1 MULTI MODE OPTI CAL COVMUNI CATI ON BACKGROUND Technical Field The
inventions relate to optical conmunication systens. 5 Discussion of the

Rel at ed AWD 2011/126814Thi s secti on i ntroduces aspects that pomgusb@itogi2ps ul to
facilitating a better understanding of the inventions. Accordingly, the
statenments of this section are to be read in this light and are not to be
under st ood as adm ssions about what is in the prior 10art or what is not in
the prior art. I n various conmuni cation systens, an inportant
consideration is the data transmssion rate. In the context of optical
conmuni cati ons sever al mﬂmlmquﬂK@&@@legNImq‘ml ng the data
transm ssion rate. Those techni ques include phase-shift keying,

pol ari zation mul ti pl exing, and optical propagati on node multipl exing.

15BRI EF SUMVARY One enbodi rrerﬁAGK(H*BHb@ar atus includes an optical
transmtter. The optical transmitter includes a set of optical wavegui des
and first, skcbmdal Faeld third optical nodul ators O.It put ends of the optical
wavegui des of the_set farm a,two-di nensi onal D) lateral input array
capabl e of end-c IIPW@lt‘f’ﬂ%reJ)aﬁ?fO AR T 1"(5‘fs§>'§tf?1‘élsset to a 20mul ti node
optical &iber in response to the array being |located to optically face one
end of the nultinode optical waveguide. The first optical nodulator is
optical | y cdpineussion of theRdlate¢Ariof t he opti caI wavegui des of the set, and
each of the seco and

the second and thi l}%lseg%lg? Hlérogﬁ%)tsc,agl% 'jlyd sﬁecl)rf)f% ﬁjp ftaglg?atln¥ﬁg)ogne(:t ed to

optical wavegdegsding of et ingentids. tgcwrmvlg@eth@ shaneHd bngisiettidnxar®fo Bank
three or nore between the optical nodul ators and opti cal Eropagatl on nodes
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in the nul tlfﬁﬂj]él tblﬁthugbhémdrqrbé@t to be underﬁﬁﬁ’oééﬁ@df@ﬁﬁéﬁﬁ thont whafis tthée RpeV e

appar at and second optical fiber bundles. The
second g%d thi rﬁa&%&é elé)alg es of the set are optical fibers of the

first and second Iaptficd cofrrlrb@’ﬂcebld)lnd;!yﬁSms,r&Sm@Oﬁhmeﬂoysideration is the data

transmission rate. In the context of optical communications several techniques are
possible for increasing the data transmission rate. Those techniques include phase-

shift keying, polarization multiplexing, and optical propagation mode multiplexing.

15 BRIEF SUMMARY
One embodiment of an apparatus includes an optical transmitter. The optical
transmitter includes a set of optical waveguides and first, second, and third optical
modulators. Output ends of the optical waveguides of the set form a two-dimensional
(2D) lateral input array capable of end-coupling the optical waveguides of the set to a
20  multimode optical fiber in response to the array being located to optically face one
end of the multimode optical waveguide. The first optical modulator is optically
connected to a first of the optical waveguides of the set, and each of the second and
third optical modulators is optically connected to the second and third of the optical
waveguides of the set. The set of optical waveguides is configured to provide a
25  coupling matrix of rank three or more between the optical modulators and optical
propagation modes in the multimode optical fiber.
In some embodiments of the above apparatus, the set includes first and second
optical fiber bundles. The second and third optical waveguides of the set are optical

fibers of the first and second optical fiber bundles, respectively.



2 In sonme enbodi ments of the above apparatus, the set includes first
and second nulticore optical fibers. The first and second opti cal

wavegui dewoabiitihesiget are optical fibers of the first amdTasScan®d3ozusti core
optical fibers, respectively. In sone enbodi nents of the above apparat us,
the set of optical wavegui des 5includes at |east five optical wavegui des
whose out put ends formthe 2D | ateral output array capable of end-coupling
the optical wavegui des of the set to the2nultinode optical fiber. In sone
enbodi ments of the above apparatus, the optical transmtter further

includes a second,ghe@mbeBinén® o MRY 8EANE ABSarARS thé 5@ incl&RS ¢ an@B&kohi rd
addi tional 10optical nodul ators. CQutput ends of the optical wavegui des of

t he second getltitermptica ébersd Thb firsttaad atcand paticadrvaxygu dgalitee wt awrmpticdupl i ng
t he opti cal vequj des_ of . the second set.to.a multinode optical fiber in
response to f{@ S%Le{h%ﬁﬁtﬁ?(} %e)?o (ifnﬁl lclo{t)ec%qné:ﬁlo@%er%6?81138%?\16@ ‘face an end of the
nul ti mode opti calinwemeguibd@imehbeofithé stovadgpdritanahe SRLF eptficaldudids S

optically connected to a first of the optical wavegui des of the 15second
set, and>eadhcladestanteagidbvsriptispldvaveeridesylipse eyt eagh foemithardtd laterebeuwpits

optically c e > i t L cal %ﬁ\‘( | des of
the second gdg{& 9%%11[2&%%%%9&? uccoﬁsgﬁ)r%glg?)@gﬁl 2»\',731"\/,[9 %lga?svdwﬁ %e?}&télﬁlosﬁﬁay @r%r# a single
physi cal arragyicalifitert he out puts of the optical wavegui des of both sets. In
some such enbodi nents, the second set of optical waveg

i des .may. be
configured to prdiise@esmOatiFatiPiiat #hoyegppyataike _E’Ii’ﬁcégtr%‘i*s%?refu%?rvveen the
additi onal qR1,gala (IAR Q% 8f SpiRAFARLLERL R ARABLIANA RS olflibRg

i I n uch enbodi

mul ti node optlca er. one s ments, the first set and the
opti cal lfodulpatdrsodudatomsc Oadput lkedesfaherayti dab wevegui dps 10€ thetsecamudt spuformiaght t o

the mul ti node optical fiber wth a, polarizati on substantially orthogonal to
ol ar | zat IGPTR 2T e bRk oSS Eu e PR Pt GRLP S g el

nodul at or s aeoriaef 10t 8RintRle 2paLdl Bkr i858k to the secofri\eheifRRAgENt  Of

an apparatus includes optical receiver. The optical receiver includes a set

of optical wawededllddaceandentdaf she mybiomde optied wavegwdoplhe st addigonal
dermell 2t o oo P05 S L N SR B I 2,70 &
mul ti node opktddl sef, iah@each of the second and third additional optical modulators is optically
connected to the second and third of the optical waveguides of the second set. In
some such embodiments, the two arrays may form a single physical array with the
outputs of the optical waveguides of both sets. In some such embodiments, the
second set of optical waveguides may be configured to provide a coupling matrix of
20  rank three or more between the additional optical modulators and optical propagation
modes in the multimode optical fiber. In some such embodiments, the first set and the
optical modulators connected thereto may be configured to output light to the
multimode optical fiber with a polarization substantially orthogonal to a polarization
of light that the second set and the additional optical modulators are configured to
25  output thereto.

Another embodiment of an apparatus includes optical receiver. The optical
receiver includes a set of optical waveguides and first, second, and third optical data
demodulators. Input ends of the optical waveguides of the set form a 2D lateral input
array for end-coupling the optical waveguides of the set to a multimode optical fiber

30  in response to the array being located to optically face one end of the multimode

optical waveguide. The first optical data demodulator is optically connected to a first

of the optical waveguides of the set, and each of the second and third optical data



30in response to the array being |located to optically face one end of the
mul ti node optical waveguide. The first optical data denodul ator is
optical | ywoanneietsad to a first of the optical wavegui degCofustoig/osess and
each of the second and third optical data 3 denodulators is optically
connected to the second and third of the optical wavegui des of the set. The
set of optical waveguides is configured to provide a coupling matrix or
rank three or nore between the optical data denodul ators and optical
propagation nodes in the nultinode optical fiber. 5In some enbodi nents of

the above apRa{AhMEors fshff)tl%ﬁl ¢MRkUEER the 5&lon@3Ad BRLIVTIhORSH GPWvatddiRfes
bundl es. The second and 't |rd optical wavegui des of the set are opti cal

fibers of td tlhidyett Thaskt oEopimal wpvégvades is trafighied dd providegsquipling wlagrix or

I n sone enbadi.ngnts of the abo a ratu t set es first

Socond. mi ¢ ey Besshore Enias S SRR FemidiudSiont SR BRroukbng ol des of
t he set areI@@kﬁ@@ﬂwlﬁmhbﬁﬁgopﬁaﬂh@eﬁ|rst and second nulticore optical

fi bers, respectively. In some enbodi ments of the above apparatus, the

set of oftical wdvegureedofimanisishasbaveasparpiug.dhepatinchidendivegnd sesondhose
I nput ends f% iR, ﬁa%dn@stef 'se& %d%@{p&gp@y% PJe %fﬂlb%%?kig% A4 he

optical wave es 0 e’ se he nmu sone
enbodinentsiﬂﬁni&ﬁhaﬁﬁwanaﬂnan@bpﬁmlﬁh@%mmﬂksaque@@ﬂwer further includes a
second set of optical wa U|des and first, secoFd %%g%ghlrd addi ti onal
optical data dend8§PAES ‘1“??18{&0 é RIbye aPP?éatBErtt el §dirtiead sgcopfie

second set f&&lﬂb@re%gﬁembég 381 8lanli 38U ApfiEH WERRAIG Aine QARG the

opti cal wavegui des the second set to a tlnD e optica
responsdot o fitiees sfaboficst and sepobdimnlic20 quatkiibday reprétoaly.y face an end of
the nul ti node optlc ui de. The first addlt ona

| dat
Horodal at orCF s Ph e EERmEIR: o1 oyt Abpd i the i of BB cs Moy des of

the second sg¢luddsas kadffivesH u%@lc\%éé@q@ds Whbdednpddhdd RpalthoPbilsatal Hpte
denodul ators is optically connected to the second and third of the optical

wavegui des atiray isepabée ofrendsesuplingiths optical ralveguridesdiftenset to thhenuliwwode r ays f orm
a single phyS|ch 5array with the inputs of the optical wavegui des of both

sets. In soﬁ@ '$Ric h

15 In some embodiments of the above apparatus, the optical receiver further
includes a second set of optical waveguides and first, second, and third additional
optical data demodulators. Input ends of the optical waveguides of the second set
form a second 2D lateral input array capable of end-coupling the optical waveguides
of the second set to a multimode optical fiber in response to the second array being

20  located to optically face an end of the multimode optical waveguide. The first
additional optical data demodulator is optically connected to a first of the optical
waveguides of the second set. Each of the second and third additional optical data
demodulators is optically connected to the second and third of the optical waveguides
of the second set. In some such embodiments, the two arrays form a single physical

25  array with the inputs of the optical waveguides of both sets. In some such
embodiments, the second set of optical waveguides is configured to provide a
coupling matrix or rank three or more between the additional optical data
demodulators and optical propagation modes in the multimode optical fiber. In some
such embodiments, the first set and the optical data demodulators connected thereto

30  are configured to receive light from the multimode optical fiber with a polarization
substantially orthogonal to a polarization of light that the second set and the additional

optical modulators are configured to receive from the multimode optical fiber.



enbodi nents, the second set of optical waveguides is configured to provide
a coupling matrix or rank three or nore between the additional optical data
denodul atwooandesipt i cal propagati on nodes in the multi rodaSeq@iioseks fi ber .
In sonme such enbodi nents, the first set and the optical data denodul ators
connected thereto 30are configured to receive light fromthe nmultinode
optical fiber with a polarization substantially orthogonal to a

pol ari zation of light that the second set# and the additional optical

nodul ators are configured to receive fromthe nultinode optical fiber. 4
Anot her enbodi ment n PRQehiRAiferBiRAdks AfmQREd S Jikally RStk Githl ghthal
data. The nethod includes transmtting a first data nodul at ed opti cal
carrier to énﬁun@h0®pmh@a$memegm@d@hﬁh@ﬁam@d@a®d®@ugﬂeaﬁmouaiﬁmtt|nDde
optical fiber Sy ate . Q rrier s mtted
et or ent i arRjelg s e HADjs dslihe PR 4 S hEMuREk allealte b EbF BB ber
The net hod lrﬂ@duuaie@olbtr@nsam&ﬁﬂs rﬁ@nﬁﬁr@t@@@reﬁﬁénﬁdnryrtd amﬁtﬂr@p@dn@pﬁlb@@bf
carriers to both second and third optical wavegui des that are end-coupl ed

to the miltithowaltopedecanticaleibegul e msthod ipdudestrasyisdrnhiecapdiandthsd opti cal
carrier is t {ﬂe#B FcaPEa‘?gg %‘B{nﬁ'sbé’ g% ﬁtﬁfa‘?g&%afw&%%ekﬁ{h Qi%%ﬁdOf the
Ica he é) 3

nmul ti node o er an I cal® carri er

transnmitted qmnptﬁeértceﬁrelnailhmotieolauc‘aobvhvefgﬂudbrmplagat thersecrmrdenmfulztﬂaneopstwat i node
optical fiber. The first, second and thrrd propagati on modes are orthogonal
propagat i on SHiESs rapspRgedRIetereRsially it seognd propagation mode i ghey fféqr%odi ment s

of the met hoghi dinkep Q&@?‘r@ tﬁf@%?@%ﬂe@&gﬂ?ﬂ%aﬂéf1satre@%§tf‘edtﬂ?@f%re'n{191 3FS as a

circle about the axis o optl ca Is traversed i n one
directi dn, athphmagmumdn@knﬁa@amhbmmnhdmnhaiﬂmrpﬁmsﬁmthaumdmndﬁasbs 15as

the circle is traverse n 0 te di.recti her odi nent
e S e o AT Maes KSR B PHEtGR Glder indhe muliat e el Ldos

denodul ati ng dat gnfspRBehib@Btndn@Cs tHefhefho8Mha sédhtl ipFaAeatit thedd héé@VegUi de
via a first optical wavegui de end- coupled thereto such that the received

light is pr efhesecthad i lacﬂegrses poacacleiabeut thy opagathe onlmwdée afticehigbenis t i node

ot recei JoNCREb A viscfiolol ARhal b BEp-GElRgt R DR AR LB R o

third opsi cals iveMelisdesesedmcaugipesitd diggcab® such that the other light is
preferentially froma second propagation node of the nultinpde o tica
wavegui de. The nebiskericabodmeant qervidnsansthed ebapiicalibrpcqisingstigiey d F“iag ht

recei ved fr o V, i t and
third optica ﬁgéggﬁigggﬁgﬁ% *%at &N @%ﬁl%ﬁh%kargg mfg£%¥é£§$§ ?glly
froma thirdvpregpdgata ofirstogizabivatdpaideientiiconpled dpidtc alichwamabefedeived he
first, second and third %;ﬁ pagati on nodes are orthogonal rg@g ation nodes

in the mul titEoHEs RBpfereabplly frp@ra tifshpropagationmade ok HesMyimods o t he
second pHOPaPALLAAe. W@H@nﬁaﬁdm&d@m%ﬁlohmaan$ a&a%ﬁeahmlgméc@ﬁﬂeef@ﬁput the

axis of the nul ?rnnde optical fiber as circ
the multimode optical waveguide via both second and third optical waveguides end-

coupled thereto such that the other light is preferentially from a second propagation
mode of the multimode optical waveguide. The method includes demodulating data
from yet other light received from the multimode optical waveguide via both the

25  second and third optical waveguides such that the yet other light is preferentially from
a third propagation mode of the multimode optical waveguide. The first, second and
third propagation modes are orthogonal propagation modes in the multimode optical
fiber.

In some embodiments of the method, the second propagation mode has a
30  phase that increases on a circle about the axis of the multimode optical fiber as circle

is swept out in one manner, and the third propagation mode has a phase that increases



I's swept out in one manner, and the third propagati on node has a phase that
i ncreases 5 on the circle about the axis of the multinode optical fiber as
circle i swewepnti2e81t i n an opposite manner. BRI EF DESCRI PTIr@N2@H/ 0JHES

DRAW NGS Figure 1 schematically illustrates an optical conmunication system
for 5communi cating data according to optical propagation node multiplexing
(OPMV); Figures 2A schematically illustrates radial light intensities of

t hree exanpl es of optical propagation nodles in an exanple multinode opti cal
fiber, e.g., nodes for inplenmenting OPMMin the optical comunication

system of FiGuhe citile BbEH RS2 Bos0E BIRGMEA dptichl Hinkstal 8k&8 i PRk Blit in an _
dependenci es of the phase of the 10optical propagation nodes illustrated in

Fi gure 2A; oppositeAnganee 3A schematically illustrates an enbodi ment of an
optical transmtter for use in an optical comunication systemthat
I npl ements OPVMM e. g., tBRIDHDESCRIDQN OFTHENDRAWENGSf Figure 1; Figure

3B schematicallyﬂ.l I Uﬁtl’ tes. a otgﬁr enbodi ment of an optical 15transmtter
for use in an optiEyF ICERFRIALY IBRIaGEPEA RaETRENEHEM Y& e g.. the

optical GoMPdRing@iéRine MMalRBAIngRb P&l dropagation LGl fexiENOPAIVGal | Y
illustrates a specific enbodinent of the op%l cal transmitter of Figure 3A
that al so i npl emdngwepdhachenatically Hudeatautadiablightiinignsisesgof, thfegrexagples n t he

oPYLcal ORI MGy RO 20 AROSTE. il
implementing OPMM in the optical communication system of Figure 1;
Figures 2B schematically illustrates angular dependencies of the phase of the
10 optical propagation modes illustrated in Figure 2A;

Figure 3A schematically illustrates an embodiment of an optical transmitter
for use in an optical communication system that implements OPMM, e.g., the optical
communication system of Figure 1;

Figure 3B schematically illustrates another embodiment of an optical

15  transmitter for use in an optical communication system that implements OPMM, e.g.,
the optical communication system of Figure 1;

Figure 3C schematically illustrates a specific embodiment of the optical
transmitter of Figure 3A that also implements polarization mode multiplexing, e.g.,
for use in the optical communication system of Figure 1;

20 Figure 3D schematically illustrates another embodiment of an optical
transmitter that also implements OPMM and polarization mode multiplexing, e.g., for
use in the optical communication system of Figure 1;

Figure 3E is an end view illustrating one example of a 2D lateral output array

(LOA) of passive light emitters, e.g., for use in the optical transmitter of Figure 3D;
25 Figure 3F is a top sectional view illustrating a planar embodiment of a set of
passive light emitters, e.g., for use in the optical transmitter of Figure 3C;

Figure 4A schematically illustrates an embodiment of an optical receiver that
demodulates data from an optical carrier that was modulated according to OPMM,
e.g., for use in the optical communication system of Figure 1;

30 Figure 4B schematically illustrates another embodiment of an optical receiver

that demodulates data that was modulated according to OPMM, polarization



transmtter that also inplements OPMNI and pol ari zati on node nul ti pl exi ng,
e.g., for use in the optical comunication system of Figure 1, Fi gure
3E is an wodouewsidl | ustrati ng one exanple of a 2D | at epall/useaip0s02as r ay
(LOA) of passive light emtters, e.g., for use in the optical transmtter

of Figure 3D; 25Figure 3F is a top sectional viewillustrating a planar
enbodi nent of a set of passive light emtters, e.g., for use in the optical
transmtter of Figure 3C Figure 4A schematically illustrates an

enbodi nent of an optical receiver that denodul ates data from an optical

carrier thaty,yaseRRQuiRt £6hRACANHhRG it (R & For udeQh tMS&ptical t he opti cal
communi cation systemof Figure 1; 30Fi gure schematically illustrates

anot her enbodimmeyrticagion apsteiptof Eedure &cei ver that denodul ates data that was

nodul at ed accor di t g OP ol,ari zat] on nul.t i.pl exi nd,a quadrat ure
Thase sni it ot ik ScShthaRRlE I ERAcS Rt St oF i P By BHEE o
Figure 1; Fitgatr®Rnrdduinth damtth@aldsinddulded sbrREnRAOPEV @ahotirreidn of an
optical receiver that denodul ates data that was nodul ated accordi ng to OPPM

and pol aPi zavilgplesingl e Bpfanispy the ogtical cemmyaicatian pyseend pf Figdre Gonmuni cat i on
system of Figure 4. . Fi g}fr B LS. I 4L | .met hod of
optical transm ttFi]I%lf;reaS 1(S:ha(;%llot a agéﬁ%gt%%lﬁ%gnnfe \t\f(lao%g&fo&)%lgirl tt@%ﬁ#? %g&g%f i cal
transm tt er slaof stfehmue gs f3Aise iBihe optichl transmittersgafifegiGes $Aa ID;anwdchar t

illustrating a nmethod of qptically receiving a digi.t data stream e.g.,
for use in the opti¥so lﬁég@wénﬂgt_lﬁvst@flgw&e%w of Om?ﬁhyoqeﬁelmg gH es and
text, |ike releqenficosyrals if idiohata Sl pRNFikhkaai M ar or the same

function and/or structure. n the Figures, the relative dinmension(s)

of sone 1Peat ur es Inalye bguex agdexatlidd reforemoe gynoicdamidicaiel dlers¢ntatveh tshmalar

feature(s) and eosrarllreeugétllo%na(lla) to other feature(s) therein.

or structure.
In the Figures, the relative dimension(s) of some features may be exaggerated
to more clearly illustrate the feature(s) and/or relation(s) to other feature(s) therein.
Herein, various embodiments are described more fully by the Figures and the
15  Detailed Description of lllustrative Embodiments. Nevertheless, the inventions may
be embodied in various forms and are not limited to the embodiments described in the
Figures and the Detailed Description of Illustrative Embodiments.
DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS
U.S. Provisional Applications 61/321013 and 61/320,934, filed April 5, 2010,
20  andthe U.S. Patent ApplicationNo. /| titled “WAVEGUIDE COUPLER

FOR OPTICAL TRANSVERSE-MODE MULTIPLEXING” (Docket No. 807257-
US-NP), filed by Roland Ryf on June 30, 2010, are all incorporated by reference

2

herein in their entirety.
Figure 1 illustrates an optical communication system 10 for transmitting
25  digital data according to optical propagation mode multiplexing (OPMM). The
optical communication system 10 includes an optical transmitter 12, an optical
receiver 14, and N transmission fiber spans SP;, SP,, ..., SPy of multimode optical
transmission fiber that all-optically connect the optical transmitter 12 to the optical

1,2,3,4

2 2 2 2 2

receiver 14. Here, N is a positive integer, e.g. etc., and each transmission
30  fiber span SP; — SPn.; of multimode optical transmission fiber is connected to the next
span SP; — SPy of multimode optical transmission fiber by a passive or active all-

optical connection device (ACD). Examples of all-optical connection devices include



Herein, various enbodi nents are described nore fully by the Figures and the
15Det ai | ed Description of Illustrative Enbodi nents. Neverthel ess, the

i nvent i orwormay/R2é81@nbodi ed in various fornms and are not PCIrrbst@d/ 084 he
enbodi nents described in the Figures and the Detail ed Description of
IIlustrative Enbodi nents. DETAI LED DESCRI PTI ON OF | LLUSTRATI VE EMBODI MENTS
U.S. Provisional Applications 61/321013 and 61/320,934, filed April 5,

2010, 20 and the U. S. Patent Application7No. /" titled "WAVEGUJ DE COUPLER
FOR OPTI CAL TRANSVERSE- MODE MULTI PLEXI NG' (Docket No. 807257- US-NP), filed

by Rol and Rydptiefl atyiei e?’soopt?&i—@yspélf@l%n%bﬂnpéﬁbﬁ%@%bﬁéa@@ib@b’c u?fe% @p&&iherein in
their enti rety Figure 1 illustrates an optlcal comuni cation system 10 for

transmitti ngsa&disgandipr sstatalaccm&umtwmﬁéler@fopt i cal propagation node

mul tiplexing (OP he .opt i o i.ng ud

optical transnit & -ﬂr pgﬁﬁ C|8{1 e(:Céﬂon &¢ 8‘? va¢b %fecﬁﬁ%lyﬁo?‘g%\%lgl;}?sa%ﬁ H%‘Tul ber
spans 5131, thhd@isSidh FOkr §paht SPPASPERta Medptichlandapliscmettix ek obhied]

al | -opti caI |y connect the optical transmtter 12 to the optical recel ver
14. Here N dosmgumensiopnisygemn dfedenll-aptigal copnecpion deviges, &(D, previde erftaal
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(ACD). Exanples of all-optical connection d Vi ces |nclu e 7 op
apl 11 er s, oMty oHte nk BEipiraL SRS BREISIXEET wanbe ét}deee‘u%mi
N T i
10  fixed wavelength. The all-optical connection devices, ACD, may provide, eg.,
substantially diagonal or non-diagonal coupling matrices between the data-carrying
optical propagation modes to substantially conserve the form of the optical
propagation mode carrying each individual data stream.
The embodiments of the optical communication system 10 use propagating
15  optical modes with different radial light intensity profiles and different angular phase
profiles, e.g., as illustrated in Figures 2A — 2B.

Figure 2A schematically illustrates radial light intensities of several optical
propagation modes A, B, C that may be present in a multimode optical fiber, e.g., the
multimode optical transmission fibers of the spans SP; — SPy in Figure 1. The mode

20 A has alarge light intensity at the center of the multimode optical fiber, e.g., asina
typical fundamental optical propagation mode. The modes B and C have a low or
vanishing light intensity at the center of the multimode optical fiber and have one or
more high or maximum intensity regions at a radial distance R from the center of the
multimode optical fiber, e.g., as in higher-order propagation modes. For example, the

25 B and C modes may have high intensities in all or part of an annular region about and
away from the central axis of the multimode optical fiber.

Figure 2B schematically illustrates relative phases of high intensity regions of
the A — C propagation modes as a function of angle about the central axis of the
multimode optical fiber. The A propagation mode has a configuration in which the

30  phase is relatively constant over the various portions of the high intensity region, e.g.,
near the central axis of the multimode optical fiber. The B propagation mode has a

configuration in which the phase increases approximately linearly with the angle



transm ssion fiber spans SPi - SPN via an optical coupling matrix. In the
optical 5conmmuni cation system 10, the all-optical connection devices, ACD,
provi de opOi2edl126514pl i Nng matri ces whose ranks are, at | eastUS2@g/ob@age as

t he nunber of optical propagation nodes used to carry independent data in
the transm ssion fiber spans SPi - SPN. The rank of an optical coupling
matrix fixes the nunber of independently nodul ated optical carriers that
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15  plurality of light sources, wherein each light source generates light whose amplitude
and phase profile is individually adapted to more strongly couple to a selected one of
the optical propagation modes A, B, and C of the multimode optical transmission
fibers of the transmission fiber spans SP; — SPy in Figure 1. For that reason, the
optical transmitter 12 may be able to simultaneously transmit a different data stream

20 one each of the optical propagation modes A, B, and C, wherein the different data
streams are transmitted with the same or different digital data modulation protocols.
In some embodiments, the optical transmitter 12 has more than three light sources,
wherein each source is capable of preferentially optically couple to a corresponding
different one of the optical propagation modes of the multimode optical transmission

25  fibers of the transmission fiber spans SP; — SPy of Figure 1.

Figure 3A schematically illustrates one embodiment 12A of the optical
transmitter 12 illustrated in Figure 1. The optical transmitter 12A includes, at least,
three optical modulators 20A, 20B, 20C and, at least, three passive light emitters 22A,
22B, 22C.

30 Each optical modulator 20A, 20B, 20C modulates a corresponding data
stream, i.e., DATA-A, DATA-B, or DATA-C, onto an optical carrier according to a

corresponding amplitude keying and/or phase shift keying modulation protocol. The
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15  optical fiber optically couples to a mode of the output optical fiber. In alternate
embodiments, the optical waveguide structure may be, e.g., a multicore optical fiber
with one or more input optical fiber cores and an output single-mode or multimode
optical fiber. In such a multicore optical fiber, each input optical fiber core optically
couples to the output optical fiber. Alternately, the entire set of passive light emitters

20  22A —22C and/or single passive light emitters thereof may be fabricated as integrated
optical device(s).

Each passive light emitter 22A — 22C may be fabricated as a fused structure in

various manners. In one example, a plurality of optical fibers may be placed in a
glass capillary to form a bundle. Then, one end of the bundle is heated to become

25  partially molten, and an output optical fiber, OOW, is produced by drawing the
partially molten end of the bundle to produce said fiber. In such an embodiment, the
remaining free ends of the original optical fibers form the input optical waveguides,
IOW, of the passive light emitter that are optically coupled to the output optical fiber,
OOW. In another embodiment, a plurality of optical fibers are fused together to form

30 the optical waveguide structure of the passive light emitter, i.e., with an output optical
fiber, OOW, that is fixed to and optically coupled to a plurality of input optical fibers,
IOW. Indeed, the entire set of passive light emitters 22A — 22C of Figure 3A may be



Figure 3A schematically illustrates one enbodi nent 12A of the opti cal
transmtter 12 illustrated in Figure 1. The optical transmtter 12A
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bundl e. Then, one end of the bundle is heated to becone
lens system combined with a turning mirror and/or an optical isolator. Alternately,

may be

the optional imagining system 26 may be a section of fused optical fibers in which the
individual optical fibers adiabatically transform into a multimode optical fiber.

Each optical modulator 20A — 20C optically couples differently to the passive

20  light emitters 22A — 22C so that the optical transmitter 12A can support OPMM. In
particular, the set of passive light emitters 22A, 22B, 22C optionally combined with
the imaging system 26 provides an optical coupling matrix between the set of optical
modulators 20A, 20B, 20C and the transmission fiber span SP;. The rank of the
optical coupling matrix is typically, at least, three so that the set of optical modulators

25  20A -20C can together simultaneously transmit, at least, three independent data
streams via the optical propagation modes of the transmission fiber span SP;.

The optical modulator 20A optically connects to a corresponding input optical
waveguide or waveguide core, IOW, of the passive light emitter 22A. The output end
of the output optical waveguide, OOW, of this passive light emitter 22A is located

30  and oriented to preferentially transmit light to a central axial region of the multimode
optical fiber 24. This output of the lateral output array, LOA, may be, e.g., directly
facing the center portion of the input end of the multimode optical fiber 24. For this
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20 The optical modulator 20B may optionally also connect to the other passive
light emitter 22A, which strongly optically couples to the central region of the
multimode optical fiber 24. Such a connection can provide light with an appropriate
phase and amplitude to substantially destructively interfere with light received from
the remaining passive light emitters 22B and 22C at the central region at the input end

25  the multimode optical waveguide 24. Such an optional configuration can reduce the
optical coupling of the optical modulator 20B to the A central optical propagation
mode of Figures 2A — 2B.

The optical modulator 20C also optically connects to corresponding input
optical waveguides or waveguide cores, [IOW, of the same remaining two passive

30  light emitters 22B, 22C. As already discussed, the output ends of the output optical
waveguides of these remaining passive light emitters 22B, 22C are located and

oriented to preferentially transmit light to an annular region concentric with and
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20C to the central region of the input end the multimode optical fiber 24. Such an
optional connection can reduce the optical coupling of the optical modulator 20C to

20  the central A optical propagation mode of Figures 2A — 2B.

Figure 3B schematically illustrates another embodiment 12B of the optical
transmitter 12 of Figure 3A. The optical transmitter 12B includes three optical
modulators 20A, 20B, 20C and a set of four passive light emitters 22A, 22B, 22C,
22D, 22E.

25 Each optical modulator 20A, 20B, 20C may modulate a corresponding data
stream, i.e., DATA-A, DATA-B, or DATA-C, onto an optical carrier according to a
corresponding amplitude keying and/or a phase shift keying modulation protocol.
The data streams DATA-A, DATA-B, DATA-C may be, e.g., distinct from each
other, and each pair of such data streams may be, e.g., modulated onto the optical

30  carrier via the same digital data modulation protocol or a different digital data

modulation protocol. Each optical modulator 20A — 20C may be any conventional
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15  transmits light to one or more of the optical propagation modes in the multimode
optical fiber 24. The set of passive light emitters 22A — 22E may couple e.g., to three
or more of the optical propagation modes so that three or more different modulated
carriers may be simultaneously carried by the set formed by these optical propagation
modes. The passive light emitters 22A — 22E may be fusion spliced to the input end

20  of the multimode optical fiber 24 or may be optically coupled thereto via an optional

imagining system 26, e.g., a collimating lens or a micro-lens array or such a lens
system combined with a turning mirror and/or an optical isolator.

In Figure 3B, each optical modulator 20A, 20B, 20C optically connects
differently to the passive light emitters 22A — 22E to provide for OPMM.

25 The optical modulator 20A optically connects to the passive light emitter 22A,
which has a waveguide end located and oriented to strongly transmit light to a central
region of input end of the multimode optical fiber 24. For that reason, the optical
modulator 20A transmits light preferentially to the central A optical propagation
mode of Figures 2A — 2B.

30 The optical modulators 20B and 20C optically connect to the remaining four
passive light emitters 22B — 22E, which have outputs located and oriented to

preferentially transmit light to an annular region concentric with and located away



transmtter 12 of Figure 3A. The optical transmtter 12B includes three
optical nodul ators 20A, 20B, 20C and a set of four passive light emtters
22A, 22B,wo2@i1/289d4 22E. 25Each optical nodul ator 20A, POB/US2QT0swyS

nodul ate a corresponding data stream i.e., DATA-A, DATA-B, or DATA-C, onto
an optical carrier according to a correspondi ng anplitude keying and/or a
phase shift keying nodul ati on protocol. The data streans DATA-A, DATA-B,
DATA-C may be, e.g., distinct fromeach Bther, and each pair of such data
streans may be, e.g., nodul ated onto the optical 30carrier via the sane
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SPiin Figurgg ntillhﬁf;reids%(SE&Qas@)"itnptHé ?elﬂfveyﬂgse%fﬁf-e\b%sgiélegl' ht §Mikdr&h 8B 22A -
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formed by these qgptical pro ag{ati on nodes. The passive light emtters 22A -
22E may be fusio lgempin@%ldnq l%ﬁ@QiOﬁrﬂlj}fi 28k gmay optionally be connected to transmit

15 light to the passive light emitter 22A such that the light has a phase and amplitude
suitable to destructively interfere with light received from the passive light emitters
22B - 22E at the center region of the input end of the multimode optical waveguide
24. Such destructive interference can reduce the coupling of the optical modulators
20B and 20C to the A optical propagation mode of Figures 2A — 2B.

20 Figure 3C schematically illustrates an embodiment 12C of the optical
transmitter 12 of Figure 3 A that also implements polarization mode multiplexing
along with OPMM. The optical transmitter 12C is constructed as in Figure 3A or 3B
except that this embodiment has both first optical modulators 20A, 20B, 20C and first
passive light emitters 22A, 22B, 22C connected thereto and second optical modulators

25  20A’, 20B’, 20C’ and second passive light emitters 22A°, 22B’, 22C’ connected
thereto.

The sets of first and second passive light emitters 22A — 22C and 22A° — 22C’
transmit orthogonal linear polarizations to the two input ports of a polarization
combiner 28. For that reason, the 2D lateral output arrays, LOA, corresponding to the

30 set of the first passive light emitters 22A — 22C and the set of the second passive light
emitters 22A° — 22C’ respectively, transmit light with orthogonal linear polarizations

to the multimode optical fiber 24. To produce suitable polarizations, the optical



200f the multinode optical fiber 24 or may be optically coupled thereto via
an optional inmagining system?26, e.g., a collimating lens or a mcro-I|ens
array or wochiazbsns system conbi ned with a turning m rPOT/US2al/10802a%
optical isolator. In Figure 3B, each optical nodul ator 20A, 20B, 20C
optically connects differently to the passive light emtters 22A - 22E to
provide for OPMM 25The optical nodul ator 20A optically connects to the
passive light emtter 22A, which has a wavegui de end | ocated and oriented
to strongly transmit light to a central region of input end of the
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optional | y bepaatshyeotdentndent draiabdate stream DATA-A’, DATA-B’, and DATA-C’ to
respective first, second, and third optical propagation modes with an orthogonal linear

15  polarization.

In some alternate embodiments, the second set of passive optical emitters
22A° —22C’ and the corresponding optical modulators 20A” — 20C’ are absent from
the optical transmitter 12C. Then, the polarization combiner 28 functions to configure
the polarization of the light from the first set of passive light emitters 22A —22C.

20 Figure 3D schematically illustrates a third embodiment 12D of the optical
transmitter 12 of Figure 1 that implements polarization multiplexing and OPMM of
modulated optical carriers that are linearly polarized. The optical transmitter is
constructed as in Figure 3C except that the passive light emitters 22A, 22B, 22C and
the passive light emitters 22A°, 22B’, 22C’ produce a single 2D lateral output array,

25  LOA, and the passive light emitters 22A — 22C, 22A° — 22C’ deliver light with the
same linear polarization to the linear output array, LOA. For example, the two sets of
passive light emitters 22A — 22C and 22A° — 22C’ may be a single fiber bundle or a
single multicore optical fiber, in which the polarization of received light is
maintained. The first optical modulators 20A, 20B, 20C connect to the first three

30  passive light emitters 22A, 22B, 22C, and the second optical modulators 20A’°, 20B°,
20C’ connect to the remaining three passive light emitters 22A°, 22B°, 22C’. In some
such embodiments, the passive light emitters 22A — 22C and 22A’ — 22C’ emit light



15 light to the passive light emtter 22A such that the |ight has a phase
and anplitude suitable to destructively interfere with [ight received from
t he passiwe 2ightsienmitters 22B - 22E at the center regi @nTafS2¢the3izaput end
of the multinode optical wavegui de 24. Such destructive interference can
reduce the coupling of the optical nodulators 20B and 20C to the A opti cal
propagati on node of Figures 2A - 2B. 20Figure 3C schematically illustrates
an enbodi ment 12C of the optical transmister 12 of Figure 3A that also

i npl enents pol ari zati on node nul tiplexing along with OPMNI. The opti cal
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22C, 22C, 22B’, and 22C’ are located in an annular region around and away from the

he

array’s center, i.e., to better couple to the B and C optical propagation modes of

20  Figures 2A — 2B at the multimode optical fiber 24. The lateral physical separation of
outputs of the two sets of passive light emitters, i.e., 22A, 22B, 22C and 22A’, 22B’,
22C’, in the local output array, LOA, enables positioning the optical element 30 to
polarization rotate the light from the outputs of only the second set of passive light
emitters 22A° — 22C’. In other embodiments, said relative rotation may be performed

25 by in the set of the first passive light emitters, i.e., 22A - 22C, itself, e.g., by suitably
optical fibers therein about their optical axes.

Figure 3F is a top view of an end portion of a planar device embodying the
passive light emitters 22A° — 22C’ in one embodiment of the optical transmitter 12C
of Figures 3C. In this embodiment, the optical element 30 is a birefringent 2 wave

30  layer that intercepts light only from the passive light emitters 22A — 22C, and the
optional imagining system 26 includes an optical spacer layer 32 and an array of

collimating micro-lenses 34. The micro-lenses 34 are positioned to substantially



15pol ari zati on. In sone alternate enbodi nents, the second set of
passive optical emtters 22A° - 22C and the correspondi ng opti cal

nodul at orw020A/1268120C are absent fromthe optical tran®giriuser11020248 Then,
the pol arization conbiner 28 functions to configure the polarization of the
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said optical propagation modes in the light detectors of the receiver 14. Through such
precompensation, the optical receiver 14 can be connected to receive modulated
optical carriers in which the mixing of different transmitted digital data streams is
substantially absent. The processor 8 may also electrically control segment(s) of the

20  one or more input waveguides, OOW, of the passive light emitters 20A — 20E, 20A” —
20C’ to enable dynamic control of relative phase of light delivered to the local output
arrays, LOA, from the various optical modulators 20A — 20C. Each segment may,
e.g., have an electro-optically or thermally active waveguide core whose refractive
index is controllable by a voltage applied by the processor 8 across electrodes

25  adjacent to the segment.

Figure 4A schematically illustrates one embodiment 14 A of the optical
receiver 14 illustrated in Figure 1. The optical receiver 14A includes a set of three
optical data demodulators 36A, 36B, 36C, a set 38 of passive optical receivers 40A,
40B, 40C, 40D, 40E, and an optional electronic processor 42. Each optical data

30  demodulator 36A — 36C optically demodulates a digital data stream, i.e., DATA-A”,
DATA-B”, or DATA-C” from a received modulated optical carrier. Each passive

optical receiver 40A — 40E preferentially couples light from one or more of the optical



i.e., DATA-A, DATA-B, DATA-C, DATA-A , DATA-B', and DATA-C . Fi gure
3E is a face view one exanple of a |local output array, LOA for the passive
i ght emwOers/R28A4 22B, 22C, 22A', 22B', 22C of the opCiramskoiioangsr tter
12D of Figure 3D. In the exanple |ocal output array, LOA, the outputs of
the passive light 15emtters 22A and 22A' are centrally located in the
array, i.e., to better couple to the central A optical propagation node of
Figures 2A - 2B at the nmultinode opticallsfiber 24. In the exanple | ocal
output array, LOA, the outputs of the passive light emtters 22C, 22C,
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20  in Figures 3A — 3E. In particular, each passive optical receiver 40A —40E is an
optical waveguide structure with a single input optical waveguide, IOW, and one or
more output optical waveguides, OOW, that optically connects a corresponding one
of the optical demodulators 36A — 36C to the input optical waveguide, IOW. In some
embodiments, the optical waveguide structure is, e.g., an optical fiber bundle with a
25  single input optical fiber, IOW, e.g., a single-mode optical fiber, and one or more
output optical fibers, OOW, e.g., single-mode optical fibers. In such a fiber bundle,
each output optical fiber, OOW, optically connects a corresponding one of the optical
demodulators 36 A — 36C to the input optical fiber, IOW. In other embodiments, the
optical waveguide structure is, e.g., a multicore optical fiber with a single input
30  optical fiber, IOW, and one or more output optical fiber cores, OOW. Each output

optical fiber core, OOW, optically connects a corresponding one of the optical



preconpensate for m xing of independent data streans into different ones of
the 15o0ptical propagati on nodes in the optical channel and/or the m xing of
t he det ecwDani1of2683ai d opti cal propagati on nodes in the PCghuS2adenstors of
the receiver 14. Through such preconpensation, the optical receiver 14 can
be connected to receive nodul ated optical carriers in which the m xing of
different transmtted digital data streans is substantially absent. The
processor 8 may also electrically control® segnent(s) of the 20 one or nore
i nput wavegui des, O0W of the passive light emtters 20A - 20E, 20A" - 20C
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of the mgltispadd et bedlle thereby fusing together the individual passive optical receivers
40A - 40E.
For each passive optical receiver 40A — 40E, the input end of the input optical
waveguide, [OW, optically faces an output end of a multimode optical fiber 24, e.g.,
the multimode optical transmission fiber of the last span SPy in Figure 1. Thus, the
20  outputs of the passive optical receivers 40A — 40E form a 2D lateral input array, LIA,
optically facing the output end of the multimode optical fiber 24. In the lateral input
array, LIA, each passive optical receiver 40A — 40E is typically configured and/or
located to preferentially receive light from a selected one or more of the optical
propagation modes in the multimode optical fiber 24. The outputs of the passive
25  optical receivers 40A — 40E may be combined, e.g., at the optical data demodulators
36A - 36C, to preferentially transmit light of the A, B, and C optical propagation
modes of Figures 2A — 2B, to the optical data demodulators 36A, 36b, and 36C,
respectively. The lateral input array, LIA, may be fusion spliced to the output end of
the multimode optical fiber 24 or may be optically coupled to that output end via an
30  optional imagining system 26, e.g., a collimating lens or a micro-lens array or such a

lens system combined with a turning mirror and/or optical isolator.



fiber 24. Between the three digital data-carrying optical propagation nodes
of the multinode optical fiber 24 and the three optical data denodul ators
36A - 360yvotha/reg140f passive optical receivers 40A - 4@ETfUsaeiiosn?ss
effectively as an optical coupling matrix of rank three or nore, e.g., an
optical coupling matrix that is substantially 15 diagonal. Each opti cal
dat a denodul at or 36A - 36C may have any conventional formfor optically
denodul ating digital data froman opticao carrier that has been anplitude
and/ or phase nodul at ed. Each passive optical receiver 40A - 40E may
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receivers
40E with nonzero relative phases, the light received thereat may also be delayed with

a set of nonzero relative phases prior to recombination at the optical data demodulator
36B and may be delayed with a different set of nonzero relative phases prior to
recombination at the optical data demodulator 36C. The relative phases may be

25  selected so that the optical data demodulator 36B preferentially receives light from the
B optical propagation mode and so that the optical data demodulator 36C
preferentially receives light from the C optical propagation mode. At the optical data
demodulator 36C, the added phase relative to light from one passive optical receiver
40B - 40E may be in the interval [n/4, 31t/4], e.g., about ©/2, for light from the

30  passive optical receiver 40B — 40E with a clockwise adjacent input end on the lateral
input array, LIA. At the optical data demodulator 36B, the added phase relative to

light from one passive optical receiver 40B — 40E may be in the interval [-n/4, -37/4],



40A - 40E For each passive optical receiver 40A - 40E, the input end
of the input optical waveguide, ION optically faces an output end of a

mul t i nodewopoilcabsiti ber 24, e.g., the multinode optical PCrasgmissizen fi ber
of the last span SPN in Figure 1. Thus, the 20outputs of the passive
optical receivers 40A - 40E forma 2D lateral input array, LIA optically
facing the output end of the nultinode optical fiber 24. In the | ateral

i nput array, LIA each passive optical rX¥ceiver 40A - 40E is typically
configured and/or located to preferentially receive light froma sel ected
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mul ti node optical fiber 24. For that reason, thlﬁ taSSI ve oBti cal receiver
HWHE:
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corr espqndi NGl put optical waveguide, 00W of sone or all of the
remai ning passive optical 15receivers 40B - 40E. The inputs of the input
opti cal wavegui ddg somepychodmhdsements, the local oscillator may be connected to transmit

local oscillator light directly to the optical data modulators 36A — 36C. That is, the
light is transmitted directly from the local oscillator to the optical data modulators
36A — 36C in a manner that bypasses the passive optical receivers 40A — 40E.

20 In alternate such embodiments, the local oscillator may transmit light to the
inputs of the lateral input array, LIA, so that the passive optical receivers 40A — 40E
carry light that is received from the local oscillator and the multimode optical fiber
24. In these embodiments, the local oscillator transmits light to the lateral input array,
LIA, with phase and amplitude profiles that overlap with those of light transmitted

25  thereto by the A, B, and C propagating modes of the multimode optical fiber 24.
Then, the individual passive optical receivers 40A — 40E cause the same relative
phase shifts to light from the local oscillator and light from the multimode optical
fiber 24. For that reason, the light from different ones of the passive optical receivers
40A — 40E can still add in a manner that supports coherent optical detection when

30  combined at the optical data modulators 36A — 36C.



passive optical receivers 40B - 40E are |located on the lateral input array,
LIA in a manner to preferentially receive light froman annul ar regi on of
out put emsoabithesiul ti node optical fiber 24. The annul CcTrisgéion3oray be,
e.g., a highintensity region for the B and C optical propagati on nodes B
of Figures 2A - 2B. Since the B and C 20optical propagation nodes transmt
light to the various passive optical receivers 40B - 40E with nonzero
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11/ 204607, which was filed Aug. 15, 2005; U S. patent application

11/ 236246, W I wek of p@@lVS@ﬁtlcal2@/961\@438@59“%@@%5% brss, sepepdeHtirdaped i cati on

11/644536, w6 sé@@§4,f4i4l’,%”,[ﬁp” ofzgassi%gggtica]_li]&eivers; a polarization beam splitter

28; an optical local oscillator 46; an optical phase plate 48; and two optional
collimating optical systems 26, 26’.

20 Each set 38 — 38’includes three or more passive optical receivers, e.g., four,
five, six or more passive optical receivers constructed and/or configured as described
with respect to Figure 4A. Each set 38 — 38" of passive optical receivers receives
data modulated light from the multimode optical fiber 24 and receives reference light
from the local optical source 46.

25 Each set 44 — 44’includes three optical data demodulators constructed and
configured as coherent optical detectors as already described, e.g., using structures
described in the above-incorporated U.S. patent applications. In each set 44 — 44,
the first, second, and third optical data demodulators are configured to preferentially
receive light from the respective A, B, and C optical propagation modes of the

30  multimode optical fiber 24.

The phase plate 48 introduces about a ¥4 period of relative phase delay

between the reference light sent to the linear input arrays, LIA, of the first set 38 and



above three U S. patent applications are incorporated herein by reference
in their 15entirety. In sone such enbodi nents, the |ocal oscillator
may be comoeotiedesie transmit |ocal oscillator |ight dir@crhugs2eia/os6e8 optica
data nodul ators 36A - 36C. That is, the light is transmtted directly from
the local oscillator to the optical data nodulators 36A - 36C in a manner
t hat bypasses the passive optical receivers 40A - 40E. 20ln alternate such
enbodi ments, the local oscillator nay tr&nsmit light to the inputs of the
| ateral input array, LIA so that the passive optical receivers 40A - 40E
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20  mode of the multimode optical fiber 24, and the remaining passive optical receivers of
each set 38 — 38" preferentially receive light from the B and C optical propagation
modes of the multimode optical fiber 24. In each set 38 — 387, the passive optical
receivers cause suitable relative delays between light carried therein so that the
combinations of light delivered to the optical demodulators of each set 44 — 44™’

25  enable the first, second, and third optical demodulators thereof to demodulate data
carried by the respective A, B, and C optical propagation modes of Figures 2A — 2B.

Figure 4C schematically illustrates another embodiment 14C of the optical
receiver 14 of Figure 1 that is configured to demodulate data modulated via optical
propagation mode multiplexing with polarization mode multiplexing. The optical

30 receiver 14C has a construction that is similar to the optical receivers 14A, 14B of
Figures 4A and 4B. But, the optical receiver 14C includes a first set of optical data

demodulators 36A, 36B, 36C and a corresponding first set of passive optical receivers



20Each set 38 - 38"includes three or nore passive optical receivers, e.g.,
four, five, six or nore passive optical receivers constructed and/ or

conf i gur edoastidiessini bed with respect to Figure 4A. EachPs®&US2@1/03@88 of
passi ve optical receivers receives data nodulated light fromthe nmultinode
optical fiber 24 and receives reference light fromthe | ocal optical source
46. 25Each set 44 - 44"includes three optical data denodul ators constructed
and configured as coherent optical deteciors as already described, e.g.,
usi ng structures described in the above-incorporated U. S. patent

appl i cati onsgoA RoBaGIT 88 hath sefdhd set BEofftichBdata 8668 NMTatoRNE AL Mgyl ot cal

data denodul ators are configured to preferentially receive light fromthe
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1/ 4 period of relative phase del ay between the reference |ight sent to the
| i near i Aput30&r rAthe, seeand sebepticaldy eorinedt dke pasive qati¢ahseceyarstWAs et4088" . For
that reason, cthe firstand third sets 44, 44" of optical data denmpdul ators
can denodul ate data carried on in-phase conponents of the received |ight,
and the 5second aldo,fthelopticabeicsivéd!4C khéluded a bipéfiriaatnt dptieal dewadiiplate®0s can
denodul at e data carréﬁd_on uadr at ur e- phase coqgonenta of . the received

light.  an¥Rdingg _?Ft@fisgnBB@al S verare il SE A iksuinear pYaeker é€t one
pol ari zat | on,fochidft bbivdBh i @b AR BRI RARCRObHEA fibLAf 4 nd

r ]
optical local oscillator 44 to the rst and sec sets 38, 38’ é% gassive
opti cal 1Pecdhrueg 8Ddatral snpriomfrayg ik Adfaromed by gotinpite ofl ieglasst vevaltigalor t hogonal

pol ari zati on conponents, of id g to the third.and fourth sets 38", 33"
bf pase;ve dptaar acabeddR' FptTnbue g ale S0 idor€beReT Becond seis
44, 44" of qpkitsaf thd phaivbeddall Bt &s dGAUNCBER tRe Bdtpat SHthE€AMERGdd ed by
one pol ari zation conponent, and the third and fourth sets 44", 44" of

optical dat a@pientdther at.d1s isdemtbetatedtbetveced dhainpuis o&thequssivedptivpl teneivers )
el vel Y SHgoueRel R ALLATH 1B SOTRRPE il PR i SIS ;20
optical 1y f auktng@t bheptieeindadd déhodul@oBIIA BEB EnndBGICCald thavRahd sk o2 dptadad t wo
O T e P P odalators BOA", 308", and 360 demodulate the respective dai Stoeams DATA
A, DATA-B, DATA-C and DATA-A’, DATA-B’, DATA-C’ from the respective A,
B, and C optical propagation modes of relatively orthogonal polarization.
In some embodiments, the passive optical receivers 40A — 40C and 40A’° —
20  40C’ have structures as described with respect to Figure 4A or 4B or have structures
that are direction-reversed versions of the structures of the passive optical emitters
22A —22C and 22A’ —22C’ illustrated in Figures 3E and/or 3F.
Figure 5 illustrates a method 50 of optically transmitting digital data, e.g., with
any of the optical transmitters of Figures 3A — 3D. The method 50 includes
25  producing first, second, and third optical carriers modulated with different digital data
(step 52). The method 50 includes transmitting the first data modulated optical carrier
to a first optical waveguide that is end-coupled to a multimode optical fiber such that
the first modulated optical carrier is transmitted preferentially to a first propagation
mode of the multimode optical fiber (step 54). The method includes transmitting the
30  second and third modulated optical carriers to both second and third optical

waveguides that are end-coupled to the multimode optical fiber such that the second

modulated optical carrier is transmitted preferentially to a second propagation mode



mul ti node optical wavegui de 24. For that reason, one passive optical
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i t1 mode. ogFresafe Ranab e el FEF o S Le 2 AR Phedt s or e
passi ve 16pt itgabmissioaifiber s A@Rral inptd erran d I or@ell BYtinits dfferstrsédohirae

optical fiber 24. For this reason, the 15first_ set of op tical data

denodul at or $hisgaptiabpavesyidesdetemnd)- tHie metberhel Wstudes d%@dh&aﬂngdﬂérmﬁa@mat ors
36A", 36B, l?g'ﬁgre%gged ASHDAY %&Bg@oﬂtﬁﬁpﬁgégﬁﬁie% 2find bF@%P wgeggﬁlde

end-coupled thereto such that the received light is preferentially from a first
propagation mode of the multimode optical waveguide (step 64). The method 60
20  includes demodulating data from other light received from the multimode optical
waveguide via both second and third optical waveguides end-coupled thereto such
that the other light is preferentially from a second propagation mode of the multimode
optical waveguide (step 64). The method to includes demodulating data from yet
other light received from the multimode optical waveguide via both the second and
25  third optical waveguides such that the yet other light is preferentially from a third
propagation mode of the multimode optical waveguide (step 66). The first, second
and third propagation modes are orthogonal propagation modes in the multimode
optical fiber.
In some embodiments of the method 60, the demodulating steps 62, 64, and 66
30  may be temporally performed, in parallel, to produce optical propagation mode

multiplexing.



A, DATA-B, DATA-C and DATA-A , DATA-B , DATA-C fromthe respective A B,
and C optical propagation nodes of relatively orthogonal polarization. In
sonme enboapDreentRe81the passive optical receivers 40A - 4@Crarsdo4020248 2040C
have structures as described with respect to Figure 4A or 4B or have
structures that are direction-reversed versions of the structures of the
passive optical emtters 22A - 22C and 22A' - 22C illustrated in Figures
3E and/ or 3F. Figure 5 illustrates6a nmethod 50 of optically
transmtting digital data, e.g., with any of the optical transmtters of
Figures 3A - 3D. 1iRemERBEiInRGtd Sehéhethod TR AAUSIIAE phbpaghtionSiR6@dEhs 22nd
third optical carriers nodulated with different digital data (step 52). The
met hod 50 i mblseibst ingrgaserias & cgle aheutfthe tis dbthe mybdmpde epticebfiberas carrier to

a first optical vequi de that i s end-coupled to mul t i node optical fiber
Such that  HERPrEYHfesh R al oGl BERR oo Qo N s PR B R ne f a1
to a first phkopagald RRraveded Bf art dppositd ditevade optical fiber (step 54). The
met hod includes transmtting the 30second and third nodul ated opti cal
carriers>to both Iaaligmategmbodimends efrntical copveycativasystaas tathe sefeme oupl ed
to the nmul ti;. (¢ { ber t hat ,-h [TRdY opti cal
carrier is €g§%§ﬁ¥@b£§3%?%¥gré%fagﬁry o4g’gg%%%gp%}opaggﬁﬁgﬂahnde 25 of
t he mul ti nodeomhiicamotiederthamdltiniedetdptical trapeiul saivadibeptmatargadatd. efori S
transmitted preferential]y to a third propagation Hnde ?f the mul ti node
optical fi beﬁxawgkeeﬁe%ﬁmb%@emﬁP&Y,usgéca OB A@"¢ HICR @PBER PERPSHIWIAGESI on
nodes are or i | LE i her. 5In
o enbod o R R 4 b AR B AR o 8y be
t enpor allly padfoo nmydise diffraeralahébor highgr derceodyst e sllchphtomagaintonimeds

mul ti pl exi ng. | n sope enbod| nment f the hod 50, th econd
bropagat | on THGHEPHAEMESRESUSERG, et DA e ey Sndiercinal SEGE TERE axi s
of the nmulti tpcsmh@@étﬁf) bbpdssive optiéal F:QiveRGh it L 12Rdy bBRiffdbdtdo better

propagati on node has a phase that Increases along the circle in
optically couple to the high light intensity regions of the optical propagation modes

selected for carrying data.
15 From the disclosure, drawings, and claims, other embodiments of the

invention will be apparent to those skilled in the art.



an opposite direction. Figure 6 illustrates a nethod 60 of optically
receiving digital data, e.g., using any of the optical receivers of Figures
4A - 4C. wbeoneRbsid 60 may i ncl ude receiving a nodul at e#clriusba11ssapasl from
an output end of a nultinode optical 15transm ssion fiber at a | ateral

input array, LIA formed by inputs of first, second and third optical
wavegui des (step 62). The nmethod 60 incl udes denodul ati ng data from i ght
received fromthe nultinode optical waveguide via a first optical wavegui de
end- coupl ed thereto such that the received light is preferentially froma
first propagation node of the nultinode optical waveguide (step 64). The
met hod 60 20i ncl udes denbdul ating datg,fromother |ight received fromthe
mul ti mode optical wavegui de via both second and third optical wavegui des

end-coupleqyﬁaqgaggnaygh that the other light is preferentially froma

second propagati on Node” of the mul tinode optical waveguide (step 64). The
met hod to includes denbdul ating data fromyet other |ight received fromthe
mul ti mode optical wavegui de via both the second and 25third opti cal

wavegui des such 't hat ATTPPEUSARINISINEght is preferentially froma third

propagati on md%n%})tiéﬁ%aﬁﬁhﬁ@ep@&ﬁp@s}?ﬂé g&dt o @&PM@egﬁﬁ&e@Qn@@sn sERgnd i st

second and thir opagati on nodes are orthogonal propagation nobdes in the
mul ti node apdittoal offtichlemodulators; and | n sone enbodi nents of the nethod 60, the

denodul ati ng steps 62, 64 nd .66 30may be t.enporall erforned, in

paral el 1o pr UGN BpPHESTE 5F O4paeRr Fadaond F it Ehe FeTBgoupt |
sone embodiggBPts: @ll-dolflifEhB @f &0 wal Bl $QUTEk RF RPAGBIINAHBPHBal TR 1 Phase
that increases as a circle about the axis of the nultinode optical fiber is
traversed iresponss tditheegrtdaydreinglodatedits epticaldy fce pagend ofrtherowétimeds eptighlase t hat
increases as the circle is traversed in an opposite direction. 5In
alternate éﬁ%@%ﬁﬂ%ﬁ?@ of optical communication systens to the systens

wherein the first optical modulator is optically connected to a first of the optical
waveguides of the set and each of the second and third optical modulators is optically
connected to the second and third of the optical waveguides of the set; and

wherein the set of optical waveguides is configured to provide a coupling matrix
or rank three or more between the optical modulators and optical propagation modes in

the multimode optical fiber.

2. The apparatus of claim 1, wherein the set includes first and second
multicore optical fibers, the first and second optical waveguides of the set being optical

fibers of the first and second multicore optical fibers, respectively.

3. The apparatus of claim 1 or 2, wherein the optical transmitter further
comprises a second set of optical waveguides and first, second, and third additional
optical modulators; and

wherein output ends of the optical waveguides of the second set form a second
lateral output array capable of end-coupling the optical waveguides of the second set to a
multimode optical fiber in response to the second array being located to optically face an
end of the multimode optical waveguide; and

wherein the first additional optical modulator is optically connected to a first of

the optical waveguides of the second set; and



illustrated in Figures 3A - 3D and/or 4A - 4C, nore and/or different
optical propagation nodes of the nultinode optical transm ssion fibers nmay
carry datwo 2pori12esdanpl e, these enbodi nents may use 4, 5pc®/User1iosnes such
opti cal propagation nodes to enabl e the simultaneous transm ssion of nore
than three independent data streans 10and/or may use different and/or

hi gher order nodes. In such alternate enbodi nents |ateral placenents of
outputs of the set(s) of passive light emtters in the LOA and/or of inputs
of the set(s) of passive optical receivers in the LIA may be different to
better optically couple to the high light intensity regions of the optical
propagation nodes selected for carryipg data. 15Fromthe disclosure,

drawi ngs, and clains, other enbodlnents of the invention mnll be apparent

to those skllled |n the ar ppar at us
compriaing: - lsib B s ol B RO Selift ooy et
wavegui des camgectddristthe @@@Md taind of thelopti o twasaguidexdifitad @cead esnd

wherei n out put ends of the optical wavegui des of the set forma |ateral
out put array for end-coupling the optical waveguides of the set to a

mul tinode opticyl 1l tﬁnﬁ] ta?ﬁgét%%?@ﬁﬁn?%hé‘r@m%é st E’é? tad HeOGRk \Aﬁﬂn& QttB{]Siecal Ly

face one end of fthe I cal’ wavegul de:
first opti cahneveduhatmrare Smﬁ‘@lrccdablowmmhglaabelch moltlmddleroptlcambbhmtbpt i cal

wavegui des o the s and eac he secand. and.third optical nodyl ators
i's optical P a@&ﬁ%b%ﬂéatafﬂbalw geR & ARAAEFAtOH o%#g‘p‘waaaﬁé’ secand fehrag ticdes of

the set; angditional op%ﬁrn%dﬂllét&% a?eeéon@i%uféﬁttb B%u%‘{ﬁnghﬁ%odesop‘ﬁQﬁfﬁ%Hr ed to
provide a coupling matrix or rank three or nore between the opti cal

nodul at ors and opti cal propagatlon nodes in the nultinode optical fiber.
2. The apparatu; of cla wherein the set includes first and second
mul ti core optical f|5¥}§maPHECFPH§PT§nd second optical wavegui des of the

set being opticah obtlbﬁrréceafert:&ﬁpmlﬁgas@e@o?ﬁ@e@wiv@gulaésca@ﬂ%gpieb@@ ahdi bers,
respectivel The appar at us of aim1l or 2, wherein the optica

transn1tteﬂﬁﬁhth@¥d%®ﬁgﬁp@é@0@,@ébond set of optical wavegui des and first,

second, and thquladdlt al. ontl nodul n_out put

atQr s
ends of the opt i KETRRIT H%Pél es 0 Oq%ﬁgl Vgaevcegu@e {thf" S%rrf]oﬁmgé%t(e)rﬁgmpa FR(

out put arr ayr aﬁpaiabﬁng)fhe@pdcea QRkgidest dfehOft kc@amuanediptiesl Werihe second
set to a multinode optical fiber 1n response to the second array being
| ocat ed t o TepensedpP |ﬂwe FEYDeae lopriedto QHﬁ’éalllﬁJfaF? B Gt the aultpoessintige,  and
wherein thqm£kééaqugltlonal optical nodulator is optically connected to a
first of ’

wherein the first optical data demodulator is optically connected to a first of the

optical waveguides of the set and each of the second and third optical data demodulators
is optically connected to the second and third of the optical waveguides of the set; and

wherein the set of optical waveguides is configured to provide a coupling matrix
or rank three or more between the optical data demodulators and optical propagation

modes in the multimode optical fiber.

6. The apparatus of claim 5, wherein the optical receiver further comprises a
second set of optical waveguides and first, second, and third additional optical data
demodulators; and

wherein input ends of the optical waveguides of the second set form a second
lateral input array capable of end-coupling the optical waveguides of the second set to a
multimode optical fiber in response to the second array being located to optically face an

end of the multimode optical waveguide; and



the optical wavegui des of the second set; and 28 wherein each of the
second and third additional optical nodulators is optically connected to

t he secormoand/nbsmmd of the optical wavegui des of the secoru$2@n30248 4,
The apparatus of claim3, wherein the first set and the optical nodul ators
connected thereto are configured to output light to the nultinode optical
fiber with a polarization substantially orthogonal to a polarization of
light that the second set and the additional optical nodulators are
configured to output to the multinode optical fiber. 5. An appar at us
conpri si ng: an optical receiver conprising a set of optical

wavegui des and first, second, and thikg optical data denodul ators; and
wherein i nput ends of the optlcal wavegui des of the set forn1a | at er al

i nput array for nd o in the JIRRe e

mul ti mode. opt 1 cdrero bt RelfEaCRER BRI AR RS DS Bt a1y
face one ermstca‘ftﬁer@umlm\r@dﬁlegaﬂﬂh@a&comwgwwe and Wnerei n the

first optical data denodulator is opti callg connected to a first of the
optical wavegui de¥rep cadieofdl seqped ancthirdpddiena epbeal dafdlemadplataspisi cal data

derdul at or; 1!;@3/ &Bh‘?&éd % &HQQ&SE& V\Aig]dﬁl%dto? S(ﬁ)?l%@%?’%gmtdgé Eﬂhé’fsectoﬁﬁs pti cal

maveQU|des ernt tical waveguides is
configured to prOV|de a coupling matrix or rank three or nore betmeen t he

optical data denDduI tical propagation nodes i.n the multinode
optical fiber. 7 ﬁ*ﬁﬁ@?ézag%ﬂaﬁ%gaﬁp g %@Mlsdatwem&lﬂng he opti cal
receiver furt he&raﬁﬁﬁﬂﬁﬁgﬁ@ﬁrs@d%%&ﬂlﬁ&f oﬁ%lcalo&frﬂlé‘r% a‘fﬁé’t%ﬂbﬂ%v@@ﬂdé {hra§t

second, and third additional optical dat'a denodul ators; rein
i nput ends1@&%1hnmhﬁno@amMMamdgupM®$ﬁbﬂwmhbﬂme&mﬁﬂm33¢mﬂ0cmvmuabamndws

| ateral input a nd cou t.he.gpti gal s of the
second set TGRS P HEAGA BPied i HPBEAIPhoLE BB BmerE R ARTar r ay

being | ocated t @raphit6 @%}ie)éoﬁcﬁé&ﬁi mﬁdmu&ftedmlcmawléfpdﬁb&%é@ah al@ueg@ui de;
and 29 wherein the first additional Ftlcal dat a denodul ator is

optical |y cphederardguidesdhtiargendeouptrs tophd on lmméxgupde@w@gmﬂﬁ@l@éb@nd set ;

and cond ,.and t 0
Gonodul at o RETEbR FBEaR obl SEFRAR ARSI HREM RO SRl SBRafiBbE,

wavegui des n&fdetdﬁ@hé&ﬁﬁmﬁﬁbd&%ﬁotwal fiber and/the ﬁnftﬁ’hbdlﬂat@ﬂ opfidal @@Heiﬁs&fa@ﬁlﬁfﬂeﬁt i ng
digital data, conp r|5|ng transmtting a first data nDduIated opti cal
carrier toPacfrieptallyoior thir pipppsyiandaodepfithe Bulipedsomscdites adnul ti node

opti cal {1 ber suafdififfe 406 sLoh 3ty B 3LoROBf Rk FRLRNGLonhPpbbANEALLed

preferentially to I rst propagation tino ber
modes in the multimode optical fiber.

8. The method of claim 7, wherein the second propagation mode has a phase
that increases as a circle about the axis of the multimode optical fiber is traversed in one
direction and the third propagation mode has a phase that increases as the circle is

traversed in an opposite direction.

9. A method of optically receiving digital data, comprising:

demodulating data from light received from a multimode optical waveguide via a
first optical waveguide end-coupled thereto such that the received light is preferentially
from a first propagation mode of the multimode optical waveguide;

demodulating data from other light received from the multimode optical

waveguide via both second and third optical waveguides end-coupled thereto such that



transmtting second and third nodul ated optical carriers to both second and
third optical wavegui des that are end-coupled to the nultinode optical
wavegui deweuroh/2bst t he second nodul at ed optical carri ePCirassteiansozis t ed
preferentially to a second propagati on node of the nultinode optical fiber
and the third nodul ated optical carrier is transmtted preferentially to a

third propagati on node of the nmultinode optical fiber; and wher ei n
the first, second and third propagati on nodes are orthogonal propagation
nodes in the nultinode optical fiber. 8. The method of claim7,

wherein the second propagati on node has a phase that increases as a circle
about the axis of the nmultinode optic fiber is traversed in one direction
and the third propagation node has a phase that increases as the circle is

traversed in r.ecton. |l
receiving éhe erqp%l??aérgfceorlrlﬁlrgﬁ ?r(ralrgn:asecond prggeﬁ%a&l ng%l ng aetlgglﬁlrmo% I U%atl
recei ved fwm%@nﬂul timode optical waveguide via a first optical waveguide
end- coupl ed thereto such that the received |i ght is preferentiall y froma
first propagati demedeaties dath&omuyetomsaEskigesdend e diunadimaderpptiedlat i ng
data from [ f I a
bot h secong‘;a%%u h%gﬁ O(E)}ﬁ‘(tﬁlgéa ﬂ%@%’?ﬂm@u@gﬁn\g g%e?ﬁjc{hﬁ@%tél}[f%‘/&%%gﬁﬁﬂﬂ

t he ot her lis gﬂefererﬁlaﬁyﬁom eﬂnrdqirbprag‘anommds eﬁﬁmdmﬂﬁmpdgapMahwm@ﬂﬁ adhe

mul ti node opti cal enpdul ati.n ta fromyet other |ight
foce ved.f 1 om ¢ R i Sesopd and M@aﬁg&%o itk o RS e GARSRAEn i 1 d
opti cal mmgﬁp@lemhmgg]@gpﬁgapﬁygt other light is preferentially froma
third propagation node of the nultinode optical waveguide; and

wherein the first, second and th| rd propagati on nodes are orthogonal

propagati on nod he pt.i cal .fiber of cla
Rherern the secdfd priSutiel oGe R an Hifagerd PP IHaPERSRE vt B%F ol o
about the axdt$ndRéastdén M'r@lbﬁ@&ﬁtlﬂpzbdl@@ﬂthé hRBimege Gticel fbdr s EMEREs pti N one
manner and the third prop tgatl on node has a ghase that increases on the

circl e abowut Hwmegnangenind the thitd propasgtion prode ks 4 plrse thes incyqasseon the sivelpt  out
in an Opposa‘o&?t RS Of the multimode optical fiber as circle is swept out in an opposite manner.



