribbon cables using V-groove arrays, the waveguides being
typically spaced on the order of 0.25 millimeters apart. Here, the switches S,
are active perturbations for operating on the optical signal.

in the present embodiment, optical device 700 (e.g., a planar lightwave

25 circuit) includes a number of optical attenuator perturbations exemplified by
perturbations 710, 711, 712, 713 and 714. For simplicity of illustration, only
these perturbations are illustrated; however, it is appreciated that optical
device 700 may include any number of perturbations for optical attenuation.
In one embodiment, only a single perturbation is used per waveguide

30 segment for optical atienuation; that is, for example, only a single perturbation
710 may be used between swilches S, , and S, . in another embodiment,
more than one perturbation may be used per waveguide segment.

Perturbations 710-714 are shown as being between the switches S,;
35 however, under some circumstances, such perturbations may be located at
the intersections of waveguides. That is to say, in some instances, the
switches S,; may also be used for optical attenuation. Also, although the
perturbations are illustrated as being placed roughly at the midpoint between
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other steps or variations of the steps recited in flowchart 800. Mt is appreciated

that the steps in flowchart 800 may be performed in an order different than

10 presented, and that not all of the steps in flowchart 800 may be performed.

In step 810, in the present embodiment, an incident single-mode optical
signal is received into a multi-mode waveguide, wherein the incident single-
mode optical signal is converted to a multi-mode optical signal. In one

15 embodiment, the multi-mode waveguide has a larger cross-sectional area
than the (upstream or input) single-mode waveguide to which it is coupled.

In step 820, in the present embodiment, the multi-mode optical signal is

perturbed using a perturbation element. In various embodiments, the

20 perturbation is disposed either entirely within the multi-mode waveguide,
partially inside and partially outside the multi-mode waveguide, or entirely
outside the multi-mode waveguide. In one embodiment, the perturbation
element has a three-dimensional refractive index that is different than the
refractive index of the multi-mode waveguide.

25

In step 830, in the present embodiment, the multi-mode optical signal is

coupled into a (downstream or output) single-mode waveguide, wherein the
multi-mode optical signal is converted to an output single-mode optical signal.
In one embodiment, the single-mode waveguide has a smaller cross-sectional

30 area than the muiti-mode waveguide. The single-mode output signal is
attenuated (e.g., less power) relative to the incident single-mode optical
signal. In one embodiment, the attenuation is achieved by exciting selected
modes of the multi-mode optical signal, coupling an amount of optical power
associated with the multi-mode optical signal into the selected modes, and

35 coupling the selected modes into the single-mode waveguide. In one
embodiment, by changing the refractive index, the amount of optical power
coupled into the selected modes can be changed and controlled. For
example, in the case of a liquid-filled trench, the index of refraction can be
changed by heating the liquid.
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10

15

attenuation. In its various embodiments, the present invention provides an
optical atienuator that can be readily integrated into planar lightwave circuits
including contemporary silica-based planar lightwave circuits. The
embodiments of the present invention are particularly suited for optical circuits
that couple well with single-mode fibers. In addition, optical attenuators
according to the various embodiments of the present invention can achieve
low insertion loss (less than 0.5 dB), have a polarization dependence of less
than 0.3 dB for approximately 15 dB attenuation, and have high input power
tolerance (less than 25 dBm), with approximately 0.3 dB wavelength
uniformity over 1300-1565 nanometers.

The present invention is thus described in various embodiments. While
the present invention has been described in particular embodiments, it should
be appreciated that the present invention should not be construed as limited
by such embodiments, but rather construed according to the following claims.
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5 a multi-mode waveguide segment, wherein an incident single-mode
optical signal is converted to a multi-mode optical signal comprising a plurality
of modes; and
a perturbation element disposed in a position relative to said multi-
mode waveguide segment, said perturbation element causing perturbation of
10 said multi-mode optical signal resulting in attenuation of said multi-mode

optical signal.

2. The optical attenuator of Claim 1 wherein said multi-mode
waveguide segment is coupled between an upstream single-mode
15 waveguide segment and a downstream single-mode waveguide.

3. The optical attenuator of Claim 2 wherein said multi-mode
waveguide segment has a larger cross-sectional area than said upstream
single-mode waveguide segment and said downstream single-mode

20 waveguide segment.

4, The optical attenuator of Claim 1 wherein said perturbation
element comprises a trench filled with a liquid, said liquid having an index of
refraction that is variable with temperature.

25
5. The optical attenuator of Claim 1 wherein said perturbation

element is disposed completely within said multi-mode waveguide segment.

6. The optical attenuator of Claim 1 wherein said perturbation
30 element is disposed partially outside of said multi-mode waveguide segment.

7. The optical attenuator of Claim 1 wherein said perturbation
element is disposed completely outside of said multi-mode waveguide
segment.

35
8. The optical attenuator of Claim 1 wherein said perturbation

element is disposed at an angle relative to said multi-mode waveguide
segment, wherein said angle results in a selected amount of attenuation and a
selected amount of insertion loss.
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optical signal.
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10. The optical circuit of Claim 9 wherein said multi-mode
15 waveguide segment has a larger cross-sectional area than said first single-
mode waveguide segment and said second single-mode waveguide
segment.

11.  The optical circuit of Claim 9 wherein said first single-mode
20 waveguide is coupled adiabatically to said multi-mode waveguide.

12. The optical circuit of Claim 9 wherein said perturbation element
comprises a trench filled with a liquid.

25 13. The optical circuit of Claim 9 wherein said perturbation element
is disposed completely within said multi-mode waveguide segment.

14. The optical circuit of Claim 9 wherein said perturbation element
is disposed partially outside of said multi-mode waveguide segment.

30
15. The optical circuit of Claim 9 wherein said perturbation element

is disposed completely outside of said multi-mode waveguide segment.

16. The optical circuit of Claim 9 wherein said perturbation element
35 has an index of refraction for effecting said excitation, wherein said index of
refraction is variable.

17. The optical circuit of Claim 16 wherein said index of refraction
varies with temperature, wherein said optical circuit further comprises:
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receiving an incident single-mode optical signal into a multi-mode
waveguide, wherein said incident single-mode optical signal is converted to a
multi-mode optical signal comprising a plurality of modes;
perturbing said multi-mode optical signal using a perturbation element
15 having a refractive index; and
coupling said muiti-mode optical signal into a single-mode waveguide,
wherein said multi-mode optical signal is converted to an output single-mode
optical signal, said single-mode output signal attenuated relative to said
incident single-mode optical signal.
20
20. The method of Claim 19 wherein said perturbing comprises:
exciting selected modes of said multi-mode optical signal;
coupling an amount of optical power associated with said multi-mode
optical signal into said selected modes; and
25 coupling said selected modes into said single-mode waveguide.

21. The method of Claim 20 com;;rising:
perturbing said multi-mode optical signal using said perturbation
element wherein said refractive index is changeable, wherein changing said
30 refractive index changes said amount of optical power coupled into said
selected modes.

22. The method of Claim 19 comprising:
coupling said multi-mode optical signal into said single-mode
35 waveguide, wherein said single-mode waveguide has a smaller cross-
sectional area than said multi-mode waveguide.
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