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Description of the Related Art

This section introduces aspects that may help facilitate a better understanding of
the invention(s). Accordingly, the statements of this section are to be read in this light
and are not to be understood as admissions about what is in the prior art or what is not in

20  the prior art.

A coherent optical-detection scheme is capable of detecting not only the amplitude
of an optical signal, but also the signal’s polarization and phase. These capabilities make
coherent optical detection compatible with polarization-division multiplexing and with
the use of spectrally efficient modulation formats, such as quadrature amplitude

25  modulation (QAM) and phase-shift keying (PSK) in its various forms (e.g., differential
PSK (DPSK) and differential quadrature PSK (DQPSK)). Compared to incoherent
detectors, coherent optical detectors offer relatively easy wavelength tunability, good
rejection of interference from adjacent channels in dense wavelength-division-
multiplexing (DWDM) systems, linear transformation of the electromagnetic field into an

30  electrical signal for effective application of modern digital signal processing techniques,
and an opportunity to use polarization-division multiplexing. As a result, coherent

optical detectors are currently being actively developed.
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15  waveguide grating into the first and second waveguides. If the first optical signal
comprises a component having a first carrier wavelength, then optical power of the first
polarization of that component is split and coupled by the first waveguide grating into the

first and second waveguides.

20 BRIEF DESCRIPTION OF THE DRAWINGS

Other aspects, features, and benefits of various embodiments of the invention will
become more fully apparent, by way of example, from the following detailed description
and the accompanying drawings, in which:

Figs. 1A-B schematically show a differential optical detector according to one

25  embodiment of the invention;

Fig. 2 shows a schematic top view of a differential optical detector according to
another embodiment of the invention; and

Fig. 3 shows a schematic top view of a coherent optical detector according to yet
another embodiment of the invention.

30
DETAILED DESCRIPTION

Figs. 1A-B schematically show a differential optical detector 100 according to one

embodiment of the invention. More specifically, Fig. 1A shows a schematic top view of



DETAI LED DESCRI PTION Figs. | A-B schematically show a differential optical
detector 100 according to one enbodi nent of the invention. Mre
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Referring to Fig. 1B, coupling region 140 of waveguide circuit 110 has a
waveguide grating 142. In a representative embodiment, grating 142 comprises a
plurality of cavities, pillars, and/or holes 144 etched into or formed on an upper surface of
20  aridge waveguide to form a two-dimensional, rectangular or square pattern. Each of the
four sides of grating 142 is connected to a corresponding one of ridge waveguides 112a-
d. In coupling region 140, waveguides 112a-b are collinear with each other and
orthogonal to waveguides 112¢-d, which are similarly collinear with each other. A
grating that can be used as grating 142 is disclosed, e.g., in U.S. Patent No. 7,065,272,
25  which is incorporated herein by reference in its entirety.
In detector 100, grating 142 serves at least three different functions, e.g., those of
(1) a fiber-optic coupler, (2) a polarization splitter, and (3) two power splitters, one for
each of two orthogonal polarizations of the optical input signal. More specifically, if
grating 142 is physically abutted with a single-mode optical fiber, e.g., oriented
30  orthogonally with respect to the upper surface of the grating (i.e., perpendicular to the
plane of Figs. 1A-B), then light from the optical fiber will couple, with relatively low

losses, from the optical fiber into waveguides 112a-d, hence the fiber-optic-coupler



(1) a fiber-optic coupler, (2) a polarization splitter, and (3) tw power
splitters, one for each of two orthogonal polarizations of the optical
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enbodi ment of waveguide circuit 110, the X polarization from

pattern of cavities or holes 144. For example, the above-cited U.S. Patent No. 7,065,272
discloses patterns that can be used for efficiently coupling light having wavelengths
between about 1500 nm and about 1600 nm. One skilled in the art will appreciate that, to

20  obtain a grating suitable for efficient coupling of other wavelengths, the disclosed
patterns can be modified, e.g., by appropriately changing the periodicity of cavities or
holes in the grating.

In a representative embodiment of waveguide circuit 110, the X polarization from

an abutted optical fiber efficiently couples into and propagates along each of waveguides

25  112a-b as a corresponding transverse electric (TE) waveguide mode. The X polarization
couples into waveguides 112¢-d relatively inefficiently, and this coupling is negligible for
all practical purposes. Similarly, the Y polarization from the abutted optical fiber couples
(i) efficiently into each of waveguides 112¢-d as a corresponding TE waveguide mode
and (ii) negligibly into waveguides 112a-b.

30 Referring back to Fig. 1A, for each of the X and Y polarizations of an optical

communication signal applied to grating 142, detector 100 achieves DPSK demodulation

by comparing the phases of two sequential bits. For example, grating 142 splits the X
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pol ari zati OT’D?\/I datg%trgz? L Cl? detector 100 receives a non-PDM signal, then the electrical signals
generated by photo-detectors 130a-b and 130c-d can be added together to produce a
20  response that is substantially independent of the state of polarization of the optical
communication signal.

Waveguides 112a and 112¢ intersect to create a waveguide crossing 114. The
angle between waveguides 112a and 112¢ in waveguide crossing 114 is typically between
about 80 and about 100 degrees. In one embodiment, to reduce crosstalk between

25  waveguides 112a and 112¢, waveguide crossing 114 incorporates one or more
multimode-interference (MMI) lenses as disclosed, e.g., in U.S. Patent No. 7,058,259,
which is incorporated herein by reference in its entirety.

An optical communication link between the remote transmitter and detector 100
imposes a generally uncontrolled polarization rotation onto the DPSK signal before this

30  signal is applied to waveguide grating 142. However, digital signal-processing (DSP)
techniques can be used, as known in the art, to process the electrical signals generated by

photo-detectors 130a-d in a manner that substantially compensates for that polarization



communi cation signal. Wavegui des 112a and 112c intersect to create a
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2Xx4 optlcal couplers couplers
detector 200 differs from detector 100 in that, in detector 200, waveguide circuit 110 is

optically coupled to two 2x4 optical couplers 220a-b rather than 2x2 optical couplers
120a-b. The four output ports of each optical coupler 220 are coupled to four
corresponding photo-detectors 230. The use of a 2x4 optical coupler acting as an optical
20 90-degree hybrid for the demodulation of a DQPSK signal is disclosed, e.g., in U.S.
Patent No. 7,343,104, which is incorporated herein by reference in its entirety. Briefly,
the two input signals to a 2x4 optical coupler interfere therein so that the output port(s) at
which the interference signal appears depends on the phase difference between the input
signals. As a result, the signals generated by the four photo-detectors 230 coupled to a
25  2x4 optical coupler 220 can be used to unambiguously determine the phase increment
between two consecutive optical DQPSK symbols and, hence, the corresponding two bits
encoded thereby.
In detector 200, waveguide circuit 110 performs polarization splitting as described
above in reference to Fig. 1. Optical coupler 220a and the four photo-detectors 230
30 coupled thereto perform demodulation of the X polarization of the DQPSK

communication signal applied to grating 140. Similarly, optical coupler 220b and the
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four correspondi ng photo-detectors 230. The use of a 2x4 optical coupler
acting aswearromptor4sal 90- degree hybrid for the denodul at iPOm/USR0/0BDRSK
signal is disclosed, e.g., in US. Patent;No. 7,343,104, which is
incorporated herein by reference inits entirety. Briefly, the two input
signals to a 2x4 optical coupler interfere therein so that the output
port(s) at Vigrrghotondet¢atere 2@ reynded Gegtmpertopmetenodgbpends theny poleriphimsef

di fference bet ut .signals. As a result, the signal s generated by
the four ph@%%&éf%@u ]§6tl%%%lfaéd to a 2x4 optical coupler 220 can be
used to unambi guguskyheet QEéHeHﬁuEHﬁ)ﬂ@@%@a'cBEér@ﬂ%th%%Vé%@)ﬁlSbwcc%&ﬁﬁgﬁ‘dﬂ' ve
optical DQPSK synbol s and, hence, the corresponding two bits encoded

thereby. In ydt@trledteocmm@memla@fegmrdfenmrr dmttctmlfﬁl)(hmnfoemn@i pal.doi gritchlbn
splittin descri ve inr etoF i cal coupler 220a
and the Foutuisiaies Berestireyoed ke ANIrEriopar P YBRHHGHE on of
the X pol ariszahjis0n s¥hotvi§n B %@@ma&ﬂéﬁd e’ !fcgﬁ'%bm@socm 4 8hstePa@bRt 1 NY
140. Simlarly, optical coupler 220b and thefour ot o-detectors 230
coupl ed theldetgoanmewmdu mldemmmpaoed@famhée afermrledmn zlwtdrtgim.oQAtMlat DQDSK

communi cation sjgnal. 3. shows schemati ¢ top. view of her
optical det él&de#a 1@@@3%@ (CATTHG MRgeS Bt A SR Phaso i ot Bybossiont i on.

Det ector 300, Ngf@& bﬁlek'é%gvesear&usuaﬁ FefOPdd ©als dAHia h%fé’érﬁ;@*agv%o o phide- keyi ng

(QPSK) or reception of ni cation si wn'in the art,
QPSK nmodl atcompom&oﬁtbuQA;Mlstgml dPSK amdstagbh atn bncahisaigredrs awhedidl cas oft S
are equispaced on a circle centered on the origin. QAM nodul ation uses two

carrier mv&AMﬁa?d%%t@n@@fi igypftenpatearegite gs EAAMo HsnUgPenpichits cpgodsddiees .
These waves gﬁ%w@sﬁeﬁ&f eh%g% elfa sze hia Pi}?ﬁeem%nﬁu@éig%%} i ppase

conmponents o I gna at|on can be consi'dered as a
speci al casepﬁéalmh{bdﬂodul ation and |s often referred to as 4-QAM The
nunmber of bits encoded bgh QAM synbol, depends on the constellation size

and can be two, Dsfestor 380 hapnp é(alfﬁgtusde;féﬁcmé 19 that isapipRly. copledetia o Zhas a
1avequ 45 SRR oGl B SRR SRUBS Ot aYl D0 BRBEAL,
phot odet ect @esctors 330 of detector 300 are analogous to optical couplers 120 and photo-detectors
130, respectively, of detector 100 (see Fig. 1). Unlike waveguide circuit 110, waveguide
circuit 310 has two coupling regions 340a-b, each having a waveguide grating 342 that is
similar to waveguide grating 142 (see Fig. 1B). Each waveguide grating 342 is connected
20 to four corresponding waveguides 312. Note that Fig. 3 is drawn not to scale and, at each
grating 342, the corresponding waveguides 312 are arranged in an orthogonal/collinear
manner, €.g., as indicated in Fig. 1B.
All waveguides 312 have the same path length between the corresponding
waveguide grating 342 and the input side of the corresponding optical coupler 320. Each
25  of waveguides 312d-e has a corresponding one of phase shifters 316a-b. In one
embodiment, each phase shifter 316 comprises an electrode deposited over the core of the
corresponding waveguide 312. If the electrode is biased, then the electric field generated
due to the bias induces a corresponding change in the refraction index of the material of
the waveguide core, which changes the phase shift for the light wave traveling along the
30  waveguide. Electrical leads connected to photo-detectors 330 and phase shifters 316 are

omitted in Fig. 3 for clarity. Waveguide circuit 310 has two waveguide crossings 314,



330 of detector 300 are anal ogous to optical couplers 120 and

phot o-detectors 130, respectively, of detector 100 (see Fig. 1). Unlike
wavegui dewoinwior43210, wavegui de circuit 310 has two compiriusgom®gizaens
340a- b, each having a waveguide grating 342 that is simlar to wavegui de
grating 142 (see Fig. 1B). Each waveguide grating 342 is connected to four
correspondi ng wavegui des 312. Note that Fig. 3 is drawn not to scal e and,
at each gr atieigof3diach ishhaalogouses parvdiuide wravengil besl a2z euide caevinhb@ed Higan
orthogonal/g?llinear manner, e.g., as indicated in Fig. IB. Al wavegui des
312 have the’sane path | ength between the correspondi ng wavegui de grating

342 and the inpui, pefiddf cdupfing diGRMIANG I Ge AR 62buSIeYRERIved40 o, BREN) Of
wavegui des 312d-e has a correspondi ng one of phase shifters 316a-b. In one

enbodi ment , opacth cphaswicetivd signal 316 adamappicslbgorgd h.Oa stk odpeddieplysinted over

t he core_of the cgéégfpondiqgﬁmave uide 312. If the el ectrode i.s hi ased,
then t he el SEFFIPE9Y- i IgRIGEMATHE HHRINEATTRERF Y2 RITRELO “XgYired5ondi ng
change in the: i oy i E : i : :orWhi ch
changes the EREECORflpRAbIAgkIa s WAL Lo ) ol MY LB GonE.

El ectrical BdéalsAcathaegitied fiter pioyiog detldd tignsl i8Sithikang aptiasiewsiniviat equsde316
are omtted in Fig. 3 for clarity. Waveguide circuit 310 has twy wavegui de
crossi ngs 35@@5@%%@ GHPERS Fegiofhed0hy Jith ppticRh (ke itreoEenisierry ndicylag 0

wavegui de ciy . cui o LN i i . i ons 340a-b
arg gggd toh%ﬂﬁ%%éﬁég?%gﬁgﬁg%a?%ggT9£cﬁﬁ¥g%%§y%§Pt@%@ﬁ%%@%%%ﬁ%k s?gnal and
a | ocal 10sci | | at of a {dpEJsesth@adonfic@SEEE b de@tdtor 300 theGlLhdn FH0Be LOvignal

representative coupling arrangement, an optical fiber carrying the optical
comuni cat i énchopgihen thptsthe plgetrisdiald vertady agalleldo g diagony dazyegndegapng ng

regi on 340a.,Apobhet, apl Gl o LALSALLY RS NS KO slanghbs S far |y

abutted wi th waveqgui de gra g i'ncoupling regio ot%mOptica

fibers are apperingdelpeqRgn®d satk@belnd dobifledlimdad ofWPMRHHHEEI IR dblt E3dD
(i.e., perpendicular to the plane of Fig. 3). In a representative
conf i gur at i ohplse deitterst3i0bad0io biaspd topwiphr 4 2&degee piiase Heittitoths lfdaslgnaks chosen

that th I ic-field. tor . llel to,a di | of i.d
o at | ng ' 34 CROTER Y EaUidk b 20 &7 E cafpmelreSne HEpH o bR 2
pol ari zati ofud 8304, tOnd SurPRRIPRLITRE Ehé/se%ﬂﬁ't%k 3168 RWBAsuREIAOHE PR R HaBE O
each of wavegui des 312b,d, e, g. Eac

shift between two interferometer arms having waveguides 312a-b is equal to the relative
phase shift between two interferometer arms having 312e-f plus or minus 90 degrees.
Similarly, one purpose of phase shifter 316a is to ensure that the relative phase shift

20  between two interferometer arms having waveguides 312¢-d is equal to the relative phase
shift between two interferometer arms having waveguides 312g-h plus or minus 90
degrees. In one embodiment, phase shifter 316a can be moved from waveguide 312d to
waveguide 312¢, 312g, or 312h. A similar relocation is possible for phase shifter 316b.
More generally, various embodiments of detector 100 may have two variously located

25  phase shifters, as long as those phase shifters are associated with the interferometers that
process different polarizations.

In one embodiment, the eight photo-detectors 330 in detector 300 are electrically

connected, e.g., as disclosed in the above-cited U.S. Patent Application Nos. 12/229,983
and 12/338,492 and U.S. Patent Application Publication Nos. 2008/0152362 and

30  2008/0152363, to form four balanced photo-detector pairs. More specifically, each
balanced photo-detector pair has two photo-detectors 330 coupled to the same optical

coupler 320. The balanced photo-detector pair coupled to optical coupler 320a detects an



of phase shifters 316a-b is biased to apply a 90-degree phase shift to the
LO signal directed fromwavegui de grating 342b to the correspondi ng one of
optical cwophawy®7320b and 320c. One purpose of havi ng plrasasstfnsEre 316b i s
to ensure that the relative phase shift bgtween two interferoneter arns
havi ng wavegui des 312a-b is equal to the relative phase shift between two
interferometer arms having 312e-f plus or mnus 90 degrees. Sinmilarly, one
pur pose of phteed sighplfreducgd b thesintegferanseiplean Repolarizatiore¢emnpansniptfdbeoptivdaf t
between two interferonmeter arms, havin vequi d 12c-d i s equal t he
el attve. phaBTERAHopEenEeRP Pt R AR R ab Kol hktn simiat Dol fes
312g-h pl us @y siPhd1YFpIRE tg%%ﬁg%ubnm@sa@ﬁeaa BRMetediilaRE c%ﬁ%lfs@l?d opti@p can
be noved from wavegui de 3I2d to wavegui de 312c, 312g, or 312h. A simlar
rel ocati on icsupeas¥0bldetecoranpiptisd sgdmiaf predu@ddly. thdvintefegeve 0é b [Yypoluazations

enbodi nepts of detecfor 100 may hayve .two vari ous | ocat ed phase shifters,
as long as CHYBanehakEe oRfigalsp n&‘Pé:aH%%éléP%taBHh?d %l)r%f%tﬂ’é %42?@1@3 é(r398'rFG£’E§Fs

that proces ?hggef shitany —pgﬁhéﬁt.i hfsent!Jt t@ﬂ%?{%ﬁ%@ﬁ@& to %rgﬁngfiﬂm)t The

phot o-detectors 330 in detector 300 are el ect connected, e.g., as
di scl osed i balahedgihowedaedtedpait Gupkdtitenptichb pbiptatd20addess ad dp229si@B8d and
12/ 338,492 and U.S. Patent Application Publication Nos. 2008/0152362 and
2008/ 0152363ro0dugeq by the fiygiensageni e prdtiztipsr apsne of the ongistle

spect 1021 1 XpuRRSILNE A58 kB Il 5okl ALOODAS YR AR gt ector o 330
coupl ed100 @plariga@lonc@uipoBéntI? G ORAtSappieptd @aling34pbal Therbathue&tptayo-t he
interference of an X-pol arization conponent of the optical communication
si gnal appl ide@ctoppyr equpirg t8opHcH seuplar ROdaletact s qpvigaledgnsbpedpcadibytthe LO
si gnal appl i ratiyag 342b. The bal an hoto-detector pair.coupled to
opti cal coub%%?]gggﬁ%ﬁéfggﬁgzgﬁqﬁﬁ ﬁ@%?ﬂ§§§%h]ﬁ%%@:%ggu1%%“?ﬁ§¥9%$§#@%rence

of a Y-pol aké %@ﬁhg)B4mm¥tﬁo1@fzaﬁ&ec&ﬂﬁdrgad of AR Gl hPlied it Batin@aBpLn.ed
to grating 342a and a 90-degree phase- shifted Y&golarlzatlon conponent of
t he LO si gnahs apphitetiesedogrbaianaed pe-dethter bal sofcistecphidD0 mbeswe tiothepai r

couD e, L0 gRLL SRR S K GRS B RBbL kS REL PAGRAGE B,
si gnal appl it@dy {8z &idn i A uatdnie-BRasd REmBEndH epeo sk i SslarkR@bArdngat i on
conponent of the LO signal applied to grating 342b. The bal anced
phot odet ect iv) the in-phase component I'Y of the Y polarization, respectively, of the optical
communication signal applied to grating 342a.
The present inventions may be embodied in other specific apparatus and/or
20  methods. The described embodiments are to be considered in all respects as only
illustrative and not restrictive. In particular, the scope of the invention is indicated by the
appended claims rather than by the description and figures herein. All changes that come
within the meaning and range of equivalency of the claims are to be embraced within
their scope. For example, although various coherent optical detectors of the invention
25  were described in reference to PDM signals, certain principles of the invention are also
applicable to demodulation of non-PDM signals. Various coherent optical detectors can
be implemented as corresponding monolithic PICs, including implementations as
substantially planar receiver cards or circuits. In one embodiment, a waveguide circuit of
the invention can be implemented using silicon waveguides. Although embodiments of
30  the invention were described in reference to ridge waveguides, other types of waveguides
can also be used. Known DSP techniques can be used to process the electrical signals

generated by the photo-detectors of the coherent optical detector in a manner that

substantially compensates for the polarization rotation in the fiber link and enables the



pair coupled to optical coupler 320d detects an optical signal produced by
the interference of a Y-polarization conponent of the optical comunication
si gnal appbizet)/tos3gr ati ng 342a and a Y-pol ari zati on conpomarskoof3t7ae LO
signal applied to grating 342b. As a resulg, these four bal anced

phot o-detector pairs of detector 300 neasure (i) the inphase conponent I|X
of the X polarization, (ii) the quadrature-phase conponent QY of the Y

pol ari zat i ompti¢al r¢cpivehe fylladicaverteophdependentBbive data Gxeants qageddy the

pol ari zat i on, ang gév% the i n-ghase %orrponent Y of the Y polarization,
respect i vel yS0F PRE“D YT ERM ER AT Eat i on signal applied to grating 342a.

The present invemnhé a8zriPBYn BRI GARAEZL akrdlD i10Ihek (BPBSAdipIes SR IRHSorRNE/ Or
nmet hods. The descri bed enbodi nents are to be considered in all respects as

only il ust matlitus beragprectatedegbatitheseiof erdinary plaifltin ¢hel aar wilk breatde topdevisk t he

inventiop is i.ndicated b he ended cl ai rat.her than t he

desor 1 pt§on ARy GNFaE e T ATRRER RoharRJGL DAt g U Y hPeIhEm hePRg
and range ofig&ipieV 3t BRGNv@tioh BRd GleahdTBIQNBithif iR p B RARERHe Wt ihdimbRehn
scope. For exanple, although various coherent optical detectors of the

i nvent i on wekanpleswxitébherein areprenrepaly inendoMxpiaysislts be cdytfai pedpgagnail pl es of
the invention are al so appl.icable to denmodul atign of . non- PDM si gpal s.

Var i ous- con@PBRESIREIEAF TaereBrons BafiTEE RIeNENTdb Hecuar B¢dBhd ng
monol i thic %b&%)gs'c'aﬁirﬂbmeﬁg)y'tH@inf%Eﬁ%BE(@)tﬂocfﬂﬁhéﬁlg?th@%,%%'a?é foYbeRbAfRedh§Cel ver

cards or circuli I n one énbodi nent, a waveguide circuit of the invention
can be ilopl éamgtvathousiimgatsed tococh yweedgallyesitedétanguesnndrrboditinent Mogbvehe

invention were described in.reference to ridge wavegui des, other .types of
wavequi des GRS SRR ISP At REE TR RiE O B4 B g Gt s
the el ectri Gali S GRahScGRNRLARELoDYrdiRenBRALINASHERS BGvAnd ifrpner ent
optical detector tn a manner that substantially conpensates for the

pol ari zati on r ot &tshowuldiba apprecihicdry thoselof ardinapakillés theheothti aglblodkcei ver to

fully recover tw independent PDM data streans carrjed by the received
optical comMigraat REHD STRYASSL COﬁﬁ%PtaésYéwqufil S tHYC Wﬁwr}ﬁﬁ@%ﬂi‘?‘é& e

ot RS S DE ot SBNCI e bl 5 bt o
ar r angenent didghmanhs, st@atet themuigion riddgrany lpkaidolcpddand thedéda roprestnowiridw peddesses
enbody the principles of the invention and are included within its spirit
and scope. mhishyarybs gl,bsiélppally represented in computer readable medium and so executed by

a computer or processor, whether or not such computer or processor is explicitly shown.

Unless explicitly stated otherwise, each numerical value and range should be
20  interpreted as being approximate as if the word "about" or "approximately" preceded the

value of the value or range.

It will be further understood that various changes in the details, materials, and
arrangements of the parts which have been described and illustrated in order to explain
the nature of this invention may be made by those skilled in the art without departing

25  from the scope of the invention as expressed in the following claims.

Although the elements in the following method claims, if any, are recited in a
particular sequence with corresponding labeling, unless the claim recitations otherwise
imply a particular sequence for implementing some or all of those elements, those
elements are not necessarily intended to be limited to being implemented in that particular

30  sequence.
Reference herein to "one embodiment" or "an embodiment" means that a

particular feature, structure, or characteristic described in connection with the

embodiment can be included in at least one embodiment of the invention. The



exanples recited herein are principally intended expressly to be only for
pedagogi cal purposes to aid the reader in understanding the principles of

t he i nverwpaniozm3vhe concepts contri buted by the invenPor(Uspomwn3fuét heri ng
the art, and are to be construed as beingywithout limtation to such
specifically recited exanples and conditions. Mreover, all statenents
herein reciting principles, aspects, and enbodi nents of the invention, as
well as s pe@pmacanemfﬁﬁeshmasfe”rieoﬁe embpedimgnie g eariqus pézweemihs spasififiatian algt s

thereof. It s p Ci at b e,.of ordl nar he ar
that “any bl SRRFagn R RisFateoib Mat AP R REunb e iahalill Brarlehbf, ot i ve
circuitry e@ﬁfb@éﬁ'rr%tstﬂ'e@eﬁﬁﬂlﬁ%&hzﬁﬁy &lendshe Jf Bﬁﬁ%ﬂn@@dm%hm IRk ls¥me bpplikskd  be
appreciated that any flow charts, flow diagrans, state transition d| agr amns,

pseudo codethea:ntlnt'mwmkleatit@pr esent various pr ocesses whi ch may be

comucer Sar. br oo RhERER Gt e R S bR Bl B pide SR e Y @
explicitly sinewadvdbiigasd 8%RiéLintdriersh e&lﬁgm%ne& ma‘ﬁqlm@ ehniumiBh! ¢t uyal ue
and range should be interpreted as being approxinmate as if the word "about™

?r : ﬁppr OXId wﬁteflmy guclin[]ae?e®d lerigth, watl e topf bettrte?],magmteﬂy) Ito ifaalrlng?e thetdlewriptloge

urt her understood that various c e details erials, an

ar r angement & g‘FlPYFémB%FP Rf Reriiag & Bl P eSS anteiFF pBeeRid o

order to expkahfle!hgoAbLY Fot @hp Iymn%hé Oé&%@él'rf?s@ h'ﬁﬁbéu@ﬁ BIREE, LY J fueREry %‘ﬁb' led
in the art wthout dgepartln fromthe scope of the invention as expressed

in the ﬂ@l | ofitheghiet dimensiohk Phetybe dllrrernelloeaifsnusturemstshewhm thevii gugesmSublo d

cl ai s, are ecited in_a particul ar uence with ondi ng
Cabel Thg. | unh” bl sl e G HeCER RS b L) Yo i b B aRal
sequence fORvHeFQ%'h@@EB&M&Q a%eovr%l&'i Allsoh. KRS f‘v@ﬂ@%% utdQRSwEhEMENL S are

not necessarily intended to be l[imted to beind inpl eme ed 1 n that

parti cul ar séfuendgerRefleriendel lngre surhtoviehtanen enfoodéeseeptive mrpdsaronly and
enbodi ment s t hat partl cul ar feature, structure, or characteristic
descri bed |H°Et821?é:8fl?t8ﬁ W fHIRECBbodi ment can be included in at |east one

embodi mgat of tha i WePLL8LLs of REARREAPRNE B8R @fmd REuPRI 8K, piind "OBGip]
enbodi nent" in varél ousﬂ% acessO In t% gpem I ce{]'rtmlt onu@r e notp ) gcess f:di y all
referring tdcdrnectsdienmatingl neitbnnavord" acfer ®epamatn@eidknoaint iartiairt velater
developed in which energy is allowed to be transferred between two or more elements,
and the interposition of one or more additional elements is contemplated, although not

required. Conversely, the terms "directly coupled," "directly connected," etc., imply the

20 absence of such additional elements.



enbodi ments necessarily nutually exclusive of other enbodi nents. The sane
applies to the term"inplenentation." Throughout the detail ed description,

t he drawiwig=pioor4sh are not to scale, are illustrative @niryusand/ oares used in
order to explain, rather than limt the imention. The use of terns such as
hei ght, length, width, top, bottom is strictly to facilitate the
description of the invention and is not intended to limt the invention to
a specific orientation. For exanple, h&lgdiMSoes not inply only a verti cal
rise IinitatiOﬁgkput is used to identify one of the three dinensions of a

t hree di nensi olaf %FFWE?ﬁFe as shown in the figures. Such "height" would be
vertical wherejt g fpeabdsoeaspif: hori zontal but woul d be horizontal where
the el ectrodes are vertical, and so on. Simlarly, while all figures show
the different 4f@aspewsveggidegratmgnned | ayers such orientation is for

descriptive purpo onl nd not, to be construed as a . limtation. Al so for
pur posesSof ¢t SuaeER Dol iR e FpRees Botp B g Syt Pt HEstiR eq, -
"connect, " " connegd fiRGpluraPity caPHIBEH ﬁ@ls"t_vxfa%%iﬁdé B WecHRINETe b HRWBI1inBart he
art or later developed in which energy is allowed to be transferred between

two or nor e vethghehrs waseghiddw thefiest pesiguidergratingoned or nor e addi ti onal

T o A S o GOt A 1
addi tional ¢.QEBAESHGhM MRpMAld éoﬁpﬁh%&@@fﬂs?@a@eguﬂ% ARRRNIATURe FiRPARI | Si Ng:

a first waveguide grating; and a first plurality of wavegui des connected to
the fird0 wasmgdivdeegriddsi ng, wherein: the first plurality conprises a first
wavegui de and a second wavegui de collinear with the first wavegui de at the
first wavegui de grating; and optical power of a first polarization of a

first optical si %@Iap%gahg BEcIL%h L NendikinSh BSOS G5Al k&a}éﬁ&s%pl it and
coupl ed by the first vegui de grating into the first”and second
wavegui des. c@mpdimat hppag ativs cafiecivaveterdgth, whar giteal pdwer loé thei firstt podqptzat e
si gnal conpriseg a ) ) ) ) .. )
of said component is split and coupled by the first waveguide grating into the first and

15  second waveguides.

3. The apparatus of claim 1, wherein:
the first plurality further comprises a third waveguide orthogonal to the first and
second waveguides at the first waveguide grating; and
20 optical power of a second polarization of the first optical signal is coupled by the first
waveguide grating into the third waveguide, the second polarization being orthogonal to

the first polarization.

4. The apparatus of claim 3, wherein:
25 the first plurality further comprises a fourth waveguide collinear with the third
waveguide at the first waveguide grating; and
the optical power of the second polarization of the first optical signal is split and

coupled by the first waveguide grating into the third and fourth waveguides.

30 5. The apparatus of claim 4, further comprising a first optical coupler and a second
optical coupler, wherein:
the first and second waveguides are connected to a first side of the first optical

coupler;



conponent having a first carrier wavel ength, then optical power of the
first polarization of said conponent is split and coupled by the first
wavegui dewgratwrg3ont o the first and second wavegui des. PBT/UBh@9appas at us of
claim1, wherein: the first plurality furffer conprises a third waveguide
orthogonal to the first and second wavegui des at the first wavegui de
grating; and optical power of a second polarization of the first optical

si gnal is couphethitsyandfeurth waveanedes gue apanepted foragfiishtide efrtbe s¢viond opfacaégui de,
t he second pol ar i zation being orthogonal to the first polarization. 4. The
appar atus of “8'%rm 3, wherein: the first plurality further conprises a

fourth waveguite fig®@haly e Mistal¥irkien $thibe@vebR VIR SR aRizuidB & rdtink Shd \Wev@gui de
grating; and the optical power of the second pol arization of the first

optical sigeaticdlsogpérit and coupl ed by the first waveguide grating into the

third and fourth wavegui des, 5. The aratus of claim4, further

compri o g a fiF SEOB TS e A 6 8" BT Ay esdF eingad den:
the first amﬁst%ﬁﬁeﬂ@oﬁyﬁy@gwsé@oﬁqd%@%ﬁ@aﬂggﬁ?&eﬂtqro% fHerrate 18hglg, of the first
optical coupler;the third and fourth wavegui des are connected to a first

si de of the sebetdrdopivegaide bouibedirst lerpth bétmsen thavasfuvaegiids gatihg nsd theengt h
between the first wa egui de lgc{ating and the first optical coupler; the
second wavedtficde °REL! SORITAY | ength bet ween the first wavegui de grating

and the first Qptdeal w&%gﬁ)ild%as_ &Q%ec%%@@é}%tﬂ GRatd, g v@ivfséﬁ&@@ﬁatiflg%ﬁ the
first length; the third wavegui de has the first |length between the first

wavegui die gtlatSengndeopdicalhmugkecond opti cal coupler; and the fourth wavegui de
has the second | ength between the first wavegui de grating and the second
optical coupler. 6. The apparatus of claimb5, wherein:

6. The apparatus of claim 5, wherein:
the first optical signal is characterized by an optical-symbol period; and
a difference in optical-signal propagation time through the first and second lengths of

15  waveguide is approximately the optical-symbol period.

7. The apparatus of claim 5, further comprising a plurality of photo-detectors
coupled to a second side of the first optical coupler and a second side of the second
optical coupler.

20

8. The apparatus of claim 7, wherein, if the first optical signal is a polarization-
division-multiplexed (PDM) differential phase-shift-keying (DPSK) signal, then the
photo-detectors generate electrical signals indicative of data carried by the PDM DPSK
signal.

25

9. The apparatus of claim 7, wherein, if the first optical signal is a polarization-
division-multiplexed (PDM) differential quadrature-phase-shift-keying (DQPSK) signal,
then the photo-detectors generate electrical signals indicative of data carried by the PDM
DQPSK signal.

30
10. The apparatus of claim 1, further comprising an optical coupler, wherein:

the first and second waveguides are connected to a first side of the optical coupler;



the first optical signal is characterized by an optical -synbol period; and
a difference in optical- signal propagation tinme through the first and
second | engt2hn/wf43%avegui de i s approxi mately the opti calPCsyusbalo/opené od. 7.
The apparatus of claimb5, further conprising a plurality of photo-detectors
coupled to a second side of the first optical coupler and a second side of
the second optical coupler. 8. The apparatus of claim7, wherein, if the
first optical tb¢§rawaveguadglsarfirzaEengnditwosh dre-finyuvavoshisiceatinepry the
differenti al ﬁh se-slhi,ftd keyi ng (DPSK) signal, then the photo-detectors
generate el SBYYY EAIP'S7 §ffal s i ndicative of data carried by the PDM DPSK

signal . 9. ThapapRahdWaSeHidChRiaedond 8 b8webh tHeT8sfWivekui@B ARk afd apal
is a polarizationdivision- nultiplexed (PDM differential

quadr at ur e- phgé ceuplén thesgiang l¢maPBKNg diftpmert fromhihg firktdengtiot o- det ect or s
generate_el ectrical signals indicative of data carried by the PDM DQPSK
si gnal . io. The apparatus of claim1, further conprising an optical

coupl er, wher ej nTht REpdridi§br @Rch $@GARGiMavegui des are connected to a first
side of the optical coupler;the first wavegui de has a first |ength between

the first wavebefide ogrc siggalamdharieeroptibyah opocgtsembolprdiothandsecond
wavegui de has a.second. | ength between the first Y ide grati and the
oot + cal _coupl ¢t TERAS MGG SEGH A BaeHdITS Do he B tboerprlEngBigt n
11. The app@\ya%é{rﬁdé)ﬂ‘s aﬁ%@g{{ﬁl&gytﬂ@%@beﬁ(@ first optical signal is

characterized by an optical -synbol” period; and a difference in optical -
signal pPopagation time through the first and second | engths of wavegui de

i S appr oxi rra;tMe)f H,Eghe synbol (Be.r i g(g éﬁe The .apgar at Es of claim 10, further
Conpr 1 sing. t wolOF PR phriaim, L ke campriSh oA PES gatel I hEo Bl o
coupl er, wherghp ,sid'efofftﬂ&eopfﬁ'célséouﬁllak'v&h%ken%,' igﬂﬁlfir'st%ﬁ)@icg' sggn%r &Ntdifkrential
phase-shi ft-keying (DPSK) signal, then the tw photo-detectors generate
el ectrical shgrahift-kexdng ddPMe) Gfnadlahen thartwo ptlotbydetdaerrDRIIEra¢ glaatkicalkBnalkhe
apparatus of claim 10, further comprising four photo-detectors coupled to a
PP ind(ica%ve 02’ gata cameg| %y the ]SrggK signgl. P P
15
13. The apparatus of claim 10, further comprising four photo-detectors coupled to a
second side of the optical coupler, wherein, if the first optical signal is a differential
quadrature-phase-shift-keying (DQPSK) signal, then the four photo-detectors generate
electrical signals indicative of data carried by the DQPSK signal.
20
14. The apparatus of claim 1, wherein:
the first grating comprises a ridge waveguide having on a surface a plurality of
cavities or holes that form a periodic two-dimensional pattern; and
the first optical signal is applied to said surface.
25

15. The apparatus of claim 1, wherein the first waveguide grating and the first

plurality of waveguides are implemented in a monolithic photonic integrated circuit.

16. The apparatus of claim 1, further comprising:
30 a second waveguide grating; and
a second plurality of waveguides connected to the second waveguide grating, wherein:
the second plurality comprises a first waveguide and a second waveguide collinear

with the first waveguide at the second waveguide grating; and



second side of the optical coupler, wherein, if the first optical signal is
a differential quadrature-phase-shift-keying (DQPSK) signal, then the four
phot o- detwotoriiogsner at e el ectrical signals indicative eCTdst@ooarmé ed by
the DQPSK signal. 14. The apparatus of clam1, wherein: the first grating
conprises a ridge wavegui de having on a surface a plurality of cavities or
hol es that forma periodic two-di nensional pattern; and the first optical
signal is applie@ptienl paiver efithé fese polagzatipheof appeandtapsicdfsignhbapplied tather ei n

the first wavequide grating and t.he firs lurality, of wavequi.des ar

e ement e T S RER KR SRS dlBla Pt ek Sy R Sl ¢ U
of claim 1, ffihleécon@WRKEAIING of TheSRESpIWAYRIUI de grating; and a second
plurality of wavegui des connected to the second wavegui de grating, wherein:

the second plurality conprises a first wavegui de and a second wavegui de
collinear wt first wavegui t the second wavegui de grati ng;

andopt i cél powjrt}gfamﬁ’éatflf Pgﬁglﬁbﬁj@r"i%féﬂlpn of a second optical signal
applied to thehsge® @ﬂlrmx%%bﬂﬁesgrtﬁfrﬂ RevéshidPrdta ROHh GV B BvhdeBRais§coNd
wavegui de grating into the first and second wavegui des of the second

plurality. i fifhadsppardayusguidecoiahenits plulgy endhcoltihearfwithstachbtheaht thy
conprises a_.third vva\g{egﬁléi.de and a fourth wavegui de orthogonal to the first
and second WAVSGUFHELS BRtiPke first plurality and col linear with each ot her

at the first wy ?&Bh&’ﬁhﬂaﬁﬁ& E&_ﬂpriée@%tﬁﬁ&%deg%dy a%'diat%uﬁﬁ’%%g'iﬁ&e Gtlodbhd
wavegui de and a fourth wavegui de orthogonal” to the first and secon

wavegui des of theHestsmd oecbnglwavaguitss alne @obihd pleealitywitdcodlachr withenchadtherpe
second wavegui de ati ng; optjcal power of a second polarization of the
first optic&® SFgkhyayeelids|&dtingng coupl ed by the first waveguide grating

into the thir %é%gﬁl Oﬁo%&t)ha\@@c\bﬁ&ﬁbﬁ%at% drie fikst SheicRl éifrn?ah!ist it e ARIdIR/

power of the s pol ari zation of the second optical signal iIs split "and

coupl ed by theefiisewaveguida\cegingdetoghathinrdgnd fidwtht Wwevdghides ofathd firaypddrhlity; and
wavegui des of the second Hll urality., . . ) ) ) )
optical power of the second polarization of the second optical signal is split and
15  coupled by the second waveguide grating into the third and fourth waveguides of the

second plurality.

18. The apparatus of claim 17, further comprising first, second, third, and fourth
optical couplers, wherein:
20 the first waveguide of the first plurality and the first waveguide of the second plurality
are connected to a first side of the first optical coupler;
the second waveguide of the first plurality and the second waveguide of the second
plurality are connected to a first side of the second optical coupler;
the third waveguide of the first plurality and the third waveguide of the second
25  plurality are connected to a first side of the third optical coupler; and
the fourth waveguide of the first plurality and the fourth waveguide of the second

plurality are connected to a first side of the fourth optical coupler.
19. The apparatus of claim 18, wherein the first, second, third, and fourth waveguides
30  in the first and second pluralities have equal lengths between the corresponding

waveguide grating and the corresponding optical coupler.

20. The apparatus of claim 18, wherein:



18. The apparatus of claim 17, further conprising first, second, third, and
fourth optical couplers, wherein: the first wavegui de of the first

pl ural it ywerdiotoas3pi r st wavegui de of the second pl urali PgTASR00008TTe€t €d t O
a first side of the first optical couplerjsthe second wavegui de of the
first plurality and the second wavegui de o? the second plurality are
connected to a first side of the second optical coupler; the third

wavegui de of tthesddondwapeawidd ¢ftthe sasand plarality eempiasee g direihase shifeersecond

luralit ted t irstsi the third optical ler; and
Phe four - vavigiao Seb il 3 MesBlond i iy olat i BB pRSSaTBENREL of "t he
second pl ural i hy aggRatGORNGEE @nfirReda 513181&@\1% 5t Piot6fdetcb@rd Wbt 9BddoRa@kides

coupler. 19. The apparatus of claim 18, erein the first, second, third,
and fourth whthedubtdessond thind api feurthaopdicglewopldrpmbierdin. it es have equal

| engt hs petween the.corresponding vequi de. gr.ati ng.and t or respondi ng
opt Poar Soupter . oS eHRADTRRL AP EH e af S0 R Fed D BbRERG
wavegui de of t hegpaamd Rbdilaldnt@aNREiges a first phase shifter; the
third wavegui de of the second plurality conprises a second phase shifter;

and the appar at ushef sgrorveopticalnygias e lacgtaseidlnior yigodl; pivbt o- det ect or s coupl ed
Lo second s1des b BGnd his? hid sseggfg@ﬂgﬁasé DhifyChs 204 oReipona AR phEd aifigeReHS:
pol ari zati on-di viygb@Romdbictp! exed (PDM quadrat ureanplitude- nodul ation
(QAM signal; the second optical signal is a local-oscillator signal; and
each of 10 he tienrth¢ plario-dsecondeaphaseclsdiiifl eigpals eétdicaive of datg pamidi iy thxhI9 b

di fference to agbout 90 degrees, then the photo-detectors generate

el ectrical Q@ﬁaﬂlg&la}'ndi cative of data carried by the PDM QAM si gnal .



