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This section introduces aspects that may be helpful to facilitating a
better understanding of the inventions. Accordingly, the statenents of this
section are to be read in this |ight and are not to be understood as
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component(s) separately to perform function(s) associated with the optical communication
of a digital data stream. To enable such processing, a polarization splitter may process
received light to separate the two orthogonal linear polarization components thereof.
15 Additionally, to enable such processing, a polarization rotator may rotate one or both of the
separated linear polarization components of such light. For example, such optical rotating

may align the polarizations of both of the separated polarization components.

SUMMARY
One embodiment provides an apparatus that includes an optical polarization rotator
20 having first and second optical waveguide ribs located along a planar surface of a
substrate. The second optical waveguide rib is located farther from the surface than the
first optical waveguide rib. First segments of the two optical waveguide ribs form a
vertical stack over the substrate. Second segments of the two optical waveguide ribs are
offset laterally in a direction along the planar surface. The first and second optical
25 waveguide ribs are formed of materials with different bulk refractive indexes.
In some embodiments, the above apparatus may further include a spacer layer
between the first and second optical waveguide ribs. Such a spacer layer may be, e.g.,
formed of a material with a different bulk refractive index than the materials of the first
and second optical waveguide ribs. Such a spacer layer may be thinner vertical to the

30 surface than the first optical waveguide rib.



In sonme enbodi nents, the above apparatus may further include a spacer |ayer
between the first and second optical waveguide ribs. Such a spacer | ayer
may be, ewQ.2p1@rived of a nmaterial with a different bul lbPCrafSe@ats3ses i ndex
than the materials of the first and second optical waveguide ribs. Such a
spacer | ayer may be thinner vertical to _the 30surface than the first
optical waveguide rib. WO 2012/ 087590PCT/ US2011/ 063875 2 In some

enbodi ments of any of the above apparatus, the first optical waveguide rib
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15 waveguide to a larger value at the first segment of second optical waveguide rib.

In some embodiments of any of the above apparatus, the apparatus may include a
transition region in which the first optical waveguide rib has a width lateral to the surface
that monotonically tapers from a smaller value at the second segment of first optical
waveguide rib to a larger value at a boundary of an output planar optical waveguide.

20 In some embodiments of any of the above apparatus, the apparatus may include a
polarization beam splitter having a first optical output connected to transmit light to the
first optical waveguide rib and a second optical output connected to a first specific output
optical waveguide that is located over the substrate lateral to the first optical waveguide
rib. In some such embodiments, the apparatus may further include a second specific

25 output optical waveguide connected to the first optical output of the polarization beam
splitter via the optical polarization rotator. The apparatus may be configured to transmit
light of substantially the same linear polarization to the two specific output optical
waveguides.

In some embodiments of the above apparatus, the apparatus may include an optical

30 modulator having a 1x2 optical splitter, first and second optical waveguide arms, and a 2x1

optical combiner. Each optical waveguide arm connects a corresponding optical output of



20 I'n sonme enbodi nents of any of the above apparatus, the apparatus may

i nclude a polarization beamsplitter having a first optical output
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opti cal rial functions as a 20stopping |ayer during the etching.
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first optlca? w%vegu}de 1‘1% may be formed of a semiconductor, and the other of the optical
layer and the first optical waveguide rib may be formed of a dielectric.
In some embodiments of any of the above methods, third and fourth segments of
2b  the first optical waveguide rib may be located lateral to the second optical waveguide rib
and may be laterally wider than the first and second segments of the first optical
waveguide rib. In such embodiments, the first and second segments of the first optical
waveguide rib are connected between the third and fourth segments thereof.
Another embodiment provides a second method that includes receiving, at a first
30 end of a segment of a hybrid optical waveguide, linearly polarized light from a planar

waveguide; and propagating the light through the segment of the hybrid optical waveguide



25t he first optical waveguide rib may be located |ateral to the second
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side views that illustrate an optical polarization rotator; ~ Figures
2A, 2B, an@re@l gpeecsidsdds ga¢d belanards plawmateur eyt 3 diffleropt bylk geftactayq ngex he
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planes A B, and C respgrigy¥pEScHIPTION OF THE DRAWINGS

15 Figure 1A and 1B are respective top and side views that illustrate an optical
polarization rotator;

Figures 2A , 2B, and 2C are cross-sectional views schematically illustrating the
evolution of the light power distribution of a first optical propagating mode in the optical
polarization rotator of Figures 1A — 1B at lateral planes A, B, and C, respectively, of

20 Figures 1A —1B;

Figures 3A, 3B, and 3C are cross-sectional views schematically illustrating the
evolution of the light power distribution of a second, relatively orthogonal, optical
propagating mode in the optical polarization rotator of Figures 1A — 1B at the same
respective, lateral planes A, B, and C of Figures 1A — 1B;

25 Figure 4A, 4B, and 4C are respective top, side, and oblique views schematically
illustrating a specific embodiment of the optical polarization rotator of Figures 1A — 1B;

Figure 5 1s a flow chart schematically illustrating a method of fabricating an optical
polarization rotator, e.g., the optical polarization rotator schematically illustrated in Figures
4A —4C;

30 Figure 6 is a flow chart schematically illustrating a method to rotate polarizations of

linear polarized light, e.g., in the optical polarization rotators schematically illustrated in



20 Figures 1A- 1B; Figures 3A, 3B, and 3C are cross-sectional views
schematically illustrating the evolution of the |ight power distribution of
a second,wpebetisv®by orthogonal , optical propagating no®€eTius2athmeispst i cal
pol ari zation rotator of Figures |A - 1B at the sane respective, |ateral

pl anes A, B, and C of Figures 1A 1B; Z%Fi gure 4A, 4B, and 4C are
respective top, side, and oblique views schematically illustrating a

speci fic enbodi ment of the optical polarization rotator of Figures 1A - 1B;

Figure 5 i giRdlioW ¢Bang 4gchgmatically illustrating a method of fabricating
an optical polarization rotatdr, e.g., the optical polarization rotator
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wavegui de differene froBom antige] stroetereghat gingply dordes teskivosdlighy e piepaghteain ai s, t he
expr essi on pﬁlﬂg.i ﬁ@ein‘f‘@%( &%‘gaij\%a&e%ﬁﬁre ?nay refer to an unclad optical waveguide or the

15 optical core of a clad optical waveguide. That is, the expression optical waveguide covers
both types of structures.

Figures 1A and 1B illustrate an optical polarization rotator 10 formed as an optical
waveguide. The optical waveguide has a first transition region 12, a polarization rotation
region 14, and a second transition region 16. The first transition region 12 optically end-

20 connects the polarization rotation region 14 to an input optical waveguide 18, e.g., a planar
optical waveguide. The polarization rotation region 14 rotates a linear polarization of light
received in one or two substantially linearly polarization propagating modes. The second
transition region 16 optically end connects the polarization rotation region 14 to an output
optical waveguide 20, e.g., a planar optical waveguide.

25 The first and second transition regions 12, 16 are optical coupling regions with the
respective input and output optical waveguides 18, 20. In some embodiments, the
transition regions 12, 16 also redistribute light power density of propagating optical modes
vertically or laterally with respect to the nearby surface of the substrate 22, e.g., without
rotating linear polarizations. The first transition region 12 may include tapering of the

30 optical waveguide that adiabatically may redistribute said light power densities over larger

vertical region. The second transition region 16 may include tapering of the optical



both types of structures. Figures 1A and 1B illustrate an optical
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material, e.g., of a material of different refractive index, than nearby portions the planar
surface of the substrate 22.

Indeed, the first optical waveguide rib 24 may be located on and in direct contact
with the nearby planar surface of the substrate 22 or may be located over the nearby planar

20 surface of the substrate 22 without being in direct contact with said planar surface.

The second optical waveguide rib 26 may be on and in direct contact with the first
optical waveguide rib 24 (not shown) or may be located over the first optical waveguide
rib 24 and separated from the first optical waveguide rib 24 by a spacer layer 28 of
substantially optically transparent material. Such a spacer layer 28 is typically vertically

2b  thinner than the first optical waveguide rib 24.

In the polarization rotation region 14, the central axes of the first and second optical
waveguide ribs 24, 26 are oriented along diverging lateral directions. For that reason, the
vertical overlap between lateral widths corresponding segments of the first and second
optical waveguide ribs 24, 26 decreases along the direction of light propagation in the

30 polarization rotation region 14, i.e., decreases to the right in Figures 1A — 1B. Thus, some

corresponding segments of the first and second optical waveguide ribs 24, 26 may be
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At the later lateral plane B, centers of the cross sections of the first and second

20 optical waveguide ribs 24, 26 are substantially laterally offset, and the optical power of the
first propagating light mode is concentrated in a second oblong region OR2. The oblong
region OR2 is strongly tilted with respect to the normal direction to the planar surface PS
of the substrate 22 so that the oblong region’s major axis is approximately oriented along a
diagonal between centers of the two optical waveguide ribs 24, 26.

25 At the final lateral plane C, the cross sections of the first and second optical
waveguide ribs 24, 26 are separated by a large lateral gap, and the optical power of the first
propagating light mode is concentrated in a third oblong region OR3 whose major axis is
approximately parallel to the planar surface of the substrate 22.

Thus, the slow evolution of the optical stack gradually rotates the oblong region in

30 which the optical power of the first light propagating mode is concentrated. During the

gradual rotation, the linear polarization of the first propagating light mode rotates with the



of a first propagating |ight node at successive lateral planes A, B, and C
in the Figures 1A - 1B. The first propagating node is initially a
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20 At the final lateral plane C, the cross sections of the first and second optical
waveguide ribs 24, 26 are separated by a large lateral gap, and the optical power of the
second propagating light mode is concentrated in a different third oblong region OR3’
whose major axis is approximately oriented perpendicular to the planar surface of the
substrate 22.

25 Thus, the slow evolution of the optical stack also gradually rotates the oblong
region in which the optical power of the second propagating light mode is concentrated.
During the gradual rotation, the linear polarization of the second propagating light mode
rotates with the major axis of the oblong region in which the optical power of the mode is
concentrated. In the illustrated example, the rotation is by about ©/2 radians thereby

30 changing the initial TE propagating light mode into a final TM propagating light mode.

Figure 4A, 4B, and 4C illustrate a specific example 10’ of the optical waveguide 10
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30 embodiments, the decrease may also be due, in part, to an optional monotonic and smooth

decrease in the lateral width of the second optical waveguide rib 26 along the propagation
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20Fi gures 4A- 4C illustrate an exdaliplrativefExanwlopti cal wavegui de 10' t hat

can beZO €.g., Figures 4A — 4C illustrate an example of the optical waveguide 10’ that can be, e.g.,

fabricated from commercially available silicon-on-insulator (SOI) substrates and, e.g.,
using complementary metal-oxide-semiconductor processes.
In the example, the first and second optical waveguide ribs 24, 26 and the input and

output optical waveguides 18, 20 are constructed as described here. The first optical

25 waveguide rib 24 is formed of a portion of the silicon layer of the initial SOI substrate and
has a thickness of about 200 nanometers (nm). The second optical waveguide rib 26 is
formed of silicon nitride and has a thickness of about 400 nm. The input and output optical
waveguides 18, 20 are formed of portions of the silicon layer of the initial SOI substrate
and have thicknesses of about 200 nm and lateral widths of about 500 nm to 600 nm.

30 In the example, the optical waveguide 10’ includes the optional spacer layer 28,

which is about 100 nm of silicon dioxide located between the first and second optical
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rotation region 16. The second optical waveguide rib has an initial
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pol ari zation r OIrBdoh&l’bn{bbglnﬁH‘lhtslﬁle lateral widths of one or both of the first and second

15 optical waveguide ribs 24, 26, in the first transition region 12, reach a value of about 200
nm shortly before the boundary of the polarization rotation region 14. For example, these
lateral widths may reach the 200 nm value at a distance of the order of 100 nm or more
from the boundary and then, remain constant up to the boundary of the polarization
rotation region 14.

20 In the polarization rotation region 14, the first and second optical waveguide ribs
24, 26 extend about the full length of the region 14, which may be, e.g., between 250 um
to about 300 um long. The first optical waveguide rib 24 has an initial lateral width of
about 200 nm, at the boundary with the first transition region 12, and its lateral width
increases linearly to about 260 nm, at the boundary with the second lateral region 16. The

25 second optical waveguide rib 26 has a lateral width of about 200 nm, at the boundary with
the first transition region 12, and its lateral width may be constant or may decrease linearly
to a value about 150 nm or less, at the boundary with the second transition region 14. Due
to a divergent lateral alignment between central axes of the first and second optical
waveguide ribs 24, 26 in the polarization rotation region 14, the second optical waveguide

30 r1b 26 has a lateral offset of about 150 nm to about 200 nm from the corresponding portion

of the first optical waveguide rib 24, at and near the boundary with the second transition



In sone enbodi nents, the lateral widths of one or both of the first and
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second optical wavegulde rib 26 does not cause substantial polarlzatlon rotation of light
15 while propagating in the second transition region 16.

In various embodiments of the polarization rotators 10, 10” of Figures 1A — 1B and
4A —4C, differences between the material compositions of the first optical waveguide ribs
24, 24 and the material compositions of the second optical waveguide rib 26, 26 may be
advantageous during fabrication. In particular, the different material compositions may

20 enable use of the material of the first optical waveguide rib 24 and/or the optional spacer
layer 28 between the first optical waveguide rib 24 and the second optical waveguide rib
26 as etch stops for anisotropic etches of the second optical waveguide rib 26 and/or the
optional spacer layer 28. Such different compositions can support simpler and/or more
accurate etching fabrications of the optical waveguide ribs 24, 26 and the spacer layer 28 if
2b  present.

Figure 5 schematically illustrates an example method 30 for fabricating an optical
polarization rotator, e.g., the optical polarization rotator 10, 10” of Figures 1A — 1B and/or
4A -4C.

The method 30 includes performing an etch of the top layer of the substrate, e.g.,

30 the silicon layer of the SOI substrate, to form the first optical waveguide rib 24 of Figures
4A — 4C (step 32). The same etch may be used to form additional silicon optical
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for mask- confifiay kiad netheAHng be biféction f Hobikl; @B l8¥eomiferstimatthgt wiatle, €. g.,

an anisotropi¢c dry etch of silicon stopping on silicon dioxide. 5The nethod
30 may opt MBREAMEdPhEeARfe forning a |ayer of different material over the

por £1 0ne. of t ho L Andr 20 ppo B RS ol o e LB B R (R
adj acent oppii@hivavesunalguibdEsanfse @ pod4 p poffive of thegrlanaf sutface ef batubstieer22al nay
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formed at %cg geeso%él of grcc)iinggyos lill(l",(:)fora de%léléi%ir?gbcl)pqcicesllpg}?e?sr otl sai1 1(%21’nit?idg' Thet ct]p%cal
layer, the first optical waveguide rib 24, and the spacer layer are typically formed of
materials with different bulk refractive indexes.
25 The method 30 also includes etching the optical layer to form the second optical
waveguide rib 26, e.g., directly on the optional spacer layer 28 or directly on the first
optical waveguide rib 24 (step 40). The second optical waveguide rib 26 is formed such
that first segments of the first and second optical waveguide ribs 24, 26 form a stack
vertically oriented with respect to the planar surface of the substrate 22 and such that
30 second segments of the optical waveguide ribs 24, 26 are relatively laterally offset in a

direction along the planar surface of the substrate 22. In embodiments where the optical



spacer |l ayer 28 of Figures | A -1B and 4A- 4C (step 36). The

chem cal - nechani cal polishing, e.g., nmay produce a flat spacer |ayer of
silicon dwoxn#s7#®0g., with a thickness of about 100 nmPOI/USe®I3/06387% he
first optical waveguide rib that was fornmed at the step 32. The
15chem cal - nechani cal polishing may useI%ny conventional processes known by
persons of ordinary skill in the art to be effective for polishing the

| ayer of different material, which was forned at step 34. The net hod
30 also in t r e e

opti cal ma%!@ﬂﬁggwgﬁﬂhﬂﬁeﬁ%gﬁ@g&%@br@@é& dg%oé?ﬁgﬁg%?mgﬂgﬂ&wgﬂgfggﬁﬁéace of
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deposi ting a 400 i on the o
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ordi nary skibstantiflor st@iﬁpmsf,nltdoﬁgf Rtekgdple Ao Srsobptidal waaguide tibi2dend/bhe
optical layer, the first optical waveguide rib 24, and the spacer |ayer are
typi cal Py lt?rshlécd’né’f‘rf%ﬁtoé#}eeﬂxémﬁhetslﬁ S(S‘lagefQ@rent bul k refractive indexes. 25The
met hod 30 al so TRCHEESE nfal &b RetIidA& PR it clécﬁb{&g la}@, & Qr milibs asgand

optical waveguide rib 26, e.g., directly on the i onal spacer |ayer 28 or
directly o&ayteheverrﬁhgwamgmdealruW@@gtﬁuq atiapovest Odptenéx) exaeploribe

opti cal u i rst
and second¥%g#hgﬁpeégﬁﬁgak éﬂgF%§93§aﬁ%@5P rnfgﬂ§§ 93@?%3%%%1£Q93§ented
wth res pedz rrtacy d g\eus}elaay\aonvteumdratﬁrooéss f(h&leﬁdmhmigl‘ealﬂl&k%tieﬁhdlaﬂdmg letyhadsf

305eco ﬁf the optical waveguide ribs 24, 26 are relatively

| at er al! W%% 1944 direction al ong the planar surface of the substrate
22. In errbodl MeRiosre M hemAtha11P Alus&abs a%AQh%@36@&83@89@%&3@@%@&%@3875 14
| ayer is silicon nitride, the etch step 40 may use, g., any conventi onal

process foﬂln@r@ﬁiaﬁgat@nlw@@ﬁn%itm ﬂénarpﬁﬁdcaémlﬁmaéwnfmtomecgh the epiicilay i ncl ude
an ani sotr 81!a za‘i@é &%t%l& fd)'io%h!létl%%'alf?'sfgueqql«xtzh?é hgtagtially stops on the

silicon di exanpl e spacer l|fayer 28 and/or substantially stops
on silicon of t ke mﬁn@ﬁ@mﬂddes:maelfvmgsat acfpstlendlof t&a\pegtmzate)nrrptatoz,zh@nd/ or

5t h f f ot e substrate 22 hod |
not udd®ao e DAY R U PRt R APLre M poP e e R | (s B TByer over

t he waveguireived libgttysieal Brio hucktbanbol aidRd endile &g 4D TE St EM Prdpagaling hgmarrpl e,
the cladding |ayer nai have a thickness of a few mcro-neters or nore. The

deposi t i ngMade et apabeyiin-phage compigatignpf LER0e M BiBrcapRSESYINIISE depositing a
thick optical clradgimgd IS@XEIﬁorBTIy 181 ded ﬁI%Baéytlﬁé( tiflGeceived light through a first

tapered waveguide segment of the optical polarization rotator such that a substantial
20 portion of the light power thereof is laterally and/or vertically redistributed, e.g., in the first
transition region 12 of Figures 1A — 1B and 4A — 4C (step 54). The lateral and/or vertical
redistribution of the light power is typically performed without substantial changes to the
polarization of the received light.
The method 50 includes propagating the laterally redistributed light power along a
25 hybrid optical waveguide segment of the polarization rotator to rotate a linear polarization
of the light by a substantial angle, e.g., an angle of greater than 45 degrees and often an
angle of about 90 degrees, e.g., in the polarization rotation region 16 of Figures 1A — 1B
and 4A — 4C (step 56). The hybrid optical waveguide segment includes one segment in
which a second optical waveguide rib is vertically located over a first optical waveguide
30 r11b, e.g., as in the left portion of the polarization rotation region 14 of Figures 1A — 1B and

4A —4C, respectively. The hybrid optical waveguide segment includes another segment in



Figure 6 schematically illustrates a nethod 50 for rotating the

pol ari zation of a linear polarization conponent in a planar optical

pol ari zatworrorasaivor, e.g., the optical polarization roPrararsgo11063819'
illustrated in Figures 1A - 1B and 4A - 4C. The nethod 50 incl udes
receiving, at a first end of the pol ariﬁ tion rotator, light 15from a

pl anar wavegui de, e.g., fromthe i nput %ti cal waveguide 18 (step 52). The
received light typically is in a linear polarized node, e.g., a TE or TM

propagat i ngpkdnght ségggcﬁoﬁfcalaxﬂa\% QUL rib R ﬁ'ﬂ?t%?uaﬁfl rl%{éﬂaﬁ}tr b@%t Bbml the and TM
propagating [ight nodes. The thod 50 optionally i1ncludes propagating the

recei ved | pngporltrhlaEJ@Hrrantfofrtm futsamlceldwmgmg@lrlu,éoesagﬁﬁmtwofomlm opti cal

pol ari zati gn [ ot a ubst nt| t power
t hereof is'fater Cgel 15 afg n%‘ st ela eornlgl %en glre S m hé’é’ﬂg Op lcal Wave “%2 first
transiti onség@@in0of t112 p@IEmEJ‘u@u I’r@tStoﬂ,AI-n tﬂth}&iﬂﬁl o@ﬁcal%vé@.ﬁcﬁke@%}mt fﬁh@lrétah@r al
and/ or vertical red stribution of the |jight power is_ typical per f or med
Wi t houtg B%Cpaﬁiuf’P%ﬂa PR Kls T ‘?’6%6#8“%‘6’1 A miasertalsfipvie differe té’é‘ﬁ‘if\‘? activeght . The
met hod 50 ipelkides propagating the laterally redistributed |ight power
along a 25hybrid optical waveguide segnent of the polarization rotator to
rotate a |inear Thomathog 40 iman tesludernsopaggyiime light fosythe hebntd apticalnvgiveguide g. , an

angl e of gr%%{loe%F thy ﬂa”t?na?'ﬁ%%r%&%va@&r%&%fs%%ﬂi@ fn%gxlpﬁca‘?f oﬁ?%q}on?%a{a%ﬁgj jles_ AC

eg,lntﬁ ol arization r ionteqgio
(step 56) . thhhe sibghantial poptidncdlthedeshe gonvetas Emymrﬁndl’dn@hmdﬁiy edstrbagdpdg., i n

opt | calVvaregastRregamocgon 16,6t Fivuishd A et 54 - gh SeE TRE 1 Bl ot on
rotation r wérgne%n%uu%h@ﬂﬂﬁalgiﬁpova@ n@a%e%fomée@,w&mpﬁﬁ)&ﬂamw chdf@ndrybri d

optical wavegui de segnent includes another segnment in
2012/ 087590rEPlausziomefihsiaats beinge fanemtied eI ye e r@rﬁtsrr&alrlommég@ﬁwénqrp bis

subst anti allg;dnL &, Ipﬂ{;)é X%tgfe héﬁhzaﬂlﬁﬁ%t&{%ﬁ hgf?trtB gfo?) V\gﬂf gglg ?&Q@e@i} #Phnb Et? uf 7St

opti cal wavegul de cause the two optic e ri are rected
al ong di velpgtﬁalthmegmde|ecg1,sout11futbhlﬂacahyfbvdgdldreﬂt)lotfﬁlgumvlégﬂBdmd§ég+’r4ﬁ1t of the

pol ari zati on rofator the hybrid wavegui de segnment, the first
Pd 5saond opt T TS S heBiel A i SEhke o REAISRaARG ai 11 er ent
bul k ref r agtultyRedifeleiBSital data. Thd bitiAEhBOdatoP43mKIulEc UdeoppitaRpE@driang | i ght

fromthe h¥br| d optical wavegui de segnent through a final tapered wavegui de
segnent of ltf%ﬁén‘biﬂc%da‘lm“ﬁ@)]l wegwee ams by 46-¢nd 3 dxh opteat coplipg<k’ant i al porti on

of the light poyg! is,dRlGhMidu3aBRE sURELHAR) liveafif fbatisddaheHom&ng- -

optical source, e.g., TE or TM mode laser light, and separates part of the received light into
20 two light beams directed to the two optical waveguide arms 45, 46. In Figure 7, the optical
source is illustrated as transmitting light of an example TE mode to the 1x2 optical splitter
44,
Each optical waveguide arm 45, 46 connects a corresponding optical output of the
1x2 optical splitter 43 to a corresponding optical input of the 2x1 optical combiner 47. The
25 1x2 optical splitter 43 transmits light of about the same linear polarization, i.e., illustrated
as example TE propagating light mode, to the two optical waveguide arms 45, 46. Each
optical waveguide arm 45, 46 includes an electro-optical modulator 48 1, 48 2, which 1s
electrically connected to receive a stream of electrical digital data signals, 1.e., DATA 1 or
DATA 2. Each electro-optical modulator 48 1, 48 2 modulates the phase and/or
30 amplitude of light propagating there through to carry the received steam of received digital
data signals, 1.e., DATA 1 or DATA 2. The second optical waveguide arm 46 also



10in the second transition region 16 of Figures 1A - 1B and 4A - 4C (step
58). This final lateral re-distribution of the |ight power nmay be perforned
wi t hout swib=berisrabl y changi ng the pol arizati on of the PCghiS2duaionzs7s
transmtted. This lateral re-distribution produces a nore efficient
coupling of the polarization rotated Ii?gt to propagating |ight node(s) of
an out put planar wavegui de, e.g., output optical waveguide 20 of Figures | A
-1B and 4A - 4C. 15Figure 7 illustrates an optical nodul ator 43 that
Supports Plchlde? B bk RAGIAHbE oRhGINE o thelpBlhi Bblafidiion [JRBIBL IR R

t
modul ator 43 1ncludes a 1x2 optical splitter 44, first and second optical
wavegui de &rauses43\ — 4B or 4Ad 4, Irhichgptates glie lowabpakerzatign of light theféme The2 opt i cal

splitter 43 receives substantially linearly polarized Jight froman gpti cal
surce. e, goRRgof Sy as AN e ear ghERANR R EL ! BTGl 48 Rerti O RARGER L U2
| i ght i nt opre2&atbliwdy lab@R o0 degass Bdithaeicidlatal lighebdan3 faph thealvo wpi@gui de ar s
45, 46. In Figure 7, the optical source is illustrated as t{lansn’i tting
light of aN& agmp (5 fgdeiliihgve pRPraxipatsht grehpsorh pplptigtiogy when Each

optical vaygghibirdal MedR1 offaf AMGRLrSI72 THE HRTRAATIAQRE IR thewyput of the
1x2 optical splitter 43 to a correspondi ng optical 1 nput of the 2x1 optical

combi ner 4PpticGhwavezBideapmph.ideare enmbinadan thedxl rophieaticpmbineyht toof about t he
sanme |inear i.zati: - | . as | e TE propagating |ight
node, to tﬁ%lgﬁkv\%{ogéﬁ%@?x\t/\}/{ae\}‘glaﬁifl%e&%ﬁltrlfaé%ﬁf lc% .aﬁrég%ﬁ opti cal wavegui de arm
45, 46 i ncl udeslmonel elodr emboghitriears) theociel af the oft®ch] pdBriZtiombotathr 4%Band the

electricall connected . to r ive a streamof electrical. digital data

Si gnal 46 electfBpeal Togls ?@zﬁa&%ﬁvm‘%&lﬁﬁe— R LI PR aF 48 1, 48 2
modul ates the pﬁ'ﬁé@ptﬁﬂ%@d{ulé’@ﬁwﬂnh}t y@ﬁbﬂéqtéd ﬂfhtfunj’r opRaAsy ﬁrﬂ&gr&t@@ﬂ&zi&éﬁrough
to carry the received steam of received digital data signals, i.e., DATA 1

or DATA 2. aTheargialboeriicakht integratothdedifgi de arm 46 al so WD
2012/ 087590PCT/ ~ oy i l.ar.i i t at
#{?ﬁ%ﬁ-flﬂﬁﬁﬁ%ﬁ Z%‘)@Uém&laﬂq’gﬁcgil?ecgg’%}l%gk@?&ﬁ?%@}e% ofrotator

49, e.g., the optl pol arization rotator 1 - 1B or 4A
- 4C, whi cdemodwdite dath lfiwnd dmepsucalpotrer,i et éin theafptibdl ghitriet lsepokiriaatiohhe

pol ari zation.rotator. .49 rotate e li pol ari zation b 0., at |east,
75 Geqd Bes Mot PR idbr PAN 46nd DA0" e ettt atkinastaa Figni
bearms fromfitdiepficadpslptizatiah bEaneyiR@HEZ @n aphtal AblariAiowrbthtohsy anappst exd mat el y
ort hogonal pol arizations when reconbined in the 2x1 optical conbiner 47.

The nmodul ae@nd prral deamedulaters fP1Ge ThROPBH Pelatizafgy syafotet wreranatsd o are
Gat a- modul S 60 oSSR LR R TRE PRfcal b o e o R T e ST o7
t he opti calb2puod trdptisallyontatethaiioear p9laspationioé said edceved optogpt sigmll. Poeltd the or
48_2 8y beelctilorI]lVO I:d'%eecgjpti(():a ptopa%zg c;[nl r%%ltor%,v&gﬁj iop (iaca?crienr?lcfldglators receive light in a

substantially similar or the same linear polarization, e.g., illustrated as an example TE

propagating light mode in Figure 8. Thus, while each optical demodulator 66, 68

demodulates a digital data, e.g., data streams DATA 1’ and DATA 2’, from a different

linear polarization component of the light received at the input of the optical receiver 60,

2b  the two optical demodulators 66, 68 process light beams of substantially similar or the
same linear polarization.
In some embodiments, the optical output of the optical polarization rotator 64 may
connect directly to an optional second optical polarization beam splitter (not shown) and
one of the optical outputs of the second optical polarization beam splitter then connects

30 directly to one optical input of the second optical demodulator 68. In such embodiments,

the second optical polarization beam splitter functions as a clean-up polarization filter for



The optical nodul ator 43 may be fabricated as a fully optically integrated
device or as a partially optically integrated device. Figure 8

i Il ustratwe 2a12p8ri9von of an optical receiver 60, which PSTas2d1HeEsEH t o
denodul ate data froman optical carrier, wherein the optical carrier is
pol ari zation 15 nultipl exed with data sﬁ eans DATA 1 and DATA 2. The
optical receiver 60 includes a first optical polarization beamsplitter 62,
an optical polarization rotator 64, and first and second opti cal

denodul at ogs, gcdggmn;g%nqg%hggh.polarization rotator 64 is connected to
receive the optical signal fromone optical output of the optical

pol ari zati on bebmnthe pptidat wceigd@ nthetintempdiataddnyensonaf ehetlingar potramation of

pol ari zation of, .said receiy Qptica ignal . Due .to.t 20action qf the
ot car - porie ey BRLA rSHR LSRG I C b PR Bt Ll DB ghe 1
a subst ant cakieyis Sutstdnaisllogimilhe Tane, the it@mepatedonz@tibn ban e Ged td dvouBt r at ed
as an exanple IL propagating |ight npde_in Figure 8 Thus,_ whjle each

opt i cal gdeﬂﬁamﬂrg}@@fi t%@arwtla%%mﬂ%@é obthgiogticah chagagteristigs of medindnd st r eans
DATA 1" andyRaATAeL of thelopitA dehbdg4t6R6! b1ear pol ari zation conponent of the
i ght received at the input of the ogtlcal recei ver 60, 25the two optical
denodul at ors 66Th&Betplesttieessripiighel thebhvstraifve Shod amantseandydrayyingy merebr t he
sanme |ineat ' [ ~ ~ [ ' ut of
the. opt i capBar BRI Bk of theigverflg R TISEL ARtk ucch i R0 SRR IR
second opt aaalill pekbleite ddviservahieamrsptérhdnes thithalthosblonst)exalidtlp descobed die
optical outputs of. the second. optical polarization be ljtter the
connect¥ 36‘8‘7"%‘2:??197 FgH e ?H&u_fW%lrwWéldsa_éwﬁ@%%@tthﬁ|thf'd%1?fﬁa= | at or
68. In sucheniadi FeAhdmotd8ll SRGHNEL reftddhafeiPat PFihdpiliyintcR@ab BB bhkteF
functions as a clean-up polarization filter for WO .

2012/ 087590FBE,USAPPINOGIB RS i1 Pndareiansing balpripeiples PLhe ityRntass and poreapts

I n the oPUiGalikERel enhor lfhBE! MELH kA FORYESIMNRL: b LIRRT
pol ari zation of one [1ght beam may be useful to ensure that the processing
of each datiaitaenr tpisnch gpetificaly eated exampks subsindntons| Mprepiven dlastatetilasts | S,

the i diate . i b d.t id 5iss. |lated ta
pol ar | 351 | BT A SEHHBHOT DU D ATEHE B ETEarEhE Pt EPES 5Pl e s dig
wavegui des efmplBethenebf, gl intdedBady badoaipasstRuiveRats thereof The Det ai | ed

Description of the Illustrative Enbodi nents and drawi ngs nerely illustrate
the principles of the invention. It will thus be appreciated that those
skilled in the art will be able to devise various arrangenents that,

al t hough not explicitly described or



10 shown herein, enbody the principles of the inventions and are included
within the clained inventions. Furthernore, all exanples recited herein are
pri nci palwg 2orvesnided to be only for pedagogi cal purpose®CTasSand/obIs7s

under standi ng the principles of the inventions and concepts contributed by
the inventor to furthering the art, andlgre to be construed as being
without Iimtation to such specifically Yecited exanples and conditions.
Moreover, all statements 15herein reciting principles, aspects, and

enbodi nent svahriReci Avafp RIS, as well as specific exanples thereof, are

i ntended to enconpass equi val ents thereof. W) 2012/087590PCT/ US2011/ 063875
18 WHAT IS CLAI paratus, conprising: an opti cal
pol ari zation ro tor %WH% %%NP€$§ ‘and second optical waveguide ribs

| ocat ed al ong ampManarmﬂmnhameumﬁmandu&ﬁgﬁatemiﬁhequnmﬂdmnngdahbMaveguide
rib being Ioc ted faﬁther ro surface th e flrsé ogLLcal

wavegui de qepted 310ge @ PlanafpEiags %‘% sifate dhfmishe ‘B)Flc% REVERt'f'eay "Wy egui de
ribs fopm gMRATIAR) frohadRkKsuRMeE tHah theTHBSIpiiadIGvaaBEL gecONRAdSegment s of the
optical waveguide ribs are offset laterally in a direction along the
surface; and  Wwherein firsigaments of the optiGab wargeyideatbs heimoprereed! sigglevpiilte ri bs
are formed r 2.
The appar af ﬁ%ﬁg?tdg? g(iﬁcloﬁclwgb{éné%@tﬁe Erl%{rllt‘%a?ﬁ &%&‘s%%aagée:?ff%/eg%/ag}ggxl ng | ocated
bet ween t hdirédtostlangdhesmcfoos aopt i cal wavegui de ri bs and being forned of a

material with a |ffe bul k refractive index thap th terials.of the
frret and secont s EaNtshayksar e citae ios G Fortpgd ol BaBEE Rafr o) af m
1, whenei ndgneembulkherraplé Gabxeyavegui de ribs is fornmed of a sem conduct or
and the other of the optical waveguide ribs is fornmed of a dielectric.

4. The apparatus of claim11, further conprising a transition region in

whi ch the firstoopti flopaueRkdi | s Bmphidhla bacef Bl eriRinlllGeafidr face
that nonotonically tapers roma |arger value at an 1nput planar optical
wavegui de betwaes thelfirgrang a¢oaed apticahea¥eigpsie ribe gmrblvmng)formed sfta mpteiiclabith a
wavegui de ar at us_.of

ol artzat i SRy bk el PP RRG e oy CoRbPby «bHHobOR oB Bk S ”
transmilf |iight to the first optical maveQU|de rib and having a second
optical output connected to an output optical wavegui de, the output optical
wavegui de being | ocated over the substrate lateral to the first optical

wavegui de rib. 3 The apparatus of claim 1, wherein one of the optical waveguide ribs is

formed of a semiconductor and the other of the optical waveguide ribs is formed of a

dielectric.
20
4. The apparatus of claim 1, further comprising a transition region in which the
first optical waveguide rib has a width lateral to the surface that monotonically tapers from
a larger value at an input planar optical waveguide to a smaller value at the first segment of
first optical waveguide rib.
25

5. The apparatus of claim 1, further comprising a polarization beam splitter
having a first optical output connected to transmit light to the first optical waveguide rib
and having a second optical output connected to an output optical waveguide, the output
optical waveguide being located over the substrate lateral to the first optical waveguide rib.

30



19 6. The apparatus of claim1, further conprising an optical
nodul at or having a 1x2 optical splitter, first and second optical wavegui de
arnms, andwe 28x108e§vi cal conbi ner, each optical wavegui decCaruseeionsdsct i ng a
correspondi ng optical output of the 1x2 optical splitter to a correspondi ng
optical input of 5the 2x1 optical conbi Egr and wherein each optical
wavegui de armincludes an el ectro-optic nodul at or capabl e of nodul ating
t he phase and/ or anplitude of |ight propagating there through responsive to

el ectrical signgls regel ﬁégq L REEGIMI ﬁﬂger\@gﬁ%ﬁglg an optical polarization

rotator is located in o the optical wav de 10ar s 7. A net hod,
conpri si ng: an Optfce}rmpdlgatamhewptgl 8(:1'142 dpayzéﬁpmwrflrat dnidrssqondppil@él wavegui de
rib | ocated aI on a urface and
st opt  careqiadul BT B o Bhinl, R ShhB Pt e B Rl BT ene but

refracti ve comeipumiing qmial output ofthenikDgpfidaesmptet wal colnay;ﬁjhdﬁlg opti¢anirpus et ond
opt| cal vvaveegztjl de rib sg h.th(gt first segnents of the optical wavegui de
ribs foPm Hest<d At COMBRRE G i ent ed wit h respect to the planar surface

and second segngALRinQhach %l&%&@%hld@@%%llﬂ@s ﬁﬂ Q8ctRYL @ptfc@ll ﬁ&du‘l’ﬁ!}r%al;%l@r ally
of fset along the planar surface. he nmet hod of claim 7, wherein

third and © mpdwatsr@gthenh@e@nd/omnﬁhw@tofd@hi mapagm%@l@iedbroraglbreap@ﬂm@at ed
| ateral toefegt%cg’les?%gﬂ rgc%weﬁ%lller vate;]%w de rib and are laterally wider than

the first e first optical waveguide rib, the first
and second seg rmzhérsmcafn dphealfpbl‘aﬁtzatﬁmtrb‘ﬂa’aalr isaveglindae of the lopiicaf) waoepuadzt ed
between the 25third and fourth segnents thereof. 9. A net hod,

conpri 4f ngarms. receiving, at a first end of a segnent of a hybrid

opti cal wavegw de, linearly polarized |light froma planar wavegui de; and

30pr opagati ng the Ilght t hrough the segnent of the hybrid optical wavegui de
to rotate method, comprising:

forming an optical layer over a first optical waveguide rib located along a planar
surface of a substrate, the optical layer and first optical waveguide rib being formed of
15 materials with different bulk refractive indexes; and
etching the optical layer to form a second optical waveguide rib such that first
segments of the optical waveguide ribs form a stack vertically oriented with respect to the
planar surface and second segments of the optical waveguide ribs are relatively laterally
offset along the planar surface.
20
8. The method of claim 7, wherein third and fourth segments of the first
optical waveguide rib are located lateral to the second optical waveguide rib and are
laterally wider than the first and second segments of the first optical waveguide rib, the
first and second segments of the first optical waveguide rib being connected between the

2b  third and fourth segments thereof.

0. A method, comprising:
receiving, at a first end of a segment of a hybrid optical waveguide, linearly
polarized light from a planar waveguide; and
30 propagating the light through the segment of the hybrid optical waveguide to rotate

a linear polarization of the light; and



a linear polarization of the light; and WD 2012/087590PCT/ US2011/ 063875 20
wherein the segnent of the hybrid optical wavegui de includes one segnent in
whi ch a swoantk/mspi9ncal waveguide rib is vertically | ocatret/useen/oessfs r st
optical waveguide rib and includes another segnent in which the second
optical waveguide rib is substantially %@terally offset froma
correspondi ng segnent of the first opticCal waveguide rib; and 5wherein the
first and second optical waveguide ribs are formed of nmaterials having

di fferent bul k i i . ; i in the
segnent of the ﬁ@%&lgh%%%ﬁggﬂﬁﬁg€g6%@ééﬁgﬁ?ﬁhggg*ghggg%é?k?gI@QEIging
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laterally offset from a corresponding segment of the first optical waveguide rib; and

5 wherein the first and second optical waveguide ribs are formed of materials having

different bulk refractive indexes.

10.  The method of claim 9, wherein the segment of the hybrid optical
waveguide includes a spacer layer being located between the first and second optical
10 waveguide ribs and being made of a material with a different bulk refractive index than the

materials of the optical waveguide ribs.



