1 Multi-Wavel ength Coherent Receiver Wth A Shared Optical Hybrid And A
Mul ti-Wavel ength Local GOscillator Field of the Invention 100011The
invention relates to optical systens, and, in particular, to systens,
apparatuses and techni ques for digital coherent detection Background

I nformati on 100021Di gital coherent detection (DCD) has recently energed as
an attractive technol ogy for high-speed optical receivers by allow ng for
the access of both anplitude and phase information of a received optical
signal, thereby enabling digital conmpensation of transm ssion inpairmnments
such as dispersion and Pol ari zati on Mbde Dispersion (PMD). Fig. 1
illustrates a conveviul+WavélepigthlColdrene RecebeeiWieth Ahargat i cal Local
Gscillator (OO @ éaggpmfgdﬂ%ﬂﬁwwgtﬁL&agmuﬁafmd reference
source R are provi to“the input ports of a six-port Polarization
Diversity-Optical Hybrid 120. In principle, the hybrid consists of |inear
dividers and conbiners interconnected in such a way that four different
vect ori al BdHi dfitheEveitigshe ref erence source and the signal to be detected
are obtained. For exanple, a polarization-diversity optical hybrid nay be
const ruct epotw] tVth)@Ii\@ﬁﬂl(ﬂﬁfrélﬂék e apticib| siybtbras, Sar(dPBS myticatag, tovey i, cal
hybri ds. Each opti c bl’l% rrcggrage based on a M chel son interferoneter or
M chel son ?H??@P‘F%Sra& 19PSRer E‘%“ﬁ?eét ¥SHObpt i cal coherent detection,
the six-port polarization-diversity optical hybrid m xes the incom ng
signal Swith the reference source Rto obtain four mxed signals, (SFR),

(SO R"), BRI Inf@RBtowY-1] ft), where S' and Sy are the optical fields
of the two orthogonal polarization conponents of signal 5, Rx and Ry are

the opticajgephijel dpidh tc&%rén\f‘Qie%E&p@@@? @I@éénaﬁtén%g&iogpcanemrmé
reference R,_and J 1s the inaginary uni ower waveforns of the four
out put m xr@dm@logméméng&we@qheptlcalere@meés:bse@llqyyn& Jidhecacesrs ofi befbpawlinde (SD s)
125 and prQyi ) ul t ant
di gi tal doﬁlpﬁgglgﬁgﬁﬂ atf&e gé%ly %{A}e/%?eter?; Sgﬁﬁgdtl %pforg%ﬁzailgﬁ( ) or
real and tcbfetrqmsadssainuma(r@)en@r sucma@ dnapeym@romp@riﬁxlﬁrgaféﬁn &bl Bfsperbien t wo

pol ari zat | &@AD). Fig. 1 illustrates a conventional digital coherent receiver 100. Optical Local

Oscillator (OLO) 110 generates reference source R. Signal S and reference source R are
provided to the input ports of a six-port Polarization Diversity-Optical Hybrid 120. In
principle, the hybrid consists of linear dividers and combiners interconnected in such a
way that four different vectorial additions of the reference source and the signal to be
detected are obtained. For example, a polarization-diversity optical hybrid may be
constructed by two polarization beam splitters (PBS’s) and two optical hybrids. Each
optical hybrid may be based on a Michelson interferometer or Michelson interferometer-
like structure. For optical coherent detection, the six-port polarization-diversity optical
hybrid mixes the incoming signal S with the reference source R to obtain four mixed
signals, (SytRy), (SxHjRx), (Sy+Ry), and (S,+jRy), where Sy and S, are the optical fields of
the two orthogonal polarization components of signal S, Ry and Ry are the optical fields
of the two orthogonal polarization components of reference R, and j is the imaginary unit.
The power waveforms of the four output mixed signals may then be detected by single-
ended detectors (SD’s) 125 and provided to Analog-to-Digital Converters (ADC) 130.
The resultant digital domain signals Iy and Q) are related to the in-phase (I) or real

and the quadrature (Q) or imaginary components of each of the two polarization



2 components of the signal S as, Ix(y) cc Ct+real (Sx(y)), and Qxm cc
C+timag(Sx(y)), where Cis a constant. These digital signals are provided to
a Digital Signal Processor (DSP) 140 for further processing. By applying
sui tabl e signal processing algorithns, die anplitude and phase of the
unknown incom ng signal S can be determ ned. [0003] The

pol ari zation-di versity optical hybrid zan be a ten-port device with two

i nput ports and ei ght output ports, as shown in Fig. 2. The ten-port

pol ari zati on-diversity optical hybrid 220 m xes the incomng signal S wth
the refer emr@og@msr efehesignsl Stas.dicn o Gtrealfaip. 908 Qi edinsdgghal) sWitase Cas ght

m xed sign o Ve vef or ns
of each paélf?t!r:o%)S %’hg?%)dg i f é%n@S egé §%E%)e? tﬁr’é&? tg Si%xl a{)yl)oaeesg(g}c W@( conpar ed
by a balanﬁmﬂmQEMEeﬁmg Hﬁﬁ@ﬂﬁﬁgﬁwﬂddeggmﬂmdednge@gmﬁ@@ ﬂ@@n@fh@emmtultant
four digit nal s | x are, related to the in-phase (1)
or real an 5?%% dﬂ%&i n”50T6fg§%mﬁ%§6$§g?%n%gﬁ%onents of each of the two
pol ari zat i 03jonpDine pélsrizatiot-Hieesitg oalicaBhas|d &am(t}e) a ¢a- pcmadic(v&be(‘yl)h tamd Q' (y)
cc imag(S(y)).. These .di signal.s are i 0, a. Digital. Signa
Processor %‘&I—ﬂmﬁﬁ’ﬂf ?‘g‘?t%‘tﬂl‘{ RS By Yowa dy Efié ? fhﬁg?nep?ﬁ %%arfzﬁéoﬁ%’lﬂis de and
phase of t§&ickrHyBRID20 ﬁﬁ;@mhﬁgnc@hﬁﬂgadlgrﬁl S 0@ @Kk rEutambescmmeuca;I obtdi@fumpor t
networks wi Il demand increased signal data rates.

. Wth th
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i's expect egd &\RQ?Wlal/éﬁ)ltn’%Q)f l&(chtﬂ&?r FRRESh 0;94 ngs"?na Nenl 1R ¥Ricd ahdli S

i RS
bottleneck 1s to use multip %1 sub c annels at different
wavel engt h@onmre@lehyr@/bqlmedmwmr (@ )széééﬁld pioyisiad o mp ADel Hedée vseltasit de, a

Viavel engt hToQP afdHhit d g ki 19&1{ y\é%qw;%gfy) hilet8ibteli So fHle’ 1§tph9§e@) &Oreﬁleagf'ﬁrtﬁ& e the

sub- channe K convent i coherent receiver hen be used for
~each of th@mdubncﬁahmehsgnMNcmnmemmWUﬁd@dl@Ubhﬂampdp@mma@hompprQG@ use of

mul tiple ( ptlcal IIator ) tical hybrids,
cach fol | old! 35\9’1 ? %? weredt %(5 88 Rt <Al Sé g ?8%5)& C@%lgatl Aoyt gHal

Fur t her nor govided @ld Digltﬁlfﬂigﬂaﬂ?ﬁicbﬁbr (DsPhed@br gurther pecEkivg tadtermine the
nultl-mavele sigpal in the conmmonly used_ C band (between about 1530 nm
and 1565 nﬁquW% W%%ﬁﬂﬂ}Wﬁéﬂ@“?@‘ﬁﬁWEm%%%@? $80 output ports if the

sub- channejoosgjaci muﬂeso&@alq%sp@n detf@fksawlli 8dn@in@NhcBaskd isrdralvedienged si gnal ,

a different subset of the OUHF ports neeﬂs to be hy5|cally connected to
the opti calloNG¥sF: i the gntgpgte %‘ﬁ‘re SR dSIRE Rishe Higneb %Ia GRS §enlg To/s),

mul tivavel gagtih esiedRakSvd BAHE] & thB8pdeaGRIATSCiddealAr S ol Ql 1k bohaurel s to
be phase | ocked and parallel iZation of the post-conpensati on schenme to

cover the iere byeemyprle (s &l &P silhehapeds at diffgret tiaaleegtys torcpey the wimbighexi ty,
cost, and éﬁ;&% SR I4itie ASE0G!REEE WhiRndRIREMIRGRIMET (WABRIORF RS @M e quite

hi gh Summa rmati on
first used to separate the sub-channels. A conventional digital coherent receiver may then

be used for each of the sub-channels. In other words, such an approach proposes use of
multiple (e.g., 10x) optical local oscillators (OLO's) and optical hybrids, each followed
by four detectors and four ADCs, to receive the signal. Furthermore, to allow the
receiver to be able to receive any multi-wavelength signal in the commonly used C-band
(between about 1530 nm and 1565 nm), the W-DMUX needs to have about 80 output
ports if the sub-channel spacing is 50 GHz, and for a different multi-wavelength signal, a
different subset of the output ports needs to be physically connected to the optical
hybrids. Tn addition, some such solutions utilizing multiwavelength signals require the
local oscillators for all channels to be phase locked and parallelization of the post-

compensation scheme to cover the entire spectrum of interest. Unfortunately, the



100051System nethod and apparatus enbodi ments are provided for digital
coherent detection of multi-wavel ength signals. Provided exenplary
enbodi ments of the invention permt substantial reductions in the
conplexity and cost of a digital coherent receiver for receiving an

ul trahi gh-speed signal that includes multiple wavel ength sub-channel s.
100061An exenpl ary apparatus includes 3 pol arization-diversity optical
hybri d, at Ieast four \Wavel ength De- NUItipIexing (WDMUX) filters, 4M
det ectors, 4M ADCs, wher Mis i nt reater than one.. The
pol ari zat i le_p ey €95b fn%’i‘f?"t?%‘htﬁfﬁ?qc@t a‘é‘i‘r&h ?‘?é SV pRPTGaEhes Ae 4PIS ng a
nultl-maveMngth signal including M sub-channels, each sub-channel at a
di fferent mavelength and a second input for receiving a reference |ight
source including Mcontinuous-wave references, each continuous-wave

reference gtmﬁ\a‘gﬂ $fiRE QRford@Meh €ngt h t hat approxi mates a center wavel ength
of one of TI sub-channel's. The pol ari zati on-di versity optical hybrid
al so has afool\)ﬁ St nQdldAUhg o d@gﬁ&k SMIRREntd dit BovitRE f&} d¥ifaVbBheldpput . Wi th

each of the I nputs provi a correspondi ng one of the outputs of
t he pol ari Wil@nomwlér%\/ﬂyn@bmgew mequdxe@ﬂm@a%ﬁdIWf fhielipeantipn ovi di ng
Miiltered ?B&'sﬁ&#anﬁﬁl%&g lorﬁ% H%étc%mpﬁ% aff cotsP&‘ P LARIAY FecGOQVEF LS at
| east one of the ter annel tpu¥s Into a correspondi ng el ectrical
si gnal . Eacbheivhg theltraivpingEsd e;gnalrehat swkud@ rofltiplh evag¢lenptly ubadhamienal s into a

g T L L e D

appar at us Ieast fdueWavelehgil Bs-Nuldplgkihg (Wsighiad) ﬁbuemc@dsi@tectbmr arpirddd a8¥isng t he

di di gital I nd ret
il 1 - e eV BgE AP Srinfect iRt B seE ot HUR BT TAr oS tnteheg bvhe the w
sub- channefist inglithfer reeaibmglarmmtlswazlemgth rs@naldecladmylM bubaehaehes) ghdh apt i cal

| ocal || at the M cont -
of or encesS oY I OF TRy BB 881 RPRAIG BRI NEOHP BRSOV ET asor

sour ces atsodickfigtledhg Wa\CehBRGENwavRNEfeReridt heNEnfinGRighiatE Refedadd 6€a | N
ot her enbodi nents, the M¥ OLO may conprise at | east gne cantinuous wave

| aser sour@Eferaﬁtdwavelw&{gfhabﬂéprﬁw&a@%% ceME Merienetbaticas i the MTHE- My OLO

nmay be tunafhfys 1RO D00 eH08d d)ﬂ?i%ﬂthybhﬁ'%ls[c?%hﬁﬁﬂ 12&t kR odipuRr Hakly opti cal
hybrid provides four outputs regresentlng he in-phase and quadrature

conponent sWoPMARE fltest hets\mWoP ot i eich pathcol-PHR eHtssPratideche

mul ti - wav % %ohdlﬁggﬁ'é%fthé BuRROLANGE pﬁ%ﬁbﬂ@x@%mﬁ%@ﬁw@q{y@fﬂZa%ﬁ'e% Wiversity
opti cal provi des four palrs out put s e two outputs of each pair
bei ng cor rléh@f?é@ltelr ppvidingnyli ﬁigpmdwomhals@laalmﬂ oytpatr alfash eof domrplinéstiectorpf each

'n such_arSnaadt IRt pf B A0 SRR b O by BB BN R 200, oy
thle W Dl\/ltJXEachpnﬁtt}se @ﬂg\D(&heazbt naercsmmegﬁmmﬂecmg:abmgrﬁths‘ lntme;:@regmndmgtcp%lm O]::I t he
pol ari zati gn- di ver si iC ri and eac or. 1S al ance
detector foF gon@értl ng %re f“Yhe epof“fclj e(g}é ngsefe npt)llﬂl sth? n]\liosu%

correspondihagned. ectrical signal, the two fil ter channel outputs are

correlat ed[o\%'}]h rlerlsg)n%cé[mt}o 1mee%‘(c: r%heozpo)aratus further includes a digital signal processor

for processing the corresponding digital signals and retrieving content of the multi-
wavelength signal. The corresponding digital signals represent the M sub-channels.
Other embodiments also include a multi-waveléngth optical local oscillator (MW-OLO),
the MW-OLO for providing the M continuous-wave references. The MW-OLO may
comprise M independent continuous-wave laser sources at different wavelengths and a
wavelength-combining device. In other embodiments, the MW-OLO may comprise at

least one continuous wave laser source and at least one phase or amplitude modulator.



10009] The pol ari zation-diversity optical hybrid may include at |east one
pol ari zati on beamsplitter (PBS). The multi-wavel ength signal may be a

pol ari zati on-di vision nmultiplexed (PDM signal. The multi-wavel ength signal
may be an optical orthogonal frequency-division multiplexing (OFDVM signal.
Each of the WDMJX filters may have a periodic frequency sel ective property
such that a series of equally-spaced f4equencies with a spacing that is
equal to at least Mtimes the spacing of the sub-channels is routed to one
of the output ports of the WDMJUX filter. For exanple, the series nmay have
a spaci ng tieY'W-9L0 By bgtanableres t he spacing of the sub-channels. In one
enbodi ment gopd)e ARPHALHSodRhert! Mk @olaﬁ%%edi%rét?eqﬁti'&ﬁqr%ﬂﬁy rSAAGI gy bet ween
t he sub-channels of the nulti-wavel ength signal i's about 50 G4z. The W DMJX
filters naguibss fepteegntiag dip inmhasepind gupdratpigromaorents of eash of Py thpgonabduce
size and c - 11 L N S t = nel s.
1001010ne. A ze B ISIEReBARF of Mo bRl VI PR Mo 10" R

t unabl e oppalaehtidn-divesityf opticelubybuidt prongdeshfeumnpditsi of vanaise tigt twosougpe$ opr ovi ded
to the firgt, input. of alari i | .Vers] tical id . lA various
appar at us. SrbaHr Hing soh TP LAl MEl bRt B BonolPb o oF G
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mul ti-wave] ength sign i ncl udi n sub- channel s at differen vel engt hs,

adapt ed t ohyﬁ’élge‘ir’\?@a%‘ ‘?eéef‘:&’rr é%acléah?“i%&met%%(ﬁ&?:recof%etﬁ“ﬁﬁfiwﬁd)fI(hecfgﬁf‘?dn%‘%ﬂ?i wave

sources at o@d,%;u‘ti RfeNEordepoaLRR Glebisicil Rhalamp 1X fiNBt BaGeNEBfuty@ ¢ ebesgbhs of the
e

M sub-channel s, and adapted to output four optical signals representing the
i n-phase aWdh GRest Bieas BB nponent s of each of two orthogonal pol arization

conmponent sjogho)t heTpahdidr MeNELie8S oRicaNFbrid ARy SchR laBle)st BHE pblaNyaveh engt h
coherent receiver further includes four WDMJg( filters, each WDMJX filter

adapt ed t obseecanlier dRBShf Tiremylirvevslengthghigna But pat2 PPBRTalive-dbptiPtal
hybrid, and,gdRpiePo) Qghta@.utThMm@.gJaeémweLig@ﬂtn&y%mp%:cm%}gg&&@t ors,
each detector adgﬁ ed to“convert one of the filtefed si n%lqe-vvavel engt h

si gnal s i nfgluanayeh yisiop owtinhying (EEDMIsednak i Bpghpt thg WeBMBX Iligismasthaype

si ngl e- wav | I i i - i ch

WO TX 11 P b A B B o R St e
t 0 conver t witine spcingitbates ephl focaleasti Mriaes thawpaciag obihe espomdnelgisdigted al
signal; and a di.gital signal_.prqQge pt ess. f our .of
the corr esﬁgoorrl1 ioﬁghed(i)ué?]“ﬁggg% P%ﬁlﬁﬁgﬁ\gg?(e@ge%t |Fﬁ)g e’tgé}%léﬁ) #?1?% e%seggl-s‘l%tﬁ’%‘zgn"él in
order to rghcihgthat cohbelt1fiores theesphdingdf thellbbedhamredd. Iobnd trebaduhént-thavel engt h

|Slng|nﬁ|de S[ ge%]pg ajturs] o?nc?z;rh?le{ W%%?ﬂdlhgefpetqhegcgespggtllgt Eétv\n\gae'gne lth%nﬂghchglglgﬁrcﬁn tEle recei ver

multi-wavelength signal is about 50 GHz. The W-DMUX filters may be integrated in a

plal;ar lightwave circuit (PLC) to reduce size and cost, and to ease the timing alignments

among the sub-channels.

[0010] One apparatus embodiment may include a tunable optical filter, the tunable

optical filter for outputting the multi-wavelength signal provided to the first input of the
polarization-diversity optical hybrid. In various apparatus embodiments, the sampling

rate of the ADCs may be approximately the frequency spacing of the sub-channels of the
multi-wavelength signal. '

[0011] In another exemplary embodiment, a multi-wavelength coherent receiver

comprises a polarization-diversity optical hybrid, the polarization-diversity optical



MM OLO, the MM OLO adapted to provide the M continuous-wave sources. The
mul ti-wavel ength coherent receiver may al so i nclude a tunabl e optical
filter, the tunable optical filter adapted to output the nulti-wavel ength
signal provided to the first input of the polarization-diversity opti cal
hybrid. [00131In one exenplary enbodi nent, a nulti-wavel ength coherent

recei ver includes a polarization-diversity optical hybrid, the

pol ari zation-di versity optical hybrid adapted to receive a multi-wavel ength
signal including Msub-channels at different wavel engths, adapted to

recei ve a mrdr&lsped seureedve e myli-wayeAangdnsiemhonsudiay Ms sbrehaanely ayi f f er ent

vavel engt hget gt v@al@%ﬁ%ﬁl‘xsmaéd%pt@@%e%c\é\{%’ei &R@tdAse afght NBuMk Sthléru‘ai?@n[w' s, and
adapted to output eight optical signals representing in-phase and

quadr at ur ecaRENYAEAYS S@frceea& diftsfent woveengtisfbiaAPPIBInzte sQsToMaVEBAPBhent s of
the mul ti-yay '1\2@9& a?lh&g'aa!nd aﬁgﬁﬁgﬂ%@w Ay HER \AD%géauﬁg%rﬁnt

receiver furt I nc es el lters, each X Ti1Tter adapted
to recei veplmsmandfquadietuwcqmnoncrm pfcaakh of Uvmrﬁlog(vr@hwlhrezabpm Feraponkyibf d, and

adapt ed t gthggr{f P wa\gﬂel%gpgm naYvaxﬁe S04 r'arf %n%ﬁé!w?%léi%@h%h&%@t%?e&eg%% plet ector

bei ng a ance ctor for co
si ngl e- wavietledgt fouo W-DMEX filets, aach &W}DMIUXt ﬁalcbrvadaMedr &5 peeitve tane ediche ot her

into a corr ondln el ectri,cal h
Lol o oo RSB RO e ea R 00 a. o el o ShiPl Shebveenan
W DMUX fi | §igtalst e &&&I’dtorsng:aéh fdetestbr addptecdhanbelvert %mw Blaatd AB@ef or

converting on of the electrical | s cor ondi ta

si gnal ; anﬁwﬁ Fed & ﬁpk;W5h%F°5?@8%£%%akﬂﬂ % 8@2 gqg%fmg “four of
t he correswmwngg clio@14 ailltlﬁloﬁél%lr@lef@@fe&&gtmt kl@@ltﬂﬂ@nféablstwsmmanfw| in
order to retrieve conten% for the first _§E?%gf of the multi-wavel ength
si gnal [ 0ORJeELERS WIBRILBOIShRANSE Ay A é ARG BaPEd e SeEHS s BEt i ve

property siedriddnatondls Sigld E%oﬂfasp%ﬁl&@%HYglt%p@FgﬂQ fah@quengiles gl tlo@sspaci ng
that is equal to at least Mtines acing of the sub-channels is routed

to one of adebted iR PaEespdseLor &urphélewoemwg igitel stenals geprsERnSSRe bt ar y
net hod | nc%%%%ﬁepﬁ%r%érqg re@rlévélct)ﬁtveeﬂhg Pk Qubielﬂﬂﬁ’él of B! e RehvMength

sub- channel s, each channel at a different wavel ength; rece|V|ng a
reference $gwtce including M contlnuous meve references each

cont i nuous e & gr{o%?%@%dl tﬂeegn%% &ngéh@rehheéceﬁap{nefauéeaes a

center wavel ength of one 0 anne m xi ng the multi-wavel ength
si gnal andNﬂ%éHKbﬂheémweJéOgmhpwdnoqw@mmiéa§Mﬁ@U@pwnﬂwwuﬁsgwgﬂalghe

correspond nlgi waveIerﬁethl cr(}hgreﬁsrgce%rég m%%?gf) %c‘ljurd% R %ﬁxtcgl f?%:r GRE Hm?glet WO

or t hogonal polarlza i on conponen i e Wa
filtering each fifer 'ramptemlubpwtpusihg rmajlts-Wamleng‘m Sigmg) Ip&)vv@deb émgﬁrlst uaplgrmﬁl S;
converting_ the si gnal s corresponding to |east one

sub- channef* gt SgﬁgﬁﬁﬁgVOWH%Lﬁﬂumand processi ng corresponding digital

si gnal s fopotdle aln dRastmpds @nﬂ@dﬁﬁb@ﬂlaelhulﬁ@vawelbmg'ﬂev@emnteemerfiﬁmudehe at

least one e? gg ar?zre]l?fcr)llgl Slver(glfty g}?tﬁ:aln}wbhld -till\apcﬁllr?zg (t)rp dl%flefcs’uy optical hybrid adapted to
receive a multi-wavelength signal including M sub-channels at different wavelengths,
adapted to receive a reference source including M continuous-wave sources at different
wavelengths that approximate center wavelengths of the M sub-channels, and adapted to
output eight optical signals representing in-phase and quadrature components of each of
two orthogonal polarization components of the multi-wavelength signal. The exemplary
multi-wavelength coherent receiver further includes eight W-DMUX filters, each W-
DMUX filter adapted to receive one of the output optical signals from the optical hybrid,

and adapted to output M single-wavelength signals; 4M detectors, each detector being a



[ 0016] Ref erence herein to "one enbodi nent”, "another enbodi nent”, "an
exenpl ary enbodi nent” and "an enbodi nent" neans that a particular feature,
structure, or characteristic described in connection with the enbodi nent
can be included in at | east one enbodi nent of the invention. The

appear ances of the phrase "in one enbodinment” in various places in the
specification are not necessarily all geferring to the sanme enbodi nent, nor
are separate or alternative enbodi nents necessarily nutually excl usive of
ot her enbodi nents. Al though various enbodi nents which incorporate the

t eachi ngs elanchd dgjedereler cpmipaingityn Halkelibeedh sisplswrvalsesty @sristby 4re det ai |

embodi ment & That Li PP p Aa e R e S & TR En of
t he Dr awi ngfsth§ G0gizivExel andtle sigrabodithrere Snght-hvabenetnegmbiremfeath W-DINAEY st ood
‘;; gvn\} ;he d%@rkgﬂ@seﬂ@%!x @ﬁ?&tis%ct%}{eeifuﬁeﬁﬁbg Jgl %ﬁ@ﬁﬁ.&p@e HP&WE Y
gs, erein i el'enents are represented by 1ike reference nunerals,

whi ch are ¢eatecl bjgnaayintf aidotragonditg aigivhlsignandnd hudigaalesigold drogebsor ng of
(e e ool BYFTRER R IR0 SRRl B SRRl o
pol ari zat i an-damer Bi driferaptdtéade chiytbiitifds the first sub-channel of the multi-wavelength

signal.

[0014] Each W-DMUX filter may have a periodic frequency selective property such

that a series of equally-spaced frequencies with a spacing that is equal to at least M times

the spacing of the sub-channels is routed to one of the output ports of the W-DMUX

filter.

[0015] An exemplary method includes receiving a multi-wavelength signal including

M sub-channels, each sub-channel at a different wavelength; receiving a reference source

including M continuous-wave references, each continuous-wave reference at a difterent

wavelength that approximates a center wavelength of one of the M sub-channels; mixing

the multi-wavelength signal and the reference signal into at least four output signals

corresponding to the in-phase and quadrature components of each of two orthogonal

polarization components of the multi-wavelength signal; filtering each of the output

signals into M single-wavelength signals; converting the single-wavelength signals

corresponding to least one sub-channel to the digital domain, and processing

corresponding digital signals for the at least one sub-channel to retrieve content for the at

least one sub-channel of the multi-wavelength signal.

[0016] Reference herein to “one embodiment”, “another embodiment”, “an

exemplary embodiment” and “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 appearances of the phrase “in one embodiment”

in various places in the specification are not necessarily all referring to the same

embodiment, nor are separate or alternative embodiments necessarily mutually exclusive

of other embodiments. Although various embodiments which incorporate the teachings

of the present invention have been shown and described in detail herein, those skilled in



[ 0019] Fi g.
coherent receiver with a ten-port polarization-diversity optical
[0020] Fig. 3 is a schematic diagram of an exenplary multi-wavel ength
coherent receiver with a six-port polarization-diversity optical
accordance of one enbodi nent of the invention;

schemati c

enbodi nent of the invention. Detail ed Description 0022] Vari ous exanpl e

2 is a schematic diagram of an exenplary conventional digital
hybri d;

hybrid in
and [0021]Fig. 4is a

di agram of an exenplary nul t7-wavel ength coherent receiver with a
ten-port polarization-diversity optical hybrid in accordance of one

enbodi nment §e a1 gan feadils elegiss arany cdherppacd gnbedimptth thap stk étrf@@%e theee

acconpanyi
functi onal

of describing exanpl e enbodi nents.

the terns
el enent s,
terns are

el enent com

@ghfiggures, it being noted that specific structural and

detalls di scl osed herein are nerely representative for purposes
Exanpl e enbodi nents nay be enbodied in
many al t er BriefdDdsoriptionofdthe Brawiighot be construed as linmited to only the

enbodi nents set forth herein. [0023] It will be understood that, although

EODI’Qt Eevaix ¢mb<tct'r,mentawilb beaomiedndve fidlynunderstded dronbtheigtailedis

on i hgdi sh one r om anot

st el enen

conj uncti vpors]d drig] URCi kahemskndiag@amdbf an exemplary conventional digital coherent

receiver with a six-port polarization-diversity optical hybrid;

[0019] Fig. 2 is a schematic diagram of an exemplary conventional digital coherent
receiver with a ten-port polarization-diversity optical hybrid,

[0020] Fig. 3 is a schematic diagram of an exemplary multi-wavelength coherent
receiver with a six-port polarization-diversity optical hybrid in accordance of one
embodiment of the invention; and

[0021] Fig. 4 is a schematic diagram of an exemplary multi-wavelength coherent
receiver with a ten-port polarization-diversity optical hybrid in accordance of one

embodiment of the invention.

Detailed Description
[0022] Various example embodiments will now be described more fully with

reference to the accompanying figures, it being noted that specific structural and
functional details disclosed herein are merely representative for purposes of describing
example embodiments. Example embodiments may be embodied in many alternate
forms and should not be construed as limited to only the embodiments set forth herein.

[0023] It will be understood that, although the terms first, second, etc. may be used
herein to describe various elements, these elements should not be limited by these terms
since such terms are only used to distinguish one element from another. For example, a
first element could be termed a second element, and, similarly, a second element could be
termed a first element, without departing from the scope of example embodiments. As

used herein, the term “and” is used in both the conjunctive and disjunctive sense and

el HeRiP 0AM dofd e REhBLEE R b N SRE S LLEPaZhARE SUCh
BT gt Pl f

or exanpl e,
first el enaanrepcﬂathtdd be likeraf@enca meco v@loérmngwerahxd waswrﬁnllhatrhtwn alsecond
ut. departing fromthe scope

rmed. a
of exanpl € ang %&f%oﬁ@mn&s& hseeodesﬁ%“%veﬁgmf ﬁn& efm "and” is used in both the

a



8 includes any and all conbinations of one or nore of the associated |isted

itenms. The singular forns "a", "an" and "the" are intended to include the
plural forms as well, unless the context clearly indicates otherw se. It
will be further understood that the terns "conprises”, "conprising,",

"includes"” and "including", when used herein, specify the presence of
stated features, integers, steps, oper&ations, elenents, and/or conponents,
but do not preclude the presence or addition of one or nore other features,

i nt egers, steps, operatlons el enments, conponents, and/g groups t her eof
[ 0024] Unl cagludss i ind &l rombinggonsae Oqee?rn@fe.crﬁéma#ﬁaa% AiSH digmSahle

sci enti fi CyifRAPArmidSLd “fLragl Phbays ididiRle® RITRIHRARE Pidrak forki9 BYREI, Yinkder st ood
by one of ordinary ski'll in the art to which exanpl e enbodi ments bel ong. It

wi |l be fubhe isentexinelearlyt isdigateh athemdrans It willche Aythengaderderd Hab thenteEBhmonl y
used dicti. %B&%g‘e%v %&9@5 eul&h@é?fﬁh@%ﬁ&@ﬁ%ﬂ& AR pdc@tihd S

consi st ent Rei r aning 1 n the context of the relevant art and should
not be i ntepnet fobtdted fantuicsldneearadteps, cperaiiong, ¢lonems. asdpseonaPnels bk pr essl y

so defined ohgcgtgdr& L#L:qggax]e%etncé Qlo H(ldﬂlo%l (ﬁ”oon o RE gth%lhﬁtdtuHQ f?ﬂ%@rsaété rnative

i npl enent ati on ions/acts noted nmay occur out of the or not ed
in the f|gume&omFekm@M&nph@pmmMDmﬂkggn@@séh@mﬁ in succession may in fact be

executed s ant j.al oncur.r t he
Feverse. orp” Qe e ERe i Rl YR b iRE A SHeRih gD’ g

is a schemﬁkdhmdmagpaﬂhaﬁmanwemggmiaﬁmnmm&tmdammm&hsngbwf©GMGmednHnmcelver
300 in accordance,of one enbodi.nent ent i,on velength
coherent r EéFJ%Fm§%§XW8@8P gg&ﬂﬁ??Pe e éﬂg% %Eﬂgﬁa?m3%“$ﬁ%mt““‘

mul ti - waveduen@t thosd gtiakd inednudedy Meiiubctmlﬂm;aﬂﬁ)uldﬁmhtemléted: hahavéidg of the

mul ti-wavel ength 5| naI has ifferent velen mul ti ength

si gnal naymﬁaé‘? ?Qf‘é‘?teﬁtr‘f"ﬂb‘g@ﬁ&ea‘fl?%ﬁﬂ %‘i?te&?%htg? B evﬁfﬁaﬁ aﬁ‘flmﬁ?‘ﬁ% ( OFDM)
si gnal . [Q%He%krﬁa&@m{ ah i @ANRIACH- HieMy Toratal ReHst iupleex b@essiPRIMlefined a Wi del y
used digital nodulation/mltiplexing technique. Coherent optical orthogonal

frequency- BRreinsi on mul tiplexing (CO OFDM) is being considered as a

proni sing fogs)nol AohbiRr alfsytw Qofel ISP e doRRL hiGAlatil & aRPRAMhtaGYSS @AB. I n a
pol ari zation-division multiplexed (PDM signal, the signal is represented

by two or t foejisnalhctpaptad MaxoOceH ogbaipbaeFies nowwstheé?rguw FeapxappMObIM si gnal
has a Conpﬁg,%esdéhg%% sYRY&lS Ardidy RPE&SENeABed ﬁ%s@ﬂ‘a‘ll? Q‘:Bnéu'n%h@y &f m f?‘Ch of

sometimes be executed in the reverse order, depending upon the functionality/acts
involved.

[0026] Fig. 3 is a schematic diagram of an exemplary multi-wavelength coherent
receiver 300 in accordance of one embodiment of the invention. The multi-wavelength
coherent teceiver 300 receives multi-wavelength signal S. The multi-wavelength signal
includes M sub-channels. Each sub-channel of the multi-wavelength signal has a
different wavelength. The multi-wavelength signal may be an optical orthogonal
frequency-division multiplexing (OFDM) signal.

[0027] Orthogonal frequency-division multiplexing (OFDM) is a widely used digital
modulation/multiplexing technique. Coherent optical orthogonal frequency-division
multiplexing (CO-OFDM) is being considered as a promising technology for future high-
speed optical transport systems. In a polarization-division multiplexed (PDM) signal, the
signal is represented by two orthogonal polarization components. Thus, an optical PDM-

OFDM signal has a complex digital waveform representing the optical field of each of



9 two orthogonal polarization conponents. The nulti-wavel ength signal may
be an optical PDM OFDM signal. 100281Multi-wavel ength optical |ocal
oscillator (MMOLD) 310 generates reference source It The M¥OLO provides M
conti nuous-wave references and may be a conmponent of the nulti-wavel ength
coherent receiver. Each continuous-wave reference has a different

wavel ength, these wavel engths corresponding to and approxi mating the center
wavel engt hs of the M sub-channels of the nulti-wavel ength signal S. For
exanpl e, each conti nuous-wave reference has a differ eni1 el engt h t hat
appr oxi matt®s cahegarpldrolafiaianEegPRNEEs. dihe mafti-pavel gast s @ﬁﬁé?%‘m 158 My oLO
may conprigaviMhimieperdent continuous-wave | aser sources at different

wavel engt hs and a wavel engt h-conbi ni ng device. The MM OLO may al so conpri se

at | east dAR8ontMnltiovavelgagtd aphesd focglonseiblatonMWaPLPea st g@ﬁ@teﬁtﬁ%@n?ﬁr
anpl i tude gpdul@t ofy, mewgrgna@syl\/p%oﬁt%@@ | favel &f&%e?%@%@ﬁ% a the

MM OLO may |ncI ude a wav h conbi ni ng device or a wavel ength
mul ti pl execrompbmenanﬁthhenulmdﬁmvohetmérwm_(Eaﬁr]hyofltlrﬁé@%déa"a refgrence

gener at or ., The, WILGL0, . eI FEL AEIIESR DR SRE SRRt AaLignsm 1 e

in oa trans@aivir t1-wav i ver i ncl udes the
pol ari zat i @ntediweeelengths oPtthecM shiy-blrandel 820, thatmuleacwelpreair S\WhBIVETXEPI |t er s

330, 4M det ect reater

t han one (%ﬁ‘@Pfél %acal\;ﬁ’ﬂnngous'%ave rggsmm Ak]\% }M{?%&{t ﬁ,*g%g%&gf{ﬁ %’P%ﬁﬁaé?sgnal S and
reference our mVReregﬂe oﬁrowlotﬂeme M) smmdlanmeput Tiho rM8V-6L.OPwlaw rcomatiseol
Diversity-.

320, 0030 ut . of .the
pol ari zat '8 e-pﬁ?%& g‘?lnfli}u%‘ﬁ’t"i’aggl Sﬁ“yW}C&S Pg%@é{?@g& Y‘lelen%{uhlstafld RIS en%\tgt h signal
S. Wlhl ch L\dﬂﬁibﬂd@ddvg% Nihs chlbiléﬂh)Iﬂeilyillso&ambn&lﬂb-le(aktmlebntmmoﬁs \davferlﬁeegt .
wavel engt A's i nput of the arizatiaqn-diyversit ptic ri
recei ves tsr?érCFé‘F‘g?tg??éteo@&h?S@é’r Pin%"?ﬁ@ thdg@eﬁ{’h\&-ﬁ%ﬁy %ﬁlﬁ%ﬁ wg{%;
r ef er encesyneeafttbdiRdt:] thd OUSYGRCE nia fﬁﬁlﬂﬂi@@ Ahvetengihf E@ﬁlﬁﬂlﬁqgm\lﬁ:k engt h that
approxi mates a center wavel ength of one of the M sug chann The hybrid

d

Thel udes. | VHelsnSd DREBISCTa Teiber fapadineteite HNEELEImY, %fdtf#‘? LM 1 hat

various, didt@feNtThYFHeOL8I mAHEE KhRaSb@vedihic 8B BEE 2 T8 Fikterditda t he
signal to be detected are the outputs. For exanple, a

pol ari zat i eansetiNggrsity optical hybrid may be constructed by two
pol ari zati [%gZﬁeanT SPhliLG \éleﬁaﬁ‘?‘e&)ve@@@b ¥RdQPhé pakriskYiBh 'dg/%rsn?%ﬁlli‘bappt i cal

hybrid may bas on a son interferoneter or M chel son

i nt er f er onttberd-320, at least four W-DMUX filters 330, 4M detectors 335, and 4M ADCs 340,
wherein M is an integer greater than one (wherein 4M means 4 ‘times’ M of the named
elements). Signal S and reference source R are provided to the input ports of Polarization
Diversity-Optical Hybrid 320.
[0030] A first input of the polarization-diversity optical hybrid receives the multi-
wavelength signal S, which includes the M sub-channels, each sub-channel at a different
wavelength. A second input of the polarization-diversity optical hybrid receives the
reference source R which includes the M continuous-wave references, each continuous-
wave reference at a different wavelength that approximates a center wavelength of one of
the M sub-channels. The hybrid includes linear dividers and combiners interconnected in
such a way that various, different vectorial additions of the reference signal and the signal
to be detected are the outputs. For example, a polarization-diversity optical hybrid may
be constructed by two polarization beam splitters (PBS’s) and two optical hybrids. Each

optical hybrid may be based on a Michelson interferometer or Michelson interferometer-



10 like structure. The polarization-diversity optical hybrid has at | east
four outputs. In one enbodinent and as illustrated in Fig. 3, the

pol ari zation-di versity optical hybrid provides four outputs, (Sx+Rx),
(SxtiRx), (S 1R, and (Sy+jRy), representing the in-phase and quadrature
conponents of each of two orthogonal polarization conponents of the

mul ti-wavel ength signal. [0031] Each WADMJUX filter 330 has a WDMJX i nput.
Each of the WDMJX inputs is provided a correspondi ng one or the outputs of
the pol arization-diversity optical  hybri , .each of the

, / ( id, As shown in Fig. 3
four out puiks siryctpreovihg @alatigatigndiveomiix opiigat Eﬁf‘?r‘dé‘é‘éﬁ%sbﬁﬁb‘kof“ip}"tse?n pvi des M

filtered opiiafhent BRNRGHuRHERH Big fitﬂetﬂﬁ&a@ﬁtdi@@&itycd@ﬂam%bmi)@uﬂdss are
provide to the 4M detectors 335. A W filter may be an_ arrayed

wavel engt hogr autpwig (SARG), (SiktiRey (SBOBANELEHIDY. HepesAEt dicoisPBsERbnvert s
at | east O(ﬂ@tdr%ur% %J&E&?B%SgB@WJ)M%%};)IP&@&)@MH&H% Rorfi S RO Mgl -

el ectrical "signha n an e iment e oyi ng bal anced detection, which is
further deswreldngd signalt he following, two filter channel outputs are provided

to each de or .  They,C di | eGt fi shgnal f ke dsiestor is
provi ded t@ﬁgﬂ A@c@i\@%@?ﬁ%ﬁ@%@ atmb%@gg&léc.cgn{/ﬂg%s one of the
el ect ri cal inputgisgirevidaitacoaresondies ponofi thgodpys tfthe golgrzkion-tyessity epiedal ADC
converts rovided el ectrical signal.to or.r ' e Tre i gnal .
The sanpl ial}?@n at’¥ ng’w? ﬁ%kmeaﬁaﬁggﬁ T xul%rrlesltpg(?‘g&{a ﬁé%}?\y g%]lgﬂé}n)gglt%paci ng of
t he sub- cheatheWsDBIUX Higtemptdvidewau efilengtt bptihalg nizinnel Fortpuex arilteed aptical

mul ti-wavel ength signal nay, cont ai b-ch els Gz art, and

t he sanpl i?{@n‘?eiu%tpa parrf)ﬂwﬁee@ ‘%“hé& 3%8%‘?%3991 *Wﬁ?@iﬁgnﬁgﬁr ,m%'ot?efaéns pondi ng
di gital signabswhepmnghaitinggAtN®) fMesub- channel s are recovered. [0034] The
resultant digital _d in signals are provided to y gi tal Signal Processor
(DSP) 350 K0832lf ur?ﬁgp‘gﬁb%@&y%&S ‘Wv‘gfﬁﬁ‘lt gﬁaﬁd’ng i ?ﬁﬁ]‘gregicb?fﬁ’lep%‘%%‘&%ssi ng

al gor i t hnsinid DeorRindtnd deecairgl At elndn doktRdindanemploling Galan@d Sle@otidn, can be
determ ned. Each sub-cﬁannel_ is represented by a set of digital ignal S,
the set of whichyit Barthes dasembed dp ks follpwipsofee Hltgi thannesioyingis ay B?ﬂvéjﬁiﬁ out put

of the hybgi.fqedh6: S8k OfresfbifAdle®hi@Nabml GBM DR1RIPEOH6AMed @ sh@gRYEr the
content of a sub-channel of the nulti-wavel ength signal. Wile the

sub- channefllﬁ_é)- may be independently processed, the may collectively formdata
for the enfﬂ'ﬂfnﬁ mugLdh YRR A9ABCS & onverts one of the electrical signals into a

corresponding digital signal. Thus, each ADC converts a provided electrical signal to a
corresponding digital signal. The sampling rate of the ADCs may be approximately the
frequency spacing of the sub-channels of the multi-wavelength signal. For example, a
multi-wavelength signal may contain sub-channels spaced S0 GHz apart, and the
sampling rate approximates that spacing. In this manner, corresponding digital signals
representing the M sub-channels are recovered.

[0034] The resultant digital domain signals are provided to a Digital Signal Processor
(DSP) 350 for further processing. By applying suitable signal processing algorithms, the
amplitude and phase of the unknown incoming signal can be determined. Each sub-
channel is represented by a set of digital signals, the set of digital signals comprising one
digital signal from each output of the hybrid. The set of digital signals can be processed
to recover the content of a sub-channel of the multi-wavelength signal. While the sub-
channels may be independently processed, the may collectively form data for the entire

multi-wavelength signal.



i 10035] For exanpl e, synbol synchronization nmay be perfornmed on the
digital domain signals. The DSP may include nodules for prefix/training
synbol renoval, signal conpensation, serial-to-parallel conversion, Fast
Fourier Transform (FFT), channel estimation and conpensation, synbol

mappi ng, and parallel-to-serial conversion |leading to a reconstruction of
the original data provided to the trantgmtter. Additional details
concerning the processing of digital domain signals for a sub-channel and
conpensatlons of received S|gnals to.recover con%ent ar desgélbed in US

Pat ent ApploP3&lt i oforgamples1abalsyairetifadan spx beRsrioue Aﬁ‘bﬁ“ AR us For

Channel Esgijpmt i ae WM nfyahciB@! afckgiad fQpréfi@tdinig s%ym@p'r&n&\@[ er ent
Optical OF filed June 20, 2008; US Patent Application No. 12/215740

entitled Systsnsativet sesidl-tnrrarallsh gerstersionrdiastofiawis | TreaterimiFBh. shawe! on

I ntra-Synb £ NGYnp TR F I <filed
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are single- ect r or optica her e a six-port
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Swith the refere ce S fou nal 1003711l n
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E)gl rs ;)f ﬂEQgﬁhﬁthh @aaddson( IMrlalsly@lhbl mag&dcﬁnga]lnsAverm@th (Cc&)éRm) Op’(l(f‘a'é I {c Rx) ,

| R an V] , illustr in F ts (after
detectlon)OFQB$éﬁ£¥%m?ﬁ§:Pﬂg5W&§§£§ﬁ8”dﬂ?hgﬁ?ﬁpg’&%ﬁ%@%gﬁPgﬂa S8R of two
or t hogonal W&'oarAr?daAb}Qiﬂatﬁé)F&OJ&ﬂtSf‘elfolf’haTs@MdMUiahbn mw«pbm@&mw goident | N such
an enbodi ment, the apparatus includes eig VWMUX filters each of the,

W DMUX i anP%CabP%F%Pé‘@n'QIY:‘é‘P? é@ﬁ%ﬂ@ieﬁgor&wgow-Ff%@eI@V JHivisisne ‘&}% glegpst ne
pol ari zati gnadisv BfedidclobOPds 66ds, WiRAlakk A inddigoeRa By datRedeor 435 is a

bal anced detector for convérting two of the flltered channel outputs into a
cor r espond[0936lel edsrillegiatediignEe, 31 he Wmﬁﬂﬁmmr@Y@Hﬁtﬁ@HﬁbPY@U%b@t ur

correl ated %&tp A[n%%ﬂ@&ettecio? ﬁ‘egllﬂg@tquéd de-t!%u:b?s cap@dh@féﬁ@ﬂ:téiﬁ&?%th on,

there wll 4 outputs n-th sub-channel . These
el ect r oni ca sixgmwatl wloaatidedivebiat eulcaldlytbné trheélb/blahanxeﬁﬁ@q apryingastang! B

t | fiel 1 (S, . 1 d
%_pul, ?3) OI eltgﬂk%éﬁﬁtﬁ%%gse) S.Oh& %Utg ﬁt@m&l tixed mgnzﬁl%udp{}é.( y) oc real ( x(y)). an

[0037] In another embodiment, the polarization-diversity optical hybrid provides four
pairs of mixed signals (or eight mixed signals), namely (SitRy), (SxtjRy), (SyRy), and
(SyHRy), as illustrated in Fig. 4. The eight outputs (after detection) represent the in-
phase and quadrature components of each of two orthogonal polarization components of
the multi-wavelength signal. In such an embodiment, the apparatus includes eight W-
DMUX filters 330, each of the, W-DMUX inputs provided a corresponding one of the
eight outputs of the polarization-diversity optical hybrid 420; and each detector 435 is a
balanced detector for converting two of the filtered channel outputs into a corresponding
electrical signal, the two filtered channel outputs correlated with respect to each other.
Thus, after balanced detection, there will be 4 outputs, (Tnx, Qnx, Iny, Quy), for the n-th sub-
channel. These electronic signéls can be related to the real and imaginary parts of optical

field of the n-th sub-channel, Sy, as L) « real(Snxy)), and Quxy) o imag(Suxy). A W-



DMUX filter may be an arrayed wavel ength grating (AW filter. The W DMJX
filter may be integrated in a planar |lightwave circuit (PLC). A PLC nmay

i nclude the pol arization-diversity optical hybrid and the WDMJX filters.
The pol ari zation-diversity optical hybrid may al so be nade of' free-space
optics. 10038]1n one enbodi nent, the nulti-wavel ength coherent receiver
300, 400 may include a tunable opticali2filter 305, 405 respectively. The
tunabl e optical filter is adapted to output the multi-wavel ength signal
provided to the first input of the polarization-diversity opti cal hybri d.
For i nst anBMUX fiker mavalyl @ aspay b apve dnthegratipgyf AN G @FefaT\%&é HU§T vi si on

mul ti pl exeM\éQ'\@n ¥l 2 %5&4&1 R G0 ché?l)ﬂ@#“/@'}‘tdmﬁ&y' meRME! gagt h

si gnal s, for resu ant output of "one nulti-wavel ength siptal provided to
the fi rst peripimatiaf-diversitpertgaligbitid et e %Dw&hbms; ¢h¢ pHyration-diveisdy t unabl e

opti cal éﬁn%fﬂ EP’?“&)% %ané‘hema@eoé’ﬁ}’e%rs ndsfot required, because the

sel ection erin vel ength S|gnal can be realized
by tuni ng [00asiMV m_@msemllmdmhatt iht smulfii- vwdbmgnm@ulse—rM\recer\ef 8penE®Wsmay

appr oxi mat e engt u h el f.t
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only the MHHAIEBItda PRy tbm%e&atx%n meeanga@f peiseeReEvavslep@h s\gar cAdta. Wt h
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de- mul ti pl m@@ma@ab@rcenterawyvqbfrneﬂxaeqfethmMewbﬁmrtnplsVﬁv@F angtitvayplgrgth in a
VIDM syst e"% gx?a\{ i éa}é!:tfﬁa pieetB t'h)é"@é{ {609t £ ﬂte?fng ek nﬂﬂu il diesgntigymvel ength

| ocat i ons e receive sane
mul ti -wavelseffgd;t}vekycﬁww @rthe cle@mmﬁeiommrtth@ugh Bﬁyﬁétcre@ I y chang| ng the WDMJX' s

or the physsal CanRSEh] ong, BELMERRILLIS YOMX.S 1 300 d Do AEher Lot Th S

makes t he erent rece e or engtﬁ agil e.
For exanpl gropérty sachbivt syesiceofl agnalbhspaces! f&qm:dctas wid\acipeagd thatsis gcmal ® at

0 L1 erent S SRR SSatd S 4Ry R380t EESRFIM R et b
#1-10; (fow-DMIUXGilgub- lﬁiﬂad?xambﬁ) M M:Hyt fefanats ethe mgbers by met-ctianadls kobdat i ons
#11-20; Nul”etcle&e \ggcli %&QWDM can ﬁav MJ gu%&}té (\)erllgn ﬁcz ]gugr -band is used or >M
outputs when a guard-band is used. In that case, only the M data-containing outputs
would be processed to recover data. With the periodic frequency selective property, a
cyclic wavelength de-multiplexing feature can be enabled. By the cyclic wavelength de-
multiplexing feature, any pre-determined multi-wavelength signal in a WDM system
having multiple multi-wavelength signals at different wavelength locations (e.g., in the
C-band) may be received by the same multi-wavelength coherent receiver without
physically changing the W-DMUX's or the physical connections between the W-
DMUX's and the detectors. This makes the multi-wavelength coherent receiver flexible
or wavelength-agile. For example, in a WDM system which has 8 multi-wavelength

signals at different wavelength locations in the C-band, each containing 10 sub-channels



(Here, locations #1,2,3,...,80 are 80 consecutive optical frequency

| ocations with a spacing of 50 GHz.) then, a target nulti-wavel ength
channel may be mixed in the polarization-diversity optical hybrid of the
exenplary receiver wwth a MMOLO whose sub-wavel engths are aligned roughly
with those of the nmulti-wavel ength signal. Accordingly, the M¥COLO is
tunable as well in one enbodi nent. Each of the WDMJUXs may have 1 input port
and 10 outputs that output frequency bands containing those centered at the
following locations in a "cyclic or periodic" fashion: WDM UX out put 1:

| ocat i ons emla 1GPz gdd: ... 71; WDMUX output 2: locations #2,12,22,32,...72;

W DMJ X out put 1\;{1985‘)!/3? éefPE'l ndf 10 l%gatl%gs #I 1§V&forTﬁel0?Sul§-§ﬁ?iﬂElg)\M dth of each of

the frequency ban out put |ter may be about the
spaci ng betmeemAMhedeeqybmgyﬂ@ahusmﬂmh#thQs 50 GHz for this exanple case.
100401As anot her exanple, in a WDM system having 8 nulti-wavel ength signals
at different wavel ength |l ocations in the C band, each containing 9

sub- channel s oMaeltiSGvelehigh gigha 8 aMokationwé¥led&ngt h signal | at |ocations

%o S BB 2R LS SRS 0008 Rl SRRLLTS
may have I1Hacitig pats® GHaDtbmmpuﬁugﬁemﬂ@nmyehqﬁdshmmdtabn%ngnhhééetbentered
i‘? ][ gg aI :)l()QPia%itg(fPl 1%%%1%/28&10'&11%;%{1'21 %¥%hel egcel%gpla errelce(:)lgelrcwnh g WO(S'LO wh 0se out put
sub-wavelengths are aligned roughly with those of the multi-wavelength signal.
Accordingly, the MW-OLO is tunable as well in one embodiment. Each of the W-
DMUXs may have 1 input port and 10 outputs that output frequency bands containing
those centered at the following locations in a “cyclic or periodic” fashion:
W-DMUX output 1: locations #1,11,21,31,...71,;
W-DMUX output 2: locations #2,12,22,32,...72;
W—DMUX output 10: locations #10,20,30,...80.
The 3-dB bandwidth of each of the frequency bands for each output of the W-DMUX
filter may be about the spacing between the frequency bands, which is 50 GHz for this
example case.
[0040] As another example, in a WDM system having 8 multi-wavelength signals at
different wavelength locations in the C-band, each containing 9 sub-channels on a 50-
GHz grid:
Multi-wavelength signal 1 at locations #1-9; (for its 9 sub-channels);

Multi-wavelength signal 2 at locations #11-19;

Multi-wavelength signal 8 at locations #71-79.
Each of the W-DMUX's may have 10 outputs that output frequency bands containing
those centered at the following locations in a “cyclic or periodic” fashion:

W-DMUX output 1: locations #1,11,21,31,...71;;

W-DMUX output 2: locations #2,12,22,32,...72;

W-DMUX output 9: locations #9,19,29,39,...79,



W DMUX out put 2: |ocations #2,12,22,32,...72; WDMJX output 9: |ocations
#9,19,29,39,...79, 14 WDMJX output 10: |ocations#1l0,20,30,...80. (not to
be used) In the above exanple, there is effectively a guard band between
mul ti-wavel ength signals, which may be beneficial for reducing the
crosstal k between these signals. [0041] As previously nmentioned, the
detector may be a single-ended detectasn with one input or a bal anced
detector with two inputs. Wth both single-ended and bal anced detecti on,
there is only one output fromeach detector, and the nunmber of ADCs in the

recei ver will rWriRVRXamipurie legssarsl 430, Phy 89 hathebe 1§¢) ude a digital signal
processor {,Qfe :H{ogft e t}{em’:’ls %Qé&l%t?l?%%qhﬂa%apd Sehvédn ShGRAN S| eﬁgﬂﬁl sﬂbﬁéﬁ i eving

content of the mnu vel eng 'g he correspondi ng digi tal signals
from the ABGshmepbebesficieer Wﬁlsqymg har@s\séallsbetByenatb?ﬂeyign@s sui tabl e signal

processi ng ah ori hh evid gamémohédu% @e@é%ho?mebe%sﬂlg £-HBkDe te)rnmm ng

si gnal can deter her hor e e sub-c el s may
i ndepende n@deynlpm @C esk@bdceldutetecmt Wweth ttwvo édpytsf OV ith Hethairfgterendhéd alednbalatreed

lti- th F /
mul ti mve{‘le?ec%e tger na nl% o% e CE)%P?H? e%c;hed’] teci%? aga tﬁe § eg%g%pf(lkssmtqheé a 1-Tb/ s

mul ti - wavel eng Si g processe
dat a cont atepgckriwill tdmmmrth |T-hwamedreem‘sghd[y f*srtgesraﬂmluc[e&OﬂQ]aThgna‘rmmcessmai\beI engt h
coherent receiver t he i nyent on i ncl Esdes a pol.ari za |on d ver‘g1

in the

f

opti cal hy]f)rf’fedﬁﬂga\}ﬁ%gmgfmplog R 1o SR SR VA acsonl M o8t P

exenpl ary exeodpiengnadf Thi gorré%poridh% dirgﬂtetl|srg\n/alv€ioengiehA100hearpemntrtﬁcM ver 300
conprises a_polarjzation-diversity optjcal h 20 adapted to out put
four opti cSP-EpYNSl s V@;?P]é{é“@n?‘i‘tﬁgg Sﬁf‘]ﬂLB‘é"éesé 8 a&ﬁf’ém Jgeea@BﬂYJ’Sﬁé"ﬂ s of
each of twehagd LhagondnoRal iakdrsiag ispRalC PBNBkSifdd. t hBuiibrhbrepvahechdngt h
signal. This exerrpl ary enbodi ment fur her i ncl uges fou WDMJX filters 330,
each W DVUSRapqgly @ay %eﬂ@@ad%mé%@%% rralletively dorgheata b g GHe 9ut put

from the ophjeabimhydini, dﬁor@%;ﬁéj%tl@d s QULdAkneM Fh RghewaaMelangth si gnal s;
AM det ectors 33 each detector adapted to convert one of the filtered

si ngl e- wav@ﬂlnéﬁgpﬂe@i\/@hﬁfofreﬁs?ﬁ@ chtabibihe dsPondntnepneainsdin fearuldivgiarnsth set of

four of thg,sjingl e-wavel ength signals with one single-wavel ength signal
from each V&DNI LTX filter representing a first sub-channel; 4M ADCs 340,
each ADC al8#2led The ciowlieravelsngthotoleraat eteeeivari ©fl thei gwantioni pecdudgs a

corr ESpondé(g%lzg,fl&# &1@&51 ¢ glélf]&lcll’ lg%ﬁg h%wq!’ gl[ fe‘}ét édr% utsprﬂﬁlgsa%quuﬁé%dqﬁiapt ed to

process a our rrespondi ng |g| signals representing the
first sub-ihhagxamplain embddéimetitoof dig.i Bvtheconltiemivefeogtht ¢ndiefent s¢cesab-36hannel of
the mlti _é"(’)arr\llperljsgsngtp%la%zgno%l-diversity optical hybrid 320 adapted to output four optical
signals representing in-phase and quadrature components of each of two orthogonal
polarization components of the multi-wavelength signal. This exemplary embodiment
further includes four W-DMUX filters 330, each W-DMUX filter adapted to receive one
of the optical signals output from the optical hybrid, and adapted to output M single-
wavelength signals; 4M detectors 335, each detector adapted to convert one of the filtered
single-wavelength signals into a corresponding electrical signal, a set of four of the
single-wavelength signals with one single-wavelength signal from each W-DMUX filter
representing a first sub-channel; 4M ADCs 340, each ADC adapted to convert one of the
electrical signals into a corresponding digital signal; and a digital signal processor 350
adapted to process a set of four of the corresponding digital signals representing the first

sub-channel in order to retrieve content for the first sub-channel of the multi-wavelength

signal.



15 [0043]In anot her exenplary enbodinent illustrated in Fig. 4, a

mul ti-wavel ength coherent receiver includes a polarization-diversity
optical hybrid 420 is adapted to output eight optical signals representing
i n-phase and quadrature conponents of each of two orthogonal polarization
components of the nulti-wavel ength signal. This exenmplary multi-wavel ength
coherent receiver further includes eidght WDWMJ X filters 330, each WDM UX
filter adapted to receive one of the output optical signals fromthe
optical hybrid, and adapted to output M sjngl e-wavel ength signals; 4M

det ect or s’ W843] eabmanpéics SxaRPIHS; Spodinsal Sielaied By @tgrgﬁﬂﬁnﬁgﬁsg%¥?ng t wo

of the filtpeRe: Stddh GroNRYEL AR OMEREESy bHREI BHAI 300 selal@tkowutut r espect
to each other into a corresponding electrical signal, a set of eight of the

si ngl e- waveBkngtinalsiigpaksl SPTRrenHngD HEPEph gl AN ASIe RETROST Rl caFh ShiEdch VDMUX
filter r eD&@xﬁ)gQ%a!g rb?ﬁﬁziﬂo‘h%onﬁ%i?én@sh_@p el mulﬁb&lﬁ@gﬁgtﬁ%@gnaﬁaq@ﬁ%ﬂfpﬁw

converting on e electrical signals into a corresponding digital

si gnal ; anduli-divglength cohqyerd recpivetiag @ﬂnd%bs@é@ﬂﬂé@w@ﬁighﬁéé§§e&ms t of four
of the cor ?ﬁﬁ@ j Lgj tal.si r [ of IeShusuhsynnel in
order to r% r|e@g&ggﬁﬁggk)%%%ﬁ%ﬂ%%#??éﬁﬁéﬁﬁﬁgﬁﬁﬁgglqg? %Egkﬁﬁﬁt¥-ggvelength
si gnal . [ 09%4jdantedxenpipat W seekodavefength gignals; duhéeteaters diéb.eeach olstecior| udes
receiving a.multi- vel e h. si r LVvi hga urce
et uding REoACTRUSISRE0E P B DnARN iRl OB b R RP

i ncl udes Mhaudre chaginted &jth easpéct swibech hdrenéito atomesdorfdingr @erricshvighadngsdh. Each

ST N A LN Y O T T

center wav mul T 1 -wavel éngth signa
and the rebeflEXCiGeSiegRadntiag a fidtxeablchaahe, &V ABasB4d, @ach ADCpfut caivgmal S
correspondi ng t he in-phase .and quadrature .conponents of .each .of .two

or t hogonal O%Péﬁﬁezfg‘f‘i%%l Slehps ﬁ’étﬁtasg%rf eSP‘H‘éh%ﬁhg'?q v@e‘ﬁ?&ﬂ éhgth d%%%&lng?r}al Each of
the out put pgtgss! Soasdplel! hefrecksd At Rt MF Fourgbfetheessalegiopding siignblskmalThe

si ngl e-wavel ength signals corresponding to | east one sub-c aqpel are
converted fegreseingiths sl subhanngl Brigder e rUERE SepeHdPhYS g‘lr Yisrlsrhasng) bl s f or
the at | eagh Qngwableihannal are processed to retrieve content for the at

| east one sub-channel of tThe nulti-wavel ength signal. 100451The net hod
functions 944l bda eapoplaryrashqdefdigig! eohereniedptestion BludsspeehingePies and

speci al or general BPOSRY FbQividl o BLRLEBLLLR RLRIBSSMNEMaYbESFvBCT I NG
under approprlage i Aistructions enmbodied, e.g., in software, firmware, or
har dwar e prefeyermani Hrp. mEGrwaxgngh eignglindedes Masubnebduretss eash spbrehanggd a4ad t he
other | ogi Siff%irerm? \%iaxge%ngth. Each continuous-wave reference is at a different wavelength that
approximates a center wavelength of one of the M sub-channels. The multi-wavelength
signal and the reference signal are mixed into at least four output signals corresponding to
the in-phase and quadrature components of each of two orthogonal polarization
components of the multi-wavelength signal. Each of the output signals are filtered into
M single-wavelength signals. The single-wavelength signals corresponding to least one
sub-channel are converted to the digital domain and the corresponding digital signals for
the at least one sub-channel are processed to retrieve content for the at least one sub-
channel of the multi-wavelength signal.
[0045] The rﬁethod functions described above are readily carried out by optical
devices and special or general purpose digital information processing devices acting
under appropriate instructions embodied, e.g., in software, firmware, or hardware

programming. For example, functional modules of the DSP and the other logic circuits



16 can be inplenmented as an ASIC (Application Specific Integrated Circuit)
constructed with sem conductor technology. Alternatively, various nodul es
may be inplenmented with FPGA (Field Progranmabl e Gate An-ays) and ot her

har dwar e bl ocks. As such, the process steps described herein are intended
to be broadly interpreted as being equivalently perfornmed by software,
hardware and a conbi nation thereof inigarious alternative enbodi nents. 17
CLAI M5 What is clainmed is: 1. An apparatus conprising: a

pol ari zation-diversity optical hybrid, the polarization-diversity optical
hybrid haviengeaintplanantedrsuan ASIC farpdicatjongSpecifa | liteeipied SHEmE! Rotsirytied

| ncl uding MyPUBHERARBEE SecnfAGH. SUReARRREadbusInsluldsngbe WAYEhERE! N, L he
optical hybri aving a second input for receiving a reference |ight source
i ncl udi ng Witle BAGAr(islsPragramnabledrasn Aasys) ead ptherdr dwatd blocksa s sush.dhence at a
di fferent e h appr.oxi nt er | f..0 f the M
sub- channeﬁ{yg%/e%% hsgeq’rép?%sg‘gfedh%‘%‘?dhﬁgw%‘é@%ﬁ 8I Eéisbtrx\@éﬁrlﬁtg%gégﬁfs%s Béing at

| east f ourequdwahén getfoDed Myl séfpraexi mgdwady BMUX) cdnblitagips  thaeefhinyabiowx fil ter
havi ng a WIP v|[.UXeni]bn ut nSeach of the WDMJX i nputs provided a correspondi ng
one of the? SRRV LS RS optical hybrid, each WDMUX filter providing M
filtered optical channel outputs;



4M det ect

i nteger g
a digital
and retri
digital s

(MV¥OLO),

conti nuou
wavel engt h

ors, each detector for converting at |east one of the filtered
channel outputs into a corresponding electrical signal; and IM

anal og-to-digital converters (ADCs), each ADC for converting one of the
electrical signals into a corresponding digital signal; wherein Mis an
reater than one. 2. The apparatus of claim11, further conprising:

signal processor for processing the correspondi ng digital

signal s

eving content of the nulti-wavel ength signal, the corresponding
ignals representing the M sub-channels. 3. The apparatus of claim
1, further conprising: a multi-wavel ength optical |ocal oscillator
the MMOLO adapted to proyiydgythe M continuous-wave references.
18 4. The apparatus of claim3 wherein the MW COLO conprises M i ndependent

S“Mﬁﬁg %&g& sources at different wavel engths and a
i ning devi ce.

1. An apparatus comprising:

a polarization-diversity optical hybrid, the polarization-diversity optical hybrid
having a first input for receiving a multi-wavelength signal including M sub-channels,
each sub-channel at a different wavelength, the optical hybrid having a second input for
receiving a reference light source including M continuous-wave references, each
continuous-wave reference at a different wavelength that approximates a center
wavelength of one of the M sub-channels, the optical hybrid having at least four outputs;

at least four Wavelength De-Multiplexing (W-DMUX) filters, each W-DMUX
filter having a W-DMUX input, each of the W-DMUX inputs provided a corresponding
one of the outputs of the optical hybrid, each W-DMUZX filter providing M filtered
optical channel outputs;

4M detectors, each detector for converting at least one of the filtered channel
outputs into a corresponding electrical signal; and

4M analog-to-digital converters (ADCs), each ADC for converting one of the
electrical signals into a corresponding digital signal;

wherein M is an integer greater than one.

2. The apparatus of claim 1, further comprising:
a digital signal processor for processing the corresponding digital signals and
retrieving content of the multi-wavelength signal, the corresponding digital signals

representing the M sub-channels.

3. The apparatus of claim 1, further comprising:
a multi-wavelength optical local oscillator (MW-OLO), the MW-OLO adapted to

provide the M continuous-wave references.



5. The apparatus of claim3 wherein the MMOLO conprises at |east one

conti nuous wave | aser source and at | east one phase or anplitude nodul ator.
6. The apparatus of claim 1l wherein the polarization-diversity optical
hybrid provides four outputs representing the in-phase and quadrature
conponents of each of two orthogonal polarization conponents of the

mul ti-wavel ength signal. 7. The appan&tus of claim 1l wherein the

pol ari zation-di versity optical hybrid provides eight outputs, the eights
out puts representing in-phase and quadrature conponents of each of two

or t hogonal 4 J8F aPRasats & 5latp Apdest be Wi NeD rrimpriseniafmntent QUAMUS- 8. The

appar at us Qfvedht Hufce IR fRGerR WADE MM a flak 8184 Sh-caRsiRing Hedifle W DMUX i nput s
provi ded a correspondi ng one of the eight outputs of the

pol ari zation-di versity optical hybrid; wherein each detector is a
bal anced detgct o forCANY 8 iHeReh HMRIWIOL B Eorhipi €586k CHRNBAENQIK PUtS into a
correspondi ng el'ectrical signal, the two filter channel outputs correlated

Wi th r espeetvetlsseesmutreandetricast gne phiss cappaliademodilatel. ai m | wherei n each
WDMJX filter has a periodic frequency sel ective property such that a
series of equally-spaced frequencies with a spacing that is equal to at
| east M t i frdde bpmrapadichagn dfwhetren thepeletizatineldseisgy pptiseklybrid porvédesf t he
out put ports of the WDWVIX.filter, . im1l wherein
the frequelel URi RS BEFEE - Ege?ﬁ%ﬁgﬁgﬁﬁgﬁgﬂ%%g%ﬁéwﬁg}@hgaavelength
signal is appeoal pelbidayiobnigdnentd df thbaubipparckngt s@halcl ai m 1 wherein the
mul ti-wavel ength signal is a polarization-division nultiplexed (PDV
signal. 19

7. The apparatus of claim 1 wherein the polarization-diversity optical hybrid provides

eight outputs, the eights outputs representing in-phase and quadrature components of

each of two orthogonal polarization components of the multi-wavelength signal.

8. The apparatus of claim 7 having eight W-DMUX filters, each of the W-DMUX inputs
provided a corresponding one of the eight outputs of the polarization-diversity optical
hybrid,

wherein each detector is a balanced detector for converting two of the filtered
channel outputs into a corresponding electrical signal, the two filter channel outputs

correlated with respect to each other.

9. The apparatus of claim 1 wherein each W-DMUX filter has a periodic frequency
selective property such that a series of equally-spaced frequencies with a spacing that is
equal to at least M times the spacing of the sub-channels is routed to one of the output

ports of the W-DMUX filter.

10. The apparatus of claim 1 wherein the frequency spacing between the sub-channels of

the multi-wavelength signal is approximately 50 GHz.

11. The apparatus of claim 1 wherein the multi-wavelength signal is a polarization-

division multiplexed (PDM) signal.



12. The apparatus of claim1 further including a tunable optical filter,
the tunable optical filter for outputting the nmulti-wavel ength signal
provided to the first input of the polarization-diversity optical hybrid.
13. The apparatus of claim 1 wherein the sub-channels of the

mul ti-wavel ength signal have a frequency spacing and wherein a sanpling
rate of the ADCs is approximtely thei1brequency spacing of the

sub-channel s. 14. A nethod conpri sing receiving a multi-wavel ength
signal including M sub-channels, each sub-channel at a different
wavel engt h; receiving a reference |light source including M

cont i nuousy Wgaﬁap%aﬂs%?gﬁﬁm 1 G ﬁ?lﬂhm@'d%ﬁb ?ﬁcagfﬁft@rr ﬁ@%a@ﬂe Oﬁtléjﬂ fferent

wavel engt h t hat roxi mtes a center wavel en one of
sub- channefikgr for Outputtlnmtb@ g titwry clength signel wedvé ﬁ%thﬁflg%élpuhﬁdh‘t he ref erence

l'i ght sour?c](g art A3k _gi(,elJSlga el En&’“t put signals corresponding to the
i n-phase a quadr at ur onpo ents of each of two orthogonal polarization

conponents of the multi-wavel ength si gnal filtering each of t he

out put S'gPaLI%elnt tuso%.cﬁg??w\ﬁa lt?ing} ch%nr% f?hebr}{ n%fllsgb one

converting the I?pr?ral e-wavel engt naI S correspon [

sub- channehavta ﬂtet]@endy gpatiap add)whetran aamrdp ing rate of phedd2Gsis agpraomaehpbadi ng

di gi tal signal s for. thﬁﬁ Sé#) ne sub-channel to retrieve content for
the at FAUSRY RIS ARARP S ?’n“te e nulti-wavel ength signal. 15. The
met hod of claim 14 wherein the WDMJX filter has a periodic frequency

sel ective roperg such. t hat a series of equally-spaced frequencies with a
spaci ng th °t éh?ﬂm%m&t | east Mtimes the spacing of the sub-channels

is routed to ongcédfing HRURLEPIenpOIsighaldhclidigg V¥ dabldiardrelst &kh sub-channel

at a different wavelength;

receiving a reference light source including M continuous-wave references, each
continuous-wave reference at a different wavelength that approximates a center
wavelength of one of the M sub-channels;

mixing the multi-wavelength signal and the reference light source into at least
four output signals corresponding to the in-phase and quadrature components of each of
two orthogonal polarization components of the multi-wavelength signal;

filtering each of the output signals into M single-wavelength signals by a W-
DMUX filter;

converting the single-wavelength signals corresponding to least one sub-channel
to the digital domain; and

processing corresponding digital signals for the at least one sub-channel to

retrieve content for the at least one sub-channel of the multi-wavelength signal.

15. The method of claim 14 wherein the W-DMUX filter has a periodic frequency
selective property such that a series of equally-spaced frequencies with a spacing that is
equal to at least M times the spacing of the sub-channels is routed to one of the output

ports of the W-DMUX filter.



