WD 01/ 46726 PCT/ USOQ 34701 GUI DED WAVE ELECTROOPTI C/ ACOUSTOOPTI C TUNABLE
FI LTER The Applicant hereby clains the benefit of the earlier filing date
of Dece r 5 1999, of Provisional Application Seri 173, 018,
under 3&2@@%’; 26119(e). STATEMENT REGARDI NG FEDERALLY SM%QEE%ESEAW
OR DEVELOPMENT 10 The U.S. Governnent has a paid-up license in this
invention and the right in limted circunstances to require the patent
owner to |icense qf Hi BESOBPRE R bGTBBrPTIC ASNARLOMILARd for by the terms
of Project No. 32192-72220 sponsored by the State of Texas and Project No.
32525-57570 sponsored by Lockheed Martin Corporation. 15 BACKGROUND OF THE

| NVENTI ON This invention relates to an apparatus and nethod for the
selection of light of one optical frequency or wavel ength channel from a

multiplicity chan: ] fre cies bhein ransmtted,.in an
opti cal 11 ber de “HHESk ey BbinE Be oeb TR s Bl E0BRempEEat o

egi ci ent Ig conbi ne. | iﬁ‘g&t waves_of different frequencies. 20 Filter

t ethnol ody?T:d¥t MRVSIBAAPPIANRT SR Mo 607,01 Bgundepiy U-S-Grid 19@)t he nost
active research and devel opnent topics in the optical fiber

tel ecommuni cations field. A nunber of guided wave filter approaches are at
various stages of devel opnent, including the fiber Bragg grating, fiber
Fabry- Perot, asymBfATEMENEREGARDING FEDERATIOYSPONSGREDVE! ), Wavegui de

grating router (WGR), acOURESPARCHORBUEELOPMENTACTF), and el ectrooptic
tunable filter (EOTF).

10 The U.S. Government has a paid-up license in this invention and the right in
limited circumstances to require the patent owner to license others on reasonable termé,
as provided for by the terms of Project No. 32192-72220 sponsored by the State of Texas

and Project No. 32525-57570 sponsored by Lockheed Martin Corporation.

15 BACKGROUND OF THE INVENTION

This invention relates to an apparatus and method for the selection of light of one
optical frequency or wavelength channel from a multiplicity of channels or optical
frequencies being transmitted in an optical fiber or optical waveguide. The invention can

also be used to efficiently combine light waves of different frequencies.

2 Filter technology for wavelength division multiplexing (WDM) is one of the most
active research and development topics in the optical fiber telecommunications field. A
number of guided wave filter approaches are at various stages of development, including
the fiber Bragg grating, fiber Fabry-Perot, asymmetrical Mach Zehnder interferometer

25 (MZI), waveguide grating router (WGR), acoustooptic tunable filter (AOTF), and

electrooptic tunable filter (EOTF).



WO 01/46726 PCT/US00/ 34701 2 O these technol ogies, only the AOTF and EOTF
can be tuned fromone channel to another at near-m crosecond (for the

AOTF) or \s481/4d-5¢ osecond (for the EOIF) speeds needed f og 8834701
packet - svvltched networks. As illustrated in Figs. 1 and 2, conventional,

prior art, schenmes for inplenmenting thg ACTF and EOCTF have several 5
features in common. Both are fabricated in ferroelectric insulating

substrates suchf@gse kécﬁﬁﬂlb'éﬁsn é)ms%% V\ﬁ‘@ﬂd AREOTHS %n%e edotgom 6)%% Fﬁhannel

structureformsdfromwavegw are S|n e node f

h | d | 11y pol d T
Soth 111 ¢ 8y DR bES bt otind ek BRAQHEL P& Fanle e (87 we 65T < e ar o

of the MZl, and |deaII their performance is independent of the incident
pol ari zat FRsRAsLReeded fos faskpaeketswidiedmrtvasks. urAs iBstrated oofigent arehal, ACTF and
EOTF designs is that they both use polarizing beamsplitters (PBSs),

optical ctomventioral,qientast, vétientes fanimppmeneng ttti AOTEWNE BOTE afve ©aé@1 Wi th the
hi gh polarization extinction ratios needed to neet filter requi rerrents A

prisor art fehés BAIMnREA MBI Ark Firidafedl ﬂl lfé%?&e'iéﬁr‘ﬁfjlnklﬂaﬁ:ﬁsubgtrz%t!&ﬂ ' nci dent

inport 1 15 will, in general, be split between out p i ai ght

Lhr ough pﬂ{hm? ﬂib%af%”&&dlﬁx g%%fo%é)f{)&{ gérﬂv(ﬁsﬁg‘fhré form} ro%gwa{/ggzlﬁd%@ ror_a.,

(fT™M 1J -é # i, where 11 is the fraction of the power in input port
i which ¥ lffblaé%slf%led%&dﬁ@f B% thOfIZ%%HYplaﬂlweédtgihbﬁ‘tb and |vertighypdlabieehot ed
that an alternative PBS design is obtained by reversing "TE'" and "TM' in
t hese exphgg<Thhs)BotiiltarsrmeakeQusé of plyaselinsndhed edlabiesteal doakersidRnh itEPdHhE'
invention is directed to new AOTF and EOTF
of the MZI, and ideally their performance is independent of the incident polarization
10 state. Another common feature of the conventional AOTF and EOTF designs is that they
both use polarizing beam splitters (PBSs), optical circuit elements which have proven
difficult to fabricate with the high polarization extinction ratios needed to meet filter
requirements.
A prior art four-port beam splitter is illustrated in Fig. 3. Light incident in port 1
15 will, in general, be split between output port 1 (straight through port) and output port 2
(crossover port). The requirement for a PBS is that, for i,j = 1,2: (fp), = 1; (frp)y =
0, j#1; (I = 0; (fr)y = 1, j#1, where (fp); is the fraction of the power in input port i
which couples to output port j for polarization P. (It should be noted that an alternative
PBS design is obtained by reversing "TE" and "TM" in these expressions). As more
20 fully disclosed hereafter, Applicants’ invention is directed to new AOTF and EOTF
configurations which allow for an additional degree of freedom in beam splitter

characteristics and which are, therefore, much easier to fabricate than the conventional

filters.



configurations which allow for an additional degree of freedomin beam
splitter characteristics and which are, therefore, nuch easier to

fabri cat %qulﬁ?z{g 6he conventional filters. WD 01/46726 P%&ﬁ%égﬁgpl 3

Principles o eration of Conventional AOTFs and EOTFs The prior art AOTF
depicted in Fig. 1 makes use of the styain-optic effect froma traveling
acoustic wave to produce polarization conversion in the two arns of the MI

structure, which ig. i i . t nversion is
very efficient at 'éﬁ@%%gﬁp‘g’gf%@c%%%h o%rdrsﬁsle%lﬁggﬁaﬁ%se mat chi ng
condition is tisfied h that the acoustic wavel ength exactly matches
the TE - TM po ﬁ’rﬁtﬁrﬁ)‘ﬁatu@aqepfcéeﬁlg‘fihsign%trﬂ%(es Wer/lgtis H’é?igﬂi’tiéteffé?t pRiacal
frequencies for which the phase matching condition is not satisfied,
little poraielingpeaystic HAVRIosredics dolarzatiopednrersionl ih yhepotcaarised theTMZI i ght
incident on the filter at a frequency v; is directed by the first PBS into

i ts straighictréyrwhigh isofabiciredléh pDINDO, dubstratpp @he vBMegUOEIR ey EffRient at
Mach-Zehnder. |If the polarization is not converted in that waveguide (i #

1) 5 the |umglhiiddneleddtcy INfor MhiGLSE RBR Hi iofll; tQci rai ght
t hrough out pgt1 poret, V\%i th isltheﬁﬁ%ger Otljltilpﬁ;tnaglc())?tlg gﬁﬁﬁg%’ S?lcﬂ%rt.ﬁ{elf t he
ht ai.nci dent on the second beam

pol ari zation.is _converte i :‘1(55) eHItTiI\/Q n
splitter SRR %8%&5 qxgcdtl)éxingtgg VEBF T of t1M Rt ’E:‘Fﬁqoéleqeﬂtele?gtbtl% fies | ower
output port. 15 On the other hand, vertically polarized (TM Ilight incident
on the fiVawseude. a\t othes gpteal freguencies dpr which ghenphashmatchingtcop@gonns noti t s
crossover output port, the lower waveguide in the MZI. If the polarization
i's not conusiddedittlenpddraativmvenyarsien ¢dcuss. | Horizdneally polarized (TE) light incident
on the filter at a frequency v, is directed by the first PBS into its straight through output
10 port - the upper waveguide in the Mach-Zehnder. If the polarization is not converted in
that waveguide (i # j), the light incident on the second PBS is also directed to its straight
through output port, which is the upper output port of the filter. If the polarization is
converted (i = j), the light incident on the second beam splitter emerges from its
crossover port, which is the filter's lower output port.
15 On the other hand, vertically polarized (TM) light incident on the filter at a
frequency v, is directed by the first PBS into its crossover output port, the lower
waveguide in the MZI. If the polarization is not converted in that waveguide (i # j), the
light incident on the second PBS is also directed to its crossover port, the filter's upper
output port. If the polarization is converted (i = j), the light incident on the second
20 beam splitter emerges from its straight through output port, which is the filter's lower

output port. Thus, for either polarization, TE or TM, the light at the selected frequency

v; emerges from the lower output port of the filter, and all other frequencies exit via the



l'i ght incident on the second PBS is also directed to its crossover port,
the filter's upper output port. If the polarization is converted (i =j),
the |ighfoAakAdgnt on the second 20 beam splitter energe§c}bg69/i'|4t7§l st rai ght
t hrough output port, which is the filter's |ower output port. Thus, for
either polarization, TE or TM the ljght at the selected frequency vj
energes fromthe | ower output port of the filter, and all other frequencies

exit vigyddh@uMk P 46046 Pﬂgmtggﬁ%eéée %@%3&1' %q}cgfé%e(ﬁl%rr]% ...Juning of the

filter to change the sel écted optica uen 0 %SHed by

changi ng_the,.acaustic f.requency.. Conceptual ly, the conventional EOTF
differs%FPHWP%ﬁg%ﬂCﬁﬁn?ﬂg meéﬁﬁﬁ%ﬁ@?Cyboth the pol arization coupling
mechani sm and the tuning nethod are different. In the 5 EOTF illustrated
in Fig.2, tuhPhgPiualixacihesprvcaten BYThdifop e thoAOddeinvwowkichtschanges t he
wavegui de birefringence and hence the optical frequency vJ for which phase

mat chi nigotbeleupslariztiop aduEingym@anniodiagd sier @hinginkdbed Nig différehC amses
pol ari zation coupling via the strain-optic effect. In other EOIF designs,

& spati BOITY: ingstiAdi & @b eCtiiisy fs!a%éanpll%h&f’HfQﬂag}iieﬁgoit%ee{/%ﬂ{cha' el ectrode

structure induces the polarization coupling via t el ectrooptic

RAERRE LR e T MR RNy
matching occurs. A spatially periodic strain-inducing film causes polarization coupling
via the strain-optic effect. In other EOTF designs, a spatially periodic electric field
produced by an interdigital electrode structure induces the polarization coupling via the

10 electrooptic effect.

Beam Splitter Description

Performance of the four-port beam splitter of Fig. 3 is described by the

expression
15
0, =C.1,, (1)
with
(Ip)
20 I, =[ P 1:!, Q)
(Tp),

(©p);



with 20 1P [:1(2) )2 OP (001 (3) OP)2 WO 01/46726 PCTIUSOQ 34701 5 and
[(c)11l (CP)12 CP (CP)12 (CP11l (4) 5 In these expressions P represents the

pol ari zat i on ‘&TE or TM, (IP); is the input electric field mﬁlltud
port i (MW (0 ): is the corresponding output el ectRGTEUIOPES7!
arrplitude and the coupling coefficients are 10 (cP)11 = cos(1PL) (5) (cP
)12 =i sin(K PL), (6) 15 with Kp the interwavegui de coupling coefficient
and L t effective length of the coupling region. The anal ysis neglects
| oss and assunes that the coupl ed wavegui des are identical and support a
singl e node for each polarization, but that in general the node field
patterns and hence the coupling coefficients are different for the two
pol ari zations. For a pol arizing 2 'S|‘ er with TE pol ari zation directed
in the straight through 20 @ ufd’ d I\/fb’o:f arization crossing oveg the
coupl ing coefficients nust sati Sf§e)the$e),

5 In these expressions P represents the polarization (TE or TM), (Ip); is the input electric field
amplitude in porti (i = 1,2), (O,), is the corresponding output electric field amplitude, and

the coupling coefficients are

10 (cp)y, =cos(k,L) &)
(Cp)yp =1isin(x,L), (6)
15 with x;, the interwaveguide coupling coefficient and L the effective length of the coupling

region. The analysis neglects loss and assumes that the coupled waveguides are identical
and support a single mode for each polarization, but that in general the mode field patterns
and hence the coupling coefficients are different for the two polarizations.
For a polarizing beam splitter with TE polarization directed in the straight through
20 path and TM polarization crossing over, the coupling coefficients must satisfy these
conditions: {(crg)yy| = 1, (¢yp)1, = 0; (Cppy)yy = O; |(crm)ia] = 1. For these relations to
hold, wyL = Qm;-D)n/2, kL = m,7, with m, and m, positive integers. Thus,

constraints on both coupling coefficients must be met simultaneously to satisfy the



conditions: | (cTE)11 1 =1, (CTE)12 = 0; (cTM11 =0; | (c'1'M12] = 1.
For these relations to hold, x.1,M. = (2nl-1)it/2, KIEL = WC, with in, and
n2 positive integers. Thus, constraints on both coupling coefficients nust
be met sWRIY%M&usly to satisfy the WD 01/46726 PCTI USOHCIARGY34781
requirenents for a PBS. Furthernore, froma practical standpoint it is
desirable to nake the coupler as sho®t as possi ble, inplying small val ues
of m and n2. For m =n2 =1, for exanple, KTML =t/2 and 1 EL = TC _so
KTE = 2KTRAuEements fopp PBS. Furtbersname iz ¢ practiead standpooutat ip desifable tb arake e TE
node than for the TM node, which is undesirable fromthe 5 standpoint of
nmode mat cdeuplgr apstamt gppdssible, fplgng sGHAOREIGE AT EVENT B FéiEm| MVENT QNfo;
Accordi ngly, as opposed to those now known in the industry, thée AOTF and

EOTF  appsambles kafld =whedk,df =t Besdkgsenic, i e i pfed9 c&ggdefa%g)p{)fo?iger
pol ari zi ng beam splitters. 10 Further, becCause the i1 nvention providés an

addi ti ongl,gle ed; ' Lewingt he .required beam splitter
perfornanc%, {ﬁﬁé ﬁﬁgﬁegggﬁ%%q#ggpgﬁﬁ#%gyt Oﬁ%n%ﬁF%o¥‘Hﬁ?mﬁéﬁﬁboghgm EOTFs
whi.ch mak se. of _polarizing beamsplitters. In particular, a guided wave
tuﬁable 5$¥ﬁP@PtBEE@W%Hf?bggﬁ?aPHQE {8%-i ncl udes, in a preferred

enbodi nent, two 3-port Y-branch beamsplitters connected to formtwo
spaced apart wavegui des between said beamsplitters, 15 with an i nput port
and an out put port. The wavegui des include an optical path difference of

hal f a wavel ength and SBIGRT ZIATEMENPOMPHESINVESTIONt he two wavegui des
are displaced by half the spacial period of a pertubation responsible for

coupl i ng. Bot ht\&SRE&%l?%BJpﬁ%%g?? th%Léaﬁ\{// ?835{%]1"1 fh t%? 2@@%@&% WO S EOFE WO

port design are di osed. I 'ona

apparatus and methods of the present invention do not require polarizing beam splitters.
10 Further, because the invention provides an additional degree of freedom in achieving the
required beam splitter performance, it is much easier to fabricate than prior art AOTFs and
EOTFs which make use of polarizing beam splitters. In particular, a guided wave tunable
filter of the present invention includes, in a preferred embodiment, two 3-port Y-branch
beam splitters connected to form two spaced apart waveguides between said beam splitters,
15 with an input port and an output port. The waveguides include an optical path difference
of half a wavelength and polarization coupling regions in the two waveguides are displaced
by half the spacial period of a pertubation responsible for coupling. Both acoustooptic and
electrooptic tunable filters of the two port design are disclosed. Additionally, in a preferred

embodiment, a four port AOTF and a four port EOTF are also disclosed.

20



enbodi ment, a four port AOTF and a four port EOTF are also disclosed. 20 WO
01/ 46726 PCT/US00/34701 7 BRI EF DESCRI PTION OF THE DRQW NGS O her ?bjl Fcts,
features ntages of the present invention wll ecp&nﬁug&h sorf Ul Iy
appar ent ‘??g%%tj]ﬁi fol | ow ng detailed description of the pret erreg

enbodi nent, the clains and the acco nying drawings in which: 5 FIGURE 1

is an illustration of a Prior Art AOTF; FIGJREZi.saniII]lCJstration gf a
Prior Art EOTF; FI GURE ghis ' j i@m@rt_ our-port beam
splitter; FIGURE 4 is aB:R Illgglskﬂgl??lilbﬁbgn{ui odi nent of a

four-port AOCTF.qf the esent invention; 10 FIGURE 5 is an illustration of
a pr e]l‘o erred enQﬁHF r?&’??tsgjf:eaﬁlr?so‘ﬁp-%f‘ma@@'ﬂf thy preprat ipyreptiemvill hoeome ware
FIGURE 6 is an illustration of a preferred enbodi nent of a two-port AOTF of
the presBily dppowent from thgfallewBEREtiled slesoniptibh wf ttheapreterraalf embatimtry tisd
enbodi ment of a two-port EOTF of the 15 present invention. DETAILED

DESCRI PTI €hinésrandHke RoMpRRELYy EMROIsNENhidhe preferred enbodi ment of the

present invention is illustrated by way of exanple in FIGURES 4-7. Filter
desi gns i ntr odpRAGRAAT S ah YiustAGoPHf PPEE: KF A@ll"%f(' ng constraints on
FIGURE 2 is an illustration of a Prior Art EOTF;
FIGURE 3 is an illustration of a Prior Art four-port beam splitter;
FIGURE 4 is an illustration of a preferred embodiment of a four-port AOTF of the
present invention;
10 FIGURE 5 is an illustration of a preferred embodiment of a four-port EOTF of the
present invention;
FIGURE 6 is an illustration of a preferred embodiment of a two-port AOTF of the
present invention; and

FIGURE 7 is an illustration of a preferred embodiment of a two-port EOTF of the

15 present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT
The preferred embodiment of the present invention is illustrated by way of example
in FIGURES 4-7. Filter designs introduced here for the purpose of relaxing constraints on
20 beam splitter characteristics are illustrated in Figs. 4 and 5. In general, these differ from
the conventional designs of prior art Figs. 1 and 2 in the following respects: (1) polarizing
beam splitters are not required, (2) the optical path difference for the waveguides between

the beam splitters for both polarizations is a half-wavelength, or an odd integral multiple



20 beam splitter characteristics are illustrated in Figs. 4 and 5. In
general, these differ fromthe conventional designs of prior art Figs. 1
and 2 in the follow ng respects: (1) polarizing beamsplitters are not
requi red, WY 2Y4/1fe optical path difference for the waveguitf&<UeBHO&N t he
beam splitters for both polarizationsg is a hal f-wavel ength, or an odd
integral multiple WO 01/46726 PCTIUSOO 34701 8 thereof, and (3) the

rel ative,pasitians, of the .polar.j.zati coupling regions in the two

wavegui of{:}gr% eaﬂgi ?&l‘h%ég‘%i‘ X Pﬂ%}l‘%‘fso%fgglgt P%%‘HPP%&PP%‘H‘&)W%W int the ysat i al
period of the perturbation responsible for the coupling. To analyze these
new fi | t¥¢vedeidey ks, displacedaigieths fprofagpiiviadireciondry halpube wparial peri@bbAniezat i on
conversion is considered first. The transfer matrix 5 for the filter is

gi ven bype@BrbatiGRMsERISOIE T)r thaoréduplid t 1@ afiE@ly£d thesthicN i@ SREiReSht PRe of
pi-radian rel ative phase shift due to the half 10 wavel ength path

diff a9 @8R i i polarizftlon @nveksi il i er- T 1d -
o | (o e ulaiadeh e bl olpolarieiilon donyehs U cdtipfiea lghy. TREHLHSBY BRHES ' 1
ol 1 0ws (f GOARYA L9Bs o5 > and (8) that

0, =C,M _C,I, (™)

with M, the matrix which describes the pi-radian relative phase shift due to the half-

10 wavelength path difference, given by

M_IO 2
=y ®)

Evaluating the matrix product in eq. (7) yields

15
2 _ 2 O
0. = (ephi” — (o . I, (9)
0 (Cp)u —-*(Cp)”
It follows from equations (5) and (6) that
20 O, =M_1I, (10)

Since M, is diagonal, all of the power incident in port 1 in either polarization exits from

output port 1. This represents the case of the non-selected frequencies for which no



20 OP = M'IP (10) Since M, is diagonal, all of the power incident in port
i in either polarization exits from output port i. This represents the
case of the.gesel ected frequencies for which no WO 01/ 464248 00/34701

PCT/ US00/ 34701 9 pol ari zation conversion occurs in the \%gvegu?des. Power
incident in port i couples part of f®©he way to port j in the first coupler,
but then couples back to port i in the second coupler. For the case that

pol ar i ZgolRPaGRNMAHVEIsRIh RGNS &I MWBENAdNCPGSAL in g&g@h 5@&%@5‘.@@%& ut put

pol ari zation P, the transfer matrix is given by . (11)

In this | i S [ h the first coupler with polarization
P and tﬁfr}%lﬁlg% t(i E(gr” grg@égﬁﬁcc(%ﬁ%l[e%%u\% ﬂ%'ﬁﬁ%srt?afgtt? B pin theSecld COHBICE act or
Mt in eq. (11) accounts for the 10 rel ative displacenment of the coupling
regions in tHETMAEFUITAERRIHZAHAR fonvRBIaNNEERTS bepeen it idsit pelpdzationPLandt i on
responsi bl e for the polarization coupling. Since Mz Wi equals the unitary
mat ri x, oatput polbyizitromeltfi dteglanster mpkiix isggvdnobyOP. = CP, CIP. (12) 15 From egs.
(4)- (6), and nmaking use of the trigononmetric relations cos (A+B) _
c®SsAcosB -si nAsinB and si n( A+B) =si nAcosB + cosAsinB, it follows that C,C
cos(O i sin(O (13) P Pi sin(O cos(O

0, = Cp,M_M_C,I,. (11)

In this case, the light passes through the first coupler with polarization P and through the
second coupler with polarization P'. The second factor M, in eq. (11) accounts for the
10 relative displacement of the coupling regions in the waveguides by half the spatial period of
the pertubation responsible for the polarization coupling. Since M, M, equals the unitary

matrix, eq. (11) immediately simplifies to

Oy = Cp.Cl,. (12)
15
From eqs. (4)- (6), and making use of the trigonometric relations cos (A+B) =
cosAcosB -sinAsinB and sin(A+B)=sinAcosB + cosAsinB, it follows that
cos(®) 1sin(®
C.c, =[cos(© isin(®) a3)
isin(®) cos(®)
20

with

O=xpL+x,,L. (14)



20 with O = KIEL+KTM.. (14) WD 01/46726 PCTIUSCQO 34701 10 where "TE" and
"TM" have replaced "P* and "P"". The condition for conplete power
crossover to occur, such that all power incident in port i exits via output
port j, WOOUHE20 = 0, or 0 = (2nB - 1)ic/2, with nB a pBSTAUSHSYH: eger .
For the shortest couplers, wth n8 3 1, 0 =it/2. It follows from eqgs.

(5, (6), and (14) that a conditi OP Por cogpl ettza palhwer (5f (I;)rogspve[ hcan be
witten (fTE). 1 +(f, Jii =1 (15) for i =1 or 2, were ,J is the
fracti o‘ﬁl(‘%? Ei)rﬁlyiad@nt“%z)\k}é?’eﬁé 4?)6?)0 arthd ali ‘onThe cardidenforospmplgetioaves oupl er
in port j which exits via port i, given by (fP)i; =1 cP 1l '"2 (16)
ALTERNATPVES TS 0aguri, Fyalidhtedlerpwen imiidgstt indparnterdts videutgigmirog édcds ®t-er s of
the present invention perform the "drop"” function of renpving one optical
wavel engtdr @r= {2mequBmne; witdma klpoviting irddder OtIRQIrthe sl el QRPLRS SvitT RESE same
filters can performthe "add" function, as illustrated bé_thte Zage Figs. 4
and 5 w tdh £ di } i ght, pr . [ e arr ows
in thew’d(?ag?g%ﬁs)lf f(gfvo'gfrégfgg’f] eg%e('ls'h’n(igﬂgangf@?ﬁgﬂa%gg?(gﬁggIﬂghéoom(%ﬁp l?t_ﬁ pﬁ%’&% 4 and
? enablcggssghe C%gq)ieeverrent of optimum performance in various circunstances.

n every m‘r’%runstar%rét,tenlt is required that the optical

(fre)i + ()i =1 (15)

fori = 1or 2, where (f}); is the fraction of incident power with polarization P incident on

10 the coupler in port j which exits via port i, given by
(fp); = [cp] ijz (16)
ALTERNATIVES
15 As illustrated in Figs. 4 and 5, the disclosed filters of the present invention perform

the "drop" function of removing one optical wavelength or frequency and allowing all others
to propagate. These same filters can perform the "add" function, as illustrated by the same
Figs. 4 and 5 with the direction of the light propagation (as indicated by arrows in the
diagrams) reversed.

20 Tuning of the apparatus shown in Figs. 4 and 5 enables the achievement of optimum
performance in various circumstances. Inevery circumstance, it is required that the optical
path difference in the MZI equal an odd integral multiple of a half wavelength, which is

satisfied by a physical path difference of 350 nm in LiNbO, at 1.53 pm wavelength for



path difference in the MZI equal an odd integral nultiple of a half

wavel ength, which is satisfied by a physical path difference of 350 nmin
Li NoG3 at 1.53 m wavel ength for WO 01/46726 PCT/USOQ 34701 11

ext r aor dMPAINAHSI ari zation. For this path difference, a Ja<eS8B48F of
about 0.1 rad results for the ordi narY pol ari zation due to the | arge
substrate birefringence. This error i d readily conpensated by a section of
wavegui de out sj.de th’gFigol ari éati on conversion region in which the

bi r ef ri nd&HRETGIRATY PPIaFIEHIy  EP% Wiy Pagh difterange i aphass egorf ofl abour0.dmad results

el ectrooptic interaction. 5 It should also be noted that, in the case of
t he AOTF,fot Hie qrdinary ndariatiph due tretht loge sutstrapdiiftizehta NThio ¢plbot fOreh&gi ONS
in the two wavegui des as a fraction of the polarization beat length in the

wavegui desneleasugeEbyd sdotibniof Waveghida ootfleitle foISHHBBR YonvERE Iff‘fe%ﬁﬁfini ich
significant, anounting to about 0.15 rad for tuning of t%e ptica

frequencym®yireftinkEfoe is Ritdred 5{; %ﬁﬁéreai%ﬁa%—&dhgialg Y9 &NS ge:ﬂescl?rﬁgé%ciai@ﬁquﬁg)%. array

or tilted finger chirped acoustic trans er desi

pr@pagation digect.i f the acoustic waye changes in angle linearly with
acgusti c fr equ%%&oyl.k?#ﬁoe i tSi‘“c)h“ f G5 O}Flﬁ‘ee‘h&fg 15§ Fel%‘iecﬂﬁsmmeb@ftge
satisfied by couplers for the new filter designs of the present invention,
can readiRYATHAtigR EPuplisg regiony mcthe ¢wo Wayeguidesms| aefradtion of tr pblerizaidn beat
enbodi ment, the effective coupling length L and the wavegui de width are

fixed 15 lenghiiorthe wavtimidaupdhangess twiengidise Kp abéustit TeequRyPOHRE T GBI QNS
determ ned by an appropriate choice of wavegui de separation. The K val ues

are both Q20 i i 2 { arati.on., By
measur i ng ey QASacL 113 a6 uARe i BYEA HARCRIIR 2 Tin,

\r’\’:\;gigr;deou% qP %E)ﬂte&tgﬁg ’thf%u%ﬁ ptﬁcl;, autsza Oor} EI 8flas\f,:\@ia?rr;1ye&' tiﬁél'dS)finEgesr (S:I%E};eaf ailc%gst(i:can
10 transducer design in which the propagation direction of the acoustic wave changes in angle
linearly with acoustic frequency.
The condition given in eq. (15), which must be satisfied by couplers for the new
filter designs of the present invention, can readily be achieved in practice. For example, in
a preferred embodiment, the effective coupling length L and the waveguide width are fixed
15 a priori, with coupling strengths k; for the two polarizations determined by an appropriate
choice of waveguide separation. The k, values are both monotonically decreasing
functions of waveguide separation. By measuring (frp); and (fry,); for test coupler patterns
with different waveguide separations, a separation for which eq. (15) is satisfied can readily
be determined.
20 Since the filters of the present invention will be used in fiber optic systems, it is
desirable to match the mode electric field patterns for both polarizations as closely as

possible to a single mode fiber field pattern. This is a consideration in determining the

waveguide fabrication procedure. For example, if the waveguides are formed by Ti



be determ ned. 20 Since the filters of the present invention will be used
in fiber optic systens, it is desirable to match the node electric field
patterns for both polarizations as closely as possible to a single node
fiber fi VAOH¥##%rn. This is a consideration in deternini MgIPiY34dvegqui de
fabrication procedure. For exanple, if the waveguides are forned by Ti WO
01/ 46726 PCT/US00/ 34701 12 diffusion n Li NbG3, the diffusion time and
t emper at ur.e.shoul d.be chos with this in mnd. Even so, it is expected
that ther 8%90%1“(}“ Py El?q‘ ‘S&Hﬂ?n HineeBY mpsEatyrg showd eckosen Withtinisl én mind.
profiles, which would be reflected in the coupling constant val ues KTE and
1TM Thes&veripq.fibiseppecsed thaiwbersrwoudd besignifioss differendes émntierTE aid EVER{odRg t he
new filter designs of the 5 present invention. By contrast, two
&

const r ai npsofiiesstwitieh smbidsbeé edlesieduh ttaneQUpSinY baftakthARESS ldﬁ? I N These
conventional tunable filter designs, making it nuch nore difficdlt to

achi eve t r r . ne Invention cansiders a
PES opt | Mg e e e o bR ATEBOER in IRkl (RPN 1RE oG e
qugth arerfi ed agd t he wavegui de separation is varied. 10 A wavegui de
separatioﬁf?% lﬂﬁ?'ﬂ“conplete crossover is achieved for TE pol arization
would not, in_general, also neet the conpanion requirenment of providing
conpl et e st rai BRICORKISHUHI Coppterinig ausbhe sasisfiedh sintiltapexiualyi foatliedPBSsl used in
practice, considerable prior art effort has been devoted to solving the PBS

probl em tarvettiorabhmable!filer slesiynsd) shakgng wWenidBdRodetiglchR 6 REKie ® the needed
Ti -indi ffused/ proton exchanged 15 wavegui de conbi nati ons. Although
pol ari zat tupl@piBRhARE. TR, AR idvetBioR Borllaiees J)ﬁ?@optimization procedure in which
the waveguide width and coupling length are fixed and the waveguide separation is varied.
10 A waveguide separation for which complete crossover is achieved for TE polarization would
not, in general, also meet the companion requirement of providing complete straight through
propagation for the TM polarization.
In practice, considerable prior art effort has been devoted to solving the PBS problem
for tunable filters by using two mode interference and Ti-indiffused/proton exchanged
15 waveguide combinations. Although polarization extinction ratios > 20 dB have been
reported, the techniques to achieve them are complicated and reproducibility has been a
major problem. Due to difficulties with the integrated PBSs, some AOTF demonstrations
have utilized bulk PBSs external to the LiNbO, substrate in which the acoustooptic
interaction takes place.
20 Simpler 2-port filters of the present invention, designed using the same principles as
the 4-port devices, are illustrated in Figs. 6 and 7. These 2-port filters are designed to

transmit a selected wavelength channel and block all others. In the 2-port filters, two 3-port

Y-branches replace the two 4-port beam splitters employed in the designs of Figs. 4 and 5.



reported, the techniques to achieve themare conplicated and

reproduci bility has been a nmjor problem Due to difficulties wth the

i ntegrated PBSs, sonme AOTF denonstrations have utilized bul k PBSs external
to the LWRIB6RBhibstrate in which the acoustooptic inter BETUSA/I4ENes pl ace.
20 Sinpler 2-port filters of the present invention, designed using the sane
principles as the 4-port devices, arBillustrated in Fi gs. 6 and 7. These
2- port flljters ar designed to transmt a selected wavel ength channel and
bl ook al |1 Bispart by %ﬁldﬂ%élf?sw%trlﬁ the gplisting yasiog wilhbe S0%- for Antiedarizagbmce t he
two 4-port beamsplitters enployed in the designs of Figs. 4 and 5. WO

01/ 46726 3CThe/sOUiBAY0fleq. A35) fs aubenicply katlfiadic PaSwih ehSYFORL filkds of AR
splitting ratios will be 50% for both polarizations and the condition of

eq. (15) preseatin®emions teloptisa phthidifétendSFoibk Qvaw?.u(f'esnﬁf\;eeﬁx'tﬂé l?é’ague%fl%&{}v\e

present invention, the optical path difference Tor the wavegul

t he beam [ ations IS vee

i ntegral t?rﬁilx'%tflgﬁl afizat Oqelg leS(% i}a\’lr?lagJ ?h &l B ACiVeE ?IBSE‘I{[(?S cQfs a x?cf]tge re?at“’e
pokari zat | on. coug 1 i.ons in the two wavegui des are displaced in the
prdpagat iFORAMT 8t z’br Hap Foypline Zegippsyin tb%r“l"%dvadff'gufl‘lif@ 5@ displsged émthe
responsible for the couplin WO 01/46726 PCT/ USOQO 34701 14 CLAIMS: 1. A
gui ded W@Patgﬁﬁl@fbélfe‘ftma l%lth‘t gpatiabpetipdng rthe tpertgbaionetespdmsibld fagency
channel which is incl uded in a substantially broad range of opti cal

f r equencicespling. an



5 incident |ight wave, conprising: (a) a substrate of a birefringent

mat eri al which exhibits the linear (Pockels) electrooptic effect and the
| inear strain-optic effect; (b) an optical wavegui de structure which
support sWQ i6i@be node for both TE and TM pol ari zat i ons PEBUSEUB43H sai d
substrate, said optical waveguide 10 structure consisting of a straight
initial section, a first synmretric brldnch, first and second pol arization
conversion/ el ectrooptic tuning sections, a second symmetric branch, and a
st rai ght GLidMSsection; wherein said initial section is positioned to
receive said incident [ight wave and said final section transmts said
sel ected frequency channel; wherein said first and 15 second pol ari zati on
conversion/ el ectrooptic tuning sections provide continuous optical paths

between gaid fu ﬁlﬁ&ecﬁsﬂﬁi\/es(%ﬁﬁéﬁ‘l%ﬁmft&j for t@ﬁﬁﬁﬁhﬁsﬁ' sem&rdefir&]sugﬁér: %l%lfmaat h

| engt h experienced by a TE light wave in traversing said initia
| arizatian

section, said_fiFkst . tric brancﬁ, sai.d first .
conver si on/ el éJngrll(f(E)brfl S I SyosLang \6Rfoag5?I¥GSOJ€BHEﬁfo?qE§/‘Fﬁ"FéthiaE br anch,
and said straight final section differs fromthe optical path Iength
exberi enced byAcileRHight grave eQpePrising r aver sing said straight initial
section, said first symmetric branch, said second pol arization WO 01/ 46726
PCT/ USOQ 3470(a) 152 substretesifarbisdfengenoopterial whichrghibas tHedmeas @odkascond
symretric branch, and said final section by half an optical wavel ength;
electrooptic effect and the linear strain-optic effect;
(b) an optical waveguide structure which supports a single mode for both TE
and TM polarizations formed on said substrate, said optical waveguide
10 structure consisting of a straight initial section, a first symmetric branch,
first and second polarization conversion/electrooptic tuning sections, a
second symmetric branch, and a straight final section; wherein said initial
section is positioned to receive said incident light wave and said final
section transmits said selected frequency channel; wherein said first and
15 second polarization conversion/electrooptic tuning sections provide
continuous optical paths between said first and second symmetric
branches; wherein optical path length experienced by a TE light wave in
traversing said straight initial section, said first symmetric branch, said
first polarization conversion/electrooptic tuning section, said second
20 symmetric branch, and said straight final section differs from the optical

path length experienced by a TE light wave in traversing said straight

initial section, said first symmetric branch, said second polarization



(c) amultiplicity of strain-inducing strips of a dielectric materi al
situated on top of said polarization conversion/electrooptic tuning
wavegui de sections; 5 said strain-inducing strips having the effect of

i nduci ng WoPH#7H¥at i on coupling in said polarization convadl&i/eHE#®EL r oopti c
tuni ng wavegui de sections; said strain-inducing strips having a spati al
periodicity A such that substantially3conplete phase-matched pol arization
conversion occurs in said first and second pol ari zati on

conver si on/ el ect r oofVersionflsiroartiafaniag seetons sdd isowad aymewirit srahes taad
optical frequency within said broad range of optical frequencies; said
strain-induci ng st rdapbfisil tseaioadydnlftaopsital Wivekigio! ari zati on
conversion/ el ectrooptic tuning wavegui de section being offset in position

from said strajcp-i Wﬂﬁiti}‘)gcﬁ bf ﬁﬁliﬁ—!’lﬁdﬂ@ihggtrgﬁ V% Qmiaécéﬁg grﬁ'fb?iaé?] lad on

pol ari zati on conversion/el ectrooptic tunin vegul de sect| y an 15 odd

integral multiple of . rejn said posjtions are neasured . relative to
said first symetr it((:)p@[rfg%%%ﬁf%z}tlog ngﬂ?rglgn)gﬁecgﬁwqcetan\pgMaé@%u@e, SqCEpDS;

el gctrodes disposed to produce an electric field in and around said first
ang second pol ari 234 SRIBINVEPS sEips dpwisg thsopftect of mdicing paledgatiode sect i ons
in 20 response to said applied voltage V; wherein said electric field
causes a change i reonhlinginrsafdrpaigémtien conveesich/éledtsdopein cirsRc wavkgarlear i zat i on
conversion/ el ectrooptic tuning wavegui de sections such that said sel ected

optical frequency iggctidhICshid Brfh-PRRICIL . i i ge: .and WO
01/ 46726 PCTI USOQY 34701 g Qfrigsha¥igth SRALI REOURI AdSuciP

that substantially complete phase-matched polarization conversion occurs
in said first and second polarization conversion/electrooptic tuning
10 waveguide sections at said selected optical frequency within said broad
range of optical frequencies; said strain-inducing strips situated on top of
first polarization conversion/electrooptic tuning waveguide section being
offset in position from said strain-inducing strips situated on top of second
said polarization conversion/electrooptic tuning waveguide section by an
15 odd integral multiple of A/2, wherein said positions are measured relative
to said first symmetric branch;
(@ a source of applied voltage V;
(e) electrodes disposed to produce an electric field in and around said first and
second polarization conversion/electrooptic tuning waveguide sections in
20 response to said applied voltage V; wherein said electric field causes a
change in the birefringence in said first and second polarization
conversion/electrooptic tuning waveguide sections such that said selected

optical frequency is tuned in proportion to said applied voltage; and



16 (f) neans connecting said source of applied voltage to said el ectrodes.
2. The apparatus of Caim1l wherein said substrate material is |ithium

ni obate. 5 3. The apparatus of Caim1l wherein said substrate material is
lithi um YWhPIA6Z6e. 4. The apparatus of daim 1 wherein sdiCd/$I0P/Aa47A1 i nduci ng
strips conprise a filmof fused silica deposited uniformy on said
substrate at a substrate tenperature 16 250C and subsequently patterned

| i t hographi cal Jd/ at or near roomtenperature. 10 5. A_gui ded wave opti cal
tunabl e filter'tor HeAPF SESAROGRAID SQUser of apfliech kgltagh d4ppaifl etegtrodes.
substantially broad range of optical frequencies in an incident |ight wave,
and for dropping said selected frequency channel from said substantially
broad range of optical frequencies in an incident |ight wave, conprising
15 (a) a BubstTiat gppafand FTiCIehH | RGRA%N 5B SibstthteWRAtEHal 8X Niich Sidtag . | | near
(Pockels) electrooptic effect and the linear strain-optic effect; (b) an
optical wavegui de structure which supports a single node for both TE and
TM pol ari zations fornmed on said substrate; said optical wavegui de

str.ucture, consj,stin f irs traight initial thrqoughput section and a
20°second'stra }beh?fpp?%?‘{siozél%fﬁﬂi é”i’éf‘i“bg?‘is Sihseateimrtetitus Rihous FniddEon to the
two input ports of a first four port directional coupler, first and second
pol ari zati on conversion/ electrooptic tuning sections, and a second four
port directional coupler of which the two output ports are joined in WD
01/ 46726 £CT/ I30dpPdrafiib of Claim 1 wherein said strain inducing strips comprise a film of

fused silica deposited uniformly on said substrate at a substrate temperature >

250°C and subsequently patterned lithographically at or near room temperature.

10
5. A guided wave optical tunable filter for adding one selected frequency channel to
a substantially broad range of optical frequencies in an incident light wave, and
for dropping said selected frequency channel from said substantially broad range
of optical frequencies in an incident light wave, comprising
15 (a) a substrate of a birefringent material which exhibits the linear (Pockels)
electrooptic effect and the linear strain-optic effect;
(b) an optical waveguide structure which supports a single mode for both TE
and TM polarizations formed on said substrate; said optical waveguide
structure consisting of a first straight initial throughput section and a
20 second straight initial add section joined in continuous fashion to the two

input ports of a first four port directional coupler, first and second
polarization conversion/ electrooptic tuning sections, and a second four

port directional coupler of which the two output ports are joined in



17 continuous fashion to a first straight final throughput section and a
second straight final drop section; wherein said first initial throughput
section is positioned to receive said incident |ight wave and said first
initial 2A0VEEXtion is positioned to receive input |ightPGTHUYABE el ect ed
frequency 5 channel; wherein said first and second pol ari zation conversion/
el ectrooptic tuning sections provide ddéntinuous optical paths between said
first and second four port directional couplers; wherein said first final

t hr oughput secti on $9n4R4oHstfashiey i@ 4 kst giemght| fingh throwahpupieation aght sécondai d
sel ected frequency channel coupled into said initial add section m nus

light 10 in said seltmighedinhr égpeeaipnc haermral saidfiph adtiguhroaghsaisecddnngl drop
section; wherein said second final drop section transmts light in said

sel ected frequency(ghﬁﬂ@@h)RQ@Q&%QdQ%%EQFhgﬁhgn%hﬂakaHQQQjﬁﬁ&EE&P; wherein

optical path |ength experienced by a ight wave in traversing said

straight initial t . jon, .said first four port _directional
coupl gr, said fi rstg%@b%{é&%ll@gﬁ {(S)nljg%%‘r’levl 4 lﬂﬁﬁ &t %‘B‘?F%g‘ﬁ?‘f Er:ﬂ‘lf?_%gl SSC'[I on,
aid second four port directional coupler, and said straight fina rop
Seét ion differs f Po?haPPFé; ngfﬂnc%rd et an] eeaerdpelspration serergign/a TE | i ght
wave in traversing said straight initial throughput section, said first
four port directi ondéctopiit eming saiichsgeodde c@oinacuszaiticalnpaths between said
conversion/ el ectrooptic tuning section, said 20 second four port

di rectional coupl erfirsamll Saosl ®uf pbdtireétidhal cAHIpRPs; SAiARa R irst Bl an
opti cal wavel engt h;
throughput section transmits said incident light wave plus light in said
selected frequency channel coupled into said initial add section minus light
10 in said selected frequency channel coupled out of said final drop section;
wherein said second final drop section transmits light in said selected
frequency channel coupled out of said final drop section; wherein optical
path length experienced by a TE light wave in traversing said straight
initial throughput section, said first four port directional coupler, said first
15 polarization conversion/electrooptic tuning section, said second four port
directional coupler, and said straight final drop section differs from the
optical path length experienced by a TE light wave in traversing said
straight initial throughput section, said first four port directional coupler,
said second polarization conversion/electrooptic tuning section, said
20 second four port directional coupler, and said straight final drop section by
half an optical wavelength;
© a multiplicity of strain-inducing strips of a dielectric material situated on

top of said polarization conversion/electrooptic tuning waveguide sections;



(c) amultiplicity of strain-inducing strips of a dielectric materi al
situated on top of said polarization conversion/electrooptic tuning
wavegui de sections; WD 01/46726 PCT/ US00/ 34701 18 said strain-inducing
strips hXANET8e effect of inducing polarization coupl iPE3/YNO3EPY

pol ari zati on conversion/el ectrooptic tyni ng wavegui de sections; said
strain-inducing strips having a spatiél periodicity A such that
substantial ly conpletg hase- mat ched pol arjzation _conversion occurs 5 in
said first and secofd B@?‘B‘r"i‘%ﬂg&ﬁ“ HEsthe Aifeqt oF indysinginolarizationy
wavegui de sections at said selected optical frequency within said broad
range of optical frEpdingirsatid palaszaiiongionvirpiduiclengosgitici tpsing iwavagede on t op
of first polarization conversion/electrooptic tuning wavegui de section
being offset in posdctibny shidemBeinducig aiips hadbich BEatRl pérRRliGht Nahed on top
of second 10 pol arization conversion/electrooptic tuning wavegui de section

by an odd integral yulidRLE: fc@ﬁ%: ﬁﬂerpi sgi d, posi.tions are neasured
relative to said first fsour%%ocr i'F 8PS ag?heg@abﬁf@i’?on(%‘)nvarswceérsof
appd i ed vol tage V, qggﬁﬁectr des dispgsed to produce an electric field in
and around said fir5tS3nyrst aud secendpolprdration sanvession/slectapaptis iumingct r oopt i ¢
tuning sections in response to said applied voltage V; wherein said
electric field caus®gveguisigaagions at said seliitededpticapfeerrendynwithintafd Hrohd and
second pol ari zation conversion/electrooptic tuning wavegui de sections such
that said sel ected pppt obbpticabRE@REYed;Ssaid strain-inducing strips situated on top of
first polarization conversion/electrooptic tuning waveguide section being
offset in position from said strain-inducing strips situated on top of second
10 polarization conversion/electrooptic tuning waveguide section by an odd
integral multiple of A/2, wherein said positions are measured relative to
said first four-port directional coupler;
(d) a source of applied voltage V;
(e) electrodes disposed to produce an electric field in and around said first and
15 second polarization conversion/electrooptic tuning sections in response to
said applied voltage V; wherein said electric field causes a change in the
birefringence in said first and second polarization conversion/electrooptic
tuning waveguide sections such that said selected optical frequency is

tuned in proportion to said applied voltage; and

20 ® means connecting said source of applied voltage to said electrodes.

6. The apparatus of Claim 5 wherein said substrate material is lithium niobate.



tuned in proportion to said applied voltage; and 20 (f) neans connecti ng
said source of applied voltage to said electrodes. 6. The apparatus of

Caimb chheSai d substrate material is |ithium ni obatpggﬂ%)? #6726
PCT/USCEy@g@gf 619 7. The apparatus of Claimb5 wherein said su rate
material is lithiumtantalate. 8. Thejgpparatus of Caimb5 wherein said
strain inducing strips conprise a fllmof fused silica deposited uniformy

on said sybst r"ﬂ{eeaéﬁ%raﬁlstcﬁ@%ﬁgg W}]Erem ga%-)g{l ande n?at & tﬁ{ ?Q%Bléz;rniqq?}gr aphi cal l'y

at or near roomt erature e app ara us o said first
four port directional coupler and said second four port directional

coupl er each satisfy the condition that the sumof the fraction of optical
power in TE polarization coupled into a particular input port 10 which

exi ts t hrdugh Erepapaiagus of Claigt puthersin saig btoain tiaicingaotipsorvmyfrise ptfilmadt power
in TMpolarization coupled into said particular input port which exits

through sai d fpsuxdtsildaal depogiteti pmifomaly toni saidssubstAO ki Alepep@ual > tBouMhhy. 10. A
gui ded wave optical tunable filter for transmtting a selected frequency

chgnnel 15 aﬁ@rn‘e& 1k %L#?ﬁ?“%ﬁ&& I?éd}b?(go%{l i al I%Hbr oad range of optical

frequenci es | I NCl wave, (a) a substrate of a

bi ref ri ngent materl al which exhibits the I | near (Pockel s) electrooptic
effect and the linear strain-optic effect; (b) an optical wavegui de
structure which supports a single node for both TE 20 and TM pol ari zati ons
formed orP.sai dilsuppenattsef ckand wikreinahidwirsefput gdert directional coupler and said

second four port directional coupler each satisfy the condition that the sum of the

fraction of optical power in TE polarization coupled into a particular input port
10 which exits through a particular output port plus the fraction of optical power in

TM polarization coupled into said particular input port which exits through said

particular output port is substantially equal to unity.

10. A guided wave optical tunable filter for transmitting a selected frequency channel
15 which is included in a substantially broad range of optical frequenciesr in an
incident light wave, comprising:
(a) a substrate of a birefringent material which exhibits the linear (Pockels)
electrooptic effect and the linear strain-optic effect;
b) an optical waveguide structure which supports a single mode for both TE
20 and TM polarizations formed on said substrate, said optical waveguide
structure consisting of a straight initial section, a first symmetric branch,
first and second acoustooptic polarization conversion/tuning sections, a

second symmetric branch, and a straight final section; wherein said initial



structure consisting of a straight initial section, a first symretric
branch, first and second acoustooptic polarization conversi on/tum ng

sections,, ond symretric branch, and a straight fing vvherel n
caid ini NOPUREYL) 46726 PCTI USOD 34701 20 section i s pOSI 2
receive said incident Iight wave and id final section transnlts sald

sel ected frequency channel; wherein said first and second acoustooptic

ol ari zati on conver . tions provi nti nuou i cal paths
Eet ween said first Sg%tgdylgggélggne%% L SBlogng Erﬁel%glo’t WAYT %‘?dri a(‘)‘gb%lal pat h I

| engt h experienced by.a TE | i, ht wave |n traversing said straight initia
sec'?l on, gal d firstS® g Btid felRcted feguency ehanngls sihstedn paid dirgindr i zat i on
conversion/tuning section, salq second synmetric branch, and said straight
final section di ff@ﬁ@lﬁraﬁﬂm&tmtlopt)lamaatlonpamlwel’smngmkingxe_rmibnsapmtﬂeby a TE

i ght wave in traversing said straight 10 initial section, said first

symetric branch, mhdnms@pﬁbaagaugbm@&n Said BiRdt ahd 3@&bh@ByRRRMEY Si on/ tuni ng
section, said second synmetric branch, and sald final sectlon by hal f an

P huca d?ﬂi' ot e fraiched SRR Spllly BRR LR LRGN THIP Misinea 1o
f 15 d substrate in and
around said acoust ORI eI Eit .uaﬁél"s%’%?% S siftstimisg bpeghigE Sect’ ons

in response to said applied voltage V(t); said surface acoustic wave
havi ng the effect dirst %@%@Qﬂ@lcm@laaﬂatm¢Q§\merswn/tunmg section, said second

symmetric branch, and said straight final section differs from the optical
path length experienced by a TE light wave in traversing said straight
10 initial section, said first symmetric branch, said second acoustooptic
polarization conversion/tuning section, said second symmetric branch, and
said final section by half an optical wavelength;
©) a source of applied voltage V(t) varying sinusoidally at a frequency f,;
(@ interdigital electrodes disposed to generate a surface acoustic wave
15 propagating in said substrate in and around said acoustooptic polarization
conversion/tuning waveguide sections in response to said applied voltage
V(t); said surface acoustic wave having the effect of inducing polarization
coupling in said acoustooptic polarization conversion/tuning waveguide
sections; said surface acoustic wave having a wavelength A such that
20 substantially complete phase-matched polarization conversion occurs in
said first and second acoustooptic polarization conversion/tuning
waveguide sections at said selected optical frequency within said broad

range of optical frequencies; wherein phase fronts of said surface acoustic



coupling in said acoustooptic polarization conversion/tuning wavegui de
sections; said surface acoustic wave having a wavel ength A such that 20
subst ant | a| npl et e phase- nmat ched pol ari zati on conversi on occurs in
said fi r@é%ﬁﬁgecond acoust oopti c pol arization conversi SRF{USAG3F01
wavegui de sections at said selected optical frequency within said broad
range of optical frequencies; whereinphase fronts of said surface acoustic
WD 01/ 46726 PCT/ US 4 21 wave in first acoustooptic polarization
conver si on/ t uni ng %géguﬁ%sé ac%uéﬁ:(’f)%%p@f"ézaélf’f‘§8‘t‘vqrﬂ°‘|!¥8’§‘inig YAvazEie phase
fronts of said surface acoustic wave in second acoustooptic polarization
conver si on/ t uni ng WeROGEFaetfses xposyipmpijoranphagel fiontsedsaid surfacd mioestaf A/ 2,
wherein said positions are 5 nmeasured relative to said first four-port
directional coupl ewavediresesbnd saiustoopsie ddreatioptometsidl @AHRNG vebSidtuned in
proportion to said frequency fa; and (e) neans connecting said source of

appl i ed vol tage V(kgctiof bsainddalifebiap ; : A/bN 2 f im10
wherein said substrate r?Zt erial i % al ?ﬁﬁilpllj%néfn/i\/gbg%?aﬂfgﬁllb%?&?ﬁsgd%ppar at us
of¢Claim 10 wherein nultiple. optical.frequencies can be sinultaneously
sel ect ed by appl yi Hbea%{lr%%laiﬁ"é t%%‘gff'(ﬁtrﬁ)‘%f(l?‘)rt gi5eRtQNR; GoyPleti Whestia salcoust i ¢
frequencies to said interdigital electrodes; wherein each said acoustic
frequency correspoftlectehoptical frequeapyt isgehedcireproppttionad sdid depgeeny. f,; lmd

(e) means connecting said source of applied voltage V(t) to said electrodes.

11. The apparatus of Claim 10 wherein said substrate material is lithium niobate.
10
12. The apparatus of Claim 10 wherein multiple optical frequencies can be
simultaneously selected by applying a voltage waveform V(t) containing multiple
acoustic frequencies to said interdigital electrodes; wherein each said acoustic
frequency corresponds to a different selected optical frequency.
15
13. A guided wave optical tunable filter for adding one selected frequency channel to
a substantially broad range of optical frequencies in an incident light wave, and
for dropping said selected frequency channel from said substantially broad range
of optical frequencies in an incident light wave, comprising
20 (a) a substrate of a birefringent material which exhibits the linear (Pockels)
electrooptic effect and the linear strain-optic effect;
(b) an optical waveguide structure which supports a single mode for both TE

and TM polarizations formed on said substrate; said optical waveguide



13. A guided wave optical tunable filter for adding one selected frequency
channel to a substantially broad range of optical frequencies in an
incident |ight wave, and for dropping said selected frequency channel from
sai d sub§F8ﬁVW§ny broad range of optical frequencies i nPEHUPWEHWAnt | ght
wave, conprising 20 (a) a substrate of . a birefringent material which
exhibits the linear (Pockels) electr tic effect and the |inear
strain-optic effect; nggbéz‘ an _apti cal vegui de structure which supports a
singl e mode for bot RTHEICARBSITHRAS RS | TSt SR dnitigl treayebprt Sastipnsandsa r at e;
sai d optical waveguide WO 01/46726 PCTIUSOQ 34701 22 structure consisting
of a first straight s¢cend sErighthinbighidsusecercioired iakdntinuose E8hidn b ki ot
initial add section joined in continuous fashion to the two input ports of

a first four port dinpacporenet a fiesufueportfdifestioral oGO Rekt 2AE QSHQOPL i C
pol ari zati on conversion/tuning sections, and a second four 5 port

di rectional coupler a&;usm%tf[i\dﬁ']f)élﬁl@zlahm cONeRn/ RN deSce B Shs cpggeclgg% Ggnti nuous

]
fashion to a first straig i nal throughput section ahd a S€ éourstrai ght

final drop section; wherein said first initial throughput section is
pog?ati oned to recei Q%rtglgf:%flolnﬁ@‘fodlg lrofiwélf#‘ t&%{/"é" SHALSBATE ar¢ jadred it al  add
section is positioned to receive input light in said selected frequency 10
channel ; wherein safentmppuy faghien Ket B saeishisingd pupeghpot sactigmbnda second
conversion/tuni ng sections provide continuous optical paths between said
first and second f ostraigiurfinatitropctitimnawhesinbed Sirst WA OhbusBpE sbédatisf i nal

positioned to receive said incident light wave and said first initial add
section is positioned to receive input light in said selected frequency

10 channel; wherein said first and second acoustooptic polarization
conversion/tuning sections provide continuous optical paths between said
first and second four port directional couplers; wherein said first final
throughput section transmits said incident light wave plus light in said
selected frequency channel coupled into said initial add section minus light

15 in said selected frequency channel coupled out of said final drop section;
wherein said second final drop section transmits light in said selected
frequency channel coupled out of said final drop section; wherein optical
path length experienced by a TE light wave in traversing said straight
initial throughput section, said first four port directional coupler, said first

20 acoustooptic polarization conversion/tuning section, said second four port
directional coupler, and said straight final drop section differs from the
optical path length experienced by a TE light wave in traversing said

straight initial throughput section, said first four port directional coupler,



t hroughput section transmts said incident |ight wave plus light in said
sel ected frequency channel coupled into said initial add section m nus
light 15 in said selected frequency channel coupled out of said final drop
secti on; WOHEEOn said second final drop section transni tPETVYYPB47Ph said
sel ected frequency channel coupled out of said final drop section; wherein
optical path length experienced by a2¥E |ight wave in traversing said
straight initial throughput section, said first four port directional

coupl er, said firstsapigsegensiasopdprntic netAraationa¢dnyersporfuaing isertionusdidg secti on,
said second four port directional coupler, and said straight final drop
section differs froeedidefounpir datctipatlicobplegtand exiaestiaRie gdaltitof sddohibght
wave in traversing said straight initial throughput section, said first
four port directionalf mappcArwavéfenPdt 46726 PCTI USCQ 34701 23 said second
acoust ooptic polarization conversion/tuning section, said second four port

directional c | er, aj d.. L ghts,final. drop s ion hal f an
optical wavel cetggt h:* ¢ @&ga&s%}g)rh%y’g %%ﬁt)l veaaylgaspﬁ%g@&yﬁt a\fgé/%PFP@’ 25

Si ﬁusoi dally at_a fr egﬂe_ncfy fa, 5 (d) interdigital electrodes disposed to
gederate a surfhce BEBligHal glegodes dispatrddareenryaicr? wiafaee aqobstic waee i n and
around sai d acoustooptic polarization conversion/tuning wavegui de sections
in response to sai dregaghiieglineeid sipstratd/{it Ind e sid faastoapirisdlitzavay €
havi ng the effect of inducing polarization coupling in said acoustooptic
pol ari zati on convercphwibibhmirige Wavedidedections in response to said applied voltage

V(t); said surface acoustic wave having the effect of inducing polarization
coupling in said acoustooptic polarization conversion/tuning waveguide

10 sections; said surface acoustic wave having a wavelength A such that
substantially complete phase-matched polarization conversion occurs in
said first and second acoustooptic polarization conversion/tuning
waveguide sections at said selected optical frequency within said broad
range of optical frequencies; wherein phase fronts of said surface acoustic

15 wave in first acoustooptic polarization conversion/tuning waveguide
section are offset in position from phase fronts of said surface acoustic
wave in second acoustooptic polarization conversion/tuning waveguide

section by an odd integral multiple of A/2, wherein said positions are

measured relative to said first four-port directional coupler; wherein said
20 selected optical frequency is tuned in proportion to said frequency f,; and

(e) means connecting said source of applied voltage V(t) to said electrodes.

14, The apparatus of Claim 13 wherein said substrate material is lithium niobate.



10 sections; said surface acoustic wave having a wavel ength A such that
substantially conpl ete phase-nmat ched pol ari zati on conversi on occurs in

said fi ra,bogugugecond acoust oopti c pol arization conversi Pﬁé}[}gmlﬁ%l
cti

wavegui de s ns at said selected optical frequency within said broad
range of optical frequencies; wherei nthase fronts of said surface acoustic
15 wave in first acoustooptic polarization conversion/tuning wavegui de

section are of ' it has r ont f sai.d surface acoustic
wave in gles‘goncilt 1%2‘%’8%@8’3%? i(%5‘§£1%§vﬁ§pgﬁ %‘rl\l%g%n élrcili %W%?Snﬁn\ﬁﬁvegui de
section by an odd integral nultiple of A/2, wherein said positions are
measur ed T el atSHRIUANGOWSYY $FlqciqdRy ?HPBPD%JBWPlt%ﬁeer%ﬁlaV(tb@mmlémg mHeplei n sai d
20 sel ected optical frequency is tuned in proportion to said frequency fa;
and (e) neansicowntindrsgienyiesd daid ontewlégitd elappddesdwhiatinageh Wil hedwstisai d

el ectrodes. 14. The apparatus of Claim 13 wherein said substrate materi al

is lithi um ni qhajuencyWorRipohdy %ba BIEbrdioERI4T Bdtical fteduincy e appar at us of

Claim 13 wherein multiple optical frequencies can be sinmultaneously
sekected by applying a voltage waveform V(t) containing nultiple acoustic
frequencies to said interdigital electrodes; wherein each said acoustic
frequency6c?rbﬁ§ponds to_.a diﬁgerent sel ected optical frequency. 5 16. The

appar at us% i APPARMUHOL IR 13 AYheTaip s Ty fpumpert digectionsli cownler apdipaiér and
said second four port directional coupler each satisfy the condition that
t he sum of t heecond four port directional coupler each satisfy the condition that the sum of the

fraction of optical power in TE polarization coupled into a particular input port

which exits through a particular output port plus the fraction of optical power in

10 TM polarization coupled into said particular input port which exits through said

particular output port is substantially equal to unity.

17. A guided wave tunable filter comprising:
(a) two 3-port Y-branch beam splitters connected to form two spaced apart
15 waveguides between said beam splitters, with an input port and an output
port;
b) the waveguides including an optical path difference of a half-wavelength;
and
©) polarization coupling regions in the two waveguides displaced by half the

20 spacial period of a perturbation responsible for coupling.

18. A guided wave tunable filter comprising:

(a) two 4-port beam splitters connected to form two spaced apart waveguides



fraction of optical power in TE polarization coupled into a particular

i nput port which exits through a particular output port plus the fraction
of optical power in 10 TM pol ari zation coupled into said particular input
port whi YR %%$PE t hrough said particul ar output port isPSTHEOPPRI |y
equal to unity. 17. A guided wave tunable filter conprising: (a) two 3-port
Y-branch beam splitters connected to #drmtwo spaced apart 15 wavegui des
bet ween said beam %plitter.s, with an input port and an output port; (b)
the wavegui des i nclPHUTERB S&if bspmisphlterpavih an upperemde lofveninpat pervandhengt h;
and (c) polarization coupling regions in the two wavegui des di spl aced by
hal f the 20 spaci aprpemdadowtr autpetrpart;bat i on responsi bl e for coupling. 18.
A gui ded wave tunable filter conprising: (a) tw 4-port beamsplitters

connected to f(oy m tiowawaaRds aRAMIngVaY§F1thi0SSh W%eﬁ)é'r{clé %?%%amc/lvtléégg{hgéljoj'
por

25 between said beamsplitters, with an upper and a [ower 1 npu and an
upper and a | ower gyaput port; (b) the wavegui des including an optical path
difference of a half-wavelength; and 5 (c) polarization coupling regions
ingthe two wavegui des .di splaced by half the spacial period of a

pet t ur bat i on #@SpORgFaHIZ%U ugglagp{qgﬁﬁl_s in the two waveguides displaced by half the

spacial period of a perturbation responsible for coupling.

19. A guided wave tunable filter method comprising the steps of:

(a) connecting two 3-port Y-branch beam splitters so as to form two spaced
10 apart waveguides between said beam splitters, with an input port and an
output port;
b) separating the waveguides by an optical path difference of a half-
wavelength;
© creating polarization coupling regions in the two waveguides displaced by
15 half the spacial period of a perturbation responsible for coupling; and

(d) introducing propagated light into the guided wave tunable filter.

20. A guided wave tunable filter method comprising the steps of:
(a) connecting two 4-port beam splitters so as to form two spaced apart
20 waveguides between said beam splitters, with upper and lower input ports
and upper and lower output ports;

(b) separating the waveguides by an optical path difference of a half-

wavelength;



19. A guided wave tunable filter nethod conprising the steps of: (a)
connecting two 3-port Y-branch beamsplitters so as to formtwo spaced 10
apart wayvequi des between said beamsplitters, with an in nd an

out put pg ;”‘W%? separating the wavegui des by an opti cal Bgi@ﬁ%ﬁ“ﬁ erence of
a hal f- wavel ength; (c) creating pol a% zation coupling regions in the tw
wavegui des di spl aced by 15 half the épaci al period of a perturbation
responsi bl e faor, coupli.ng: apd (d) introducing.propagated |light into the

gui ded wave t3??ab| é’Q ‘i‘?‘g%P?ﬂ“ﬁ%‘.“)“&o&ﬁ‘i“&’e’&?gmgé& gt |“éaVFg‘|“figSr‘5%€%6d
conprising the steps of: (a) connecting two 4-port beamsplitters so as to
formtwo spaced apd¥thafghsrasialiperind efchepenturbation isspamsib for covplingnand upper
and |l ower input ports and upper and |ower output ports; (b) separating the
wavegui des by (dn opbtraBkinggirbpagated dighnias the gaidedWave waablecitigirh; WO 01/ 46726
PCT/ US00/ 34701 26 (c) providing polarization coupling regions in the two
wavegui des di spl aced by half the spacial period of the perturbation
responsi bl e for coupling; and (d) introducing propagated light into the
gui ded wave tunable filter.



