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Optical multi-core fibers include several core regions, wherein each core

region is @ﬁ@g@i&ﬁ@@@&g@tm steptiEAtYogdependent optical signals.

Such fibers may provide significantly greater data capacity than a single
core fiber. Thu cant _i ncreases to the
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by reference. This application is related to U.S. Patent
Application Serial No. 13/012,730 titled “Optical
Amplifier for Multi-Core Optical Fiber” by Doerr, et al.

filed concurrently herewith and incorporated herein by

reference in its entirety.

TECHNICAL FIELD

This application is directed, in general, to optical

devices and methods of using optical devices.

BACKGROUND

Optical multi-core fibers include several core
regions, wherein each core region is capable of
propagating substantially independent optical signals.
Such fibers may provide significantly greater data
capacity than a single core fiber. Thus, multi-core
fibers enable significant increases to the rate of data
transfer in optical systems for lower cost than would be

the case for one or multiple single mode fibers.

SUMMARY

One aspect provides an optical device. The optical
device 1includes a substrate and first and second arrays
of optical couplers located along a planar surface
thereof. The optical couplers of the first array are
laterally arranged along the surface to end-couple in a

one-to-one manner to corresponding optical cores of a



SUMVARY One aspect provides an optical device. The optical device
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second array in

Another aspect provides a method. The method

includes forming on a planar substrate surface first and

second arrays of optical couplers. The optical couplers

of the first array are laterally arranged

surface to end-couple in a one-to-one

along the

manner to

corresponding optical cores of a first multi-core fiber

whose end is facing and adjacent to the first

array. The

optical couplers of the second array of optical couplers

are laterally arranged along the surface to end-couple in

a one-to-one manner tTo corresponding optical fiber cores

of one or more optical fiber ends facing and adjacent to

the second array. The method includes

connecting an optical switch network to

optically

selectively

couple some of the optical couplers of the first array to

the optical couplers of the second array in a

manner.

BRIEF DESCRIPTION

one-to-one

Reference 1s made to the following descriptions

taken 1in conjunction with the accompanying drawings, in

which:

FIG. 1 1illustrates an embodiment of

an optical

switch, e.g. an example NxN core-selective switch;



Ref erence is nade to the foll ow ng descriptions taken in conjunction with

t he acconpanyi ng drawi ngs, in which: FIG 1 illustrates an enbodi nent
of an optwoabizsetiah, e.g. an exanple NxN core-sel ecti veCImistah/ 067132 3 -
FIG 2 illustrates a portion of an integrated nonolithic planar array of
optical couplers that may be used in the optical switch of FIG 1;

FIG 3 illustrates optical coupling between a nmulticore fiber (MCF) and an
i ntegrated planar optical coupler; - 3 FIGs. 4A and 4B illustrate

| ocation and orientation features of the coupling of a single core of an
MCF to a 1-D planar grating coupler;

FIG. 2 illustrates a portion of an integrated
monolithic planar array of optical couplers that may be
used in the optical switch of FIG. 1;

FIG. 3 d1llustrates optical coupling between a
multicore fiber (MCF) and an integrated planar optical
coupler;

FIGs. 4A and 4B illustrate location and orientation
features of the coupling of a single core of an MCF to a
1-D planar grating coupler;

FIG. 5 illustrates an embodiment of an optical
switch configured to independently switch different
polarization modes of received optical signals;

FIG. 6 illustrates an embodiment of an optical
switch configured to switch optical signals between two
input MCFs and two output MCFs;

FIG. 7 illustrates an embodiment of a polarization
diverse core-selective switch 1in which some grating
couplers are configured to couple to corresponding
single-core fibers (SCFs);

FIGs. B8A-8C illustrate aspects of an embodiment in
which an optical switch, e.g. a Mach-Zehnder switch, is
located at intersections of waveguides;

FIGs. 9A and 9B 1illustrate embodiments of Mach-
Zehnder switches that may be used in the core-selective
switch of FIG. b5A;

FIGs. 10A and 10B respectively illustrate
embodiments of a Benes network and a Clos network,
respectively, that may be used in the core-selective
switch of FIG. 8A;

FIG. 11 illustrates an embodiment in which a core-
selective switch, e.g. an NxN switch array, may be used

to switch channels of WDM signals between MCFs;



FIG 5 illustrates an enbodi ment of an optical switch configured to

i ndependently switch different polarization nodes of received optical
signals; wo2012/52@4 6 illustrates an enbodi nent of an opCraskoigwstich
to switch optical signals between two i nput MCFs and two out put

configured
MCFs;

FIG 7 illustrates an enbodi ment of a polarization diverse
core-sel ective switch in which some grating couplers are configured to

coupl e to correspondi ng single-core fibers (SCFs); FI Gs. 8A-8C

illustrate

aspects of an enbodi nent in which an optical switch, e.g. a

Mach- Zehnder swifth, il | acdtedratesnter sectlicahs odf Wavegngdes; core-
| lustrate enbodi nents of MachZehnder swi tches t@gt may he used

in the core®$eTectVveCBl £ehn of H@ BA-h as the device of FIG. I

FI Gs. 10Aandl;0Br especti vel yil l ustrate enbodi ments of a Benes network and a

Cl os network, respectively, that nmay be used in the core-selective switch

9A and 9B i

of FIG 8A;

FIG. 13  illustrates an embodiment of coupling
optical signals controlled by a switch network to SMFs

via edge facet couplers.

DETAILED DESCRIPTION

Some optical mnulti-core fibers (MCFs) provide an
integrated optical transport medium in which each optical
core can transport an optical signal stream,
simultaneously with the other optical core(s), without
causing significant optical crosstalk with optical signal
streams carried by the other optical core(s). For these
reasons, there 1s a potential to replace several single-
core fibers (SCFs) with a single MCF. Thus, such use of
MCFs may reduce the cost and space associated with
transport media for optical signals within an optical
communications system. However, it is sometimes necessary
to access an optical signal stream carried by a single
optical core of an MCF, such as for optical processing or
routing of the optical signal stream.

One device for separately accessing an individual
optical core of an MCF fuses a fan-out of the optical
cores of the MCF to an optical waveguide fan-out section.
In such a device, single cores from the fan-out of the
MCF end-connect to single optical waveguides of the
optical waveguide fan-out section. Thus, the optical
signals carried by the individual optical cores of the
MCF are transferred to corresponding individual single-
core optical fibers or optical waveguides, e.g., single-
mode fibers. Once routed to individual single-core

optical fibers of optical waveguides, the optical signals

Fl Gs.



FIG 11 illustrates an enbodi nent in which a core-selective switch, e.g. an
NXN switch array, nay be used to switch channels of VDM si gnal s between
MCFs; WWoQa/®2ra74PCT/ US2011/ 067132 - 4 - FI G PCZ/USkéAb6TIAL €S A
met hod of formng a core-selective optical switch such as the device of
FIG 1; and FIG 13 illustrates an enbodi nent of coupling optical
signals controlled by a swwtch network to SMrs via edge facet couplers. DE
TAlI LED DESCRI PTI ON - 5 -

from the different optical cores may be separately
processed by optical components designed to interface to
the single-core optical fibers or optical waveguides.
Nevertheless, these devices can be expensive to
fabricate, physically cumbersome, and not easily mass-
produced. The limitations of devices based on such fan-
out sections may present an impediment to the large-scale
adoption of MCFs in telecommunications architectures.

Some embodiments described herein provide the

functionalities of devices based on fan-out sections of

MCFs without an actual fan-out section therein. 1In
particular, the embodiments include an integrated
photonic device (IPD) having one or more integrated

planar arrays of optical couplers that can couple to
individual optical cores of MCF(s).

Such IPDs may be formed on a surface of many micro-
electronics and integrated optical substrates, e.g., a
portion of a semiconductor wafer. In such IPDs, optical
components may be formed on the planar surface using
conventional material deposition and patterning
processes. Such components may include, but are not
limited to, optical gratings, waveguides, couplers,
switches, lasers and photodiodes. The components of the
integrated planar array are integral to each other, e.g.
cannot be separated nondestructively and reassembled. An
array of optical couplers 1is considered to be “planar”
when formed on an approximately planar surface of an
optical device. Such arrays may be formed, e.g. at about
a same height over a substantially planar substrate such
as a semiconductor wafer. A  substantially planar
substrate may be a planar surface or a surface having a

roughly planar orientation and a surface relief patterned



Some optical multi-core fibers (MCFs) provide an integrated optical
transport mediumin which each optical core can transport an optical signal
stream swoubtzzneously with the other optical core(s), WwCrhisaa11meust ng
significant optical crosstalk with optical signal streans carried by the
ot her optical core(s). For these reasons, there is a potential to replace
several single-core fibers (SCFs) with a single MCF. Thus, such use of MCFs
may reduce the cost and space associatetl with transport nmedia for optical
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one MCF to seven optical cores of another MCF. The device

100 dincludes a first integrated planar array 110 of
optical couplers and a second integrated planar array 120
of optical couplers. Each of the integrated planar arrays
110, 120 includes a plurality of optical couplers 230,
described below. As used herein, Y“array” excludes the
trivial case of only a single optical coupler 230. Each
optical coupler 230 of each of the integrated planar
arrays 110, 120 is configured to optically couple to a
corresponding optical core of an MCF (not shown). 1In

various embodiments the integrated planar arrays 110, 120



- 6 - thereon, e.g., a relief produced by mcro-electronics deposition,
grow h, and/or etching techniques. I n various enbodi nents of |PDs
her ei n, twe 2arymyw4of optical couplers nmay be arranged PoTdiSe@abm;32
end-couple to the optical cores of an MCF. The optical signals carried by
the separate optical cores of the MCF may be separately processed on the

| PD and/ or nmay be separately coupled to single-core optical wavegui des,

ot her MCFs or a conbi nation thereof. -THe 4 PDs may be produced, e.g., using
conventional processing nethods for mcroel ectronics devices and integrated
opti cal devi ces. I n various enbodi nents herein such coupler arrays

are integrated, wobR apEl cal canpenents-onvan 4R subshrale terprovi de
optical signal” processing functions such as switching fromone optical path

t o anot her. Sorel &ucthetenbodianedf& provi de i nexpensi ve ways of integrating
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100, e.g. a core-selective switch for coupling seven optical cores of one
MCF to sevenopticatctoreadf anothet I RMCFO FhBCHEVPEe 216 LtREl BEEEOZ i r st

integrated planar s@anf;ay 410 ot eptigal couplers andids sacond jptiegnated
pl anar array 120 of optical couplers. Each of the integrated planar arrays
110, 120 i nctagelsea pl woalriespoofdiogt ica cdupher 3052 descrpbedsbelBéw. As

used herein, ‘array".excludes the trivial case nly _a single optical
ooy 550 sk ot FREr L EEen! B S o et bfh iR A et Bed SP kS
arrays 110, S20cdis confuqgur ed 40 optd calilgr ol e fie tacgor respendi hge

optical core of an MCF (not shown). In various enbodi nents the integrated
pl anar array®'199@: ngperly lifmpaBpeFaredtosSelehét Veeslil teRdaPaCfr 6MYan MCF

or to prOViQQMgaéﬁ EHeaBpWEEal couplers 230 of the integrated planar

array 110 to any one of the optical couplers 230 of the
integrated planar array 120. When the integrated planar
arrays 110, 120 are each optically coupled to a
corresponding MCF, the switch network 140 may provide
core-selective switching from any core of one MCF to any
core of the other MCF.

In the illustrated embodiment, the switch network
140 may switch any of seven optical cores that couple to
the seven output optical couplers 230 of the integrated
planar arrays 110, 120. However, the various embodiments
are not limited to any particular number of optical cores
in the MCFs therein.

Optionally a wavelength add/drop multiplexer 160 may
be configured to add or remove one or more channels on an
optical signal propagating within one or more of the
waveguides 130. The wavelength add/drop multiplexer 160
may include, e.g., a controllable phase adjuster 170,
e.g. a heater, to control the add/drop function. The
wavelength add/drop multiplexer 160 may be used, e.q.
when the signal within the adjacent waveguide 130

propagates a wavelength-division multiplexed (WDM)



Each of the wavegui des 130 optically couples a correspondi ng one of the
optical couplers 230 of the integrated planar array 110 to a port of a

swi tch nevaanie/dd04 Simlarly, each of the wavegui des 1B0Tastéiaabiig2 coupl es
a correspondi ng one of the optical couplers 230 of the integrated planar
array 120 to a port of the switch network 140. As discussed further bel ow,
the switch network 140 may provi de sel &ctive switching of any one of the
optical couplers 230 of the integrated planar array 110 to any one of the
optical couplers 230 of the integrated planar array 120. Wen the

i nt egr at ed B'l@ﬂ@ﬂ_ arer a;ys 10: d28ear enedeh apbipald yreoupled )t anay be
correspondi ng swtch network_140 nmay provide core-selective
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the integratedppkanapsarriay 12@8erkheyi | basttabedasingl epequpher ashay
i ncl udes segnents of the seven optical waveguides 130. In the coupler

array, eachc@ﬁpﬁ@a@ W@ﬂ%*ﬂ(ﬁ@%ﬁﬁﬁﬁmwhﬁﬁyq HQﬁﬁBQQ¥Quﬁf(ﬁﬂ Netiplrag
segment 210 _and nd t[ 6% t§gggen %gjjﬁpch %ﬁéﬁ%g g@llqgi gggnt 210
er r

has an optlcal coup ocated {tereon “or t ein e opt i coupl er
230 is IatecabtpmpasdtlDnedemhammmlcﬂﬂégmeyubugmqﬁgs at9|nghe cmptESQDndlng
optical core of aqﬁ&CF (not_shown). The opti cal COUp|I gnents 210 may
be custon z&GTES enhafite 1Htei ?’léoJﬁﬁ n‘g‘%rfg%SP% opti @éﬂ sCOfPHRT MOF Vi a

the corresponding . opt i Galcrcoyliers 230ip16.1y s @ACdh 0Pt € aha ¢ 0PI i, 0ge sEgNENt
210 may be wi der than the remainder of the correspondlng opti cal wavegui de.
A

Each transi themr seghent 2202 prdet dePa coilisl er chEraeennthedopt PREI Cebupl i ng
segment 210 and gxg%eco%‘g%@f catl QN (Segment n@%%éo%e Con%sghé LoyFi g, 2) of

t he sane waveg NiE The transition seg ment igured to reduce
coupllngllnbemME@n | ogses bptween th@u@ﬂﬂh@%ﬁﬁéqmsmied2¢0upknng anide
communi cation SCATeNtS A JeSare optlcal aYeou b8 i rig. 2) of

the same waveguide. The transition segment 220 may be

configured to reduce coupling/insertion losses between

the differently sized coupling and communication segments

of the same optical waveguide.

Examples of some grating couplers that may be
suitable for use as the optical couplers 230 may be
described, e.g., in U.S. Patent Application Serial No.
12/972,667 (the ‘667 Application) to Christopher Doerr,
incorporated herein by reference in its entirety.

The optical couplers 230 are often arranged 1in a
lateral pattern that corresponds in form and size to a

lateral pattern of optical cores within an MCF whose end

would approximately face and be adjacent to the optical



Exanpl es of sonme grating couplers that may be suitable for use as the

optical couplers 230 may be described, e.g., in U S. Patent Application
Seri al NowOD2B1296217667 (the ' 667 Application) to Chri st oph&usbuansyi32
i ncorporated herein by reference in its entirety. The opti cal

couplers 230 are often arranged in a lateral pattern that corresponds in
formand size to a lateral pattern of &tical cores within an MCF whose end
woul d approxi mately face and be adjacent to the optical WO

2012/ 092174PCT/ US2011/ 067132 - 9 - coupler, e.g., as discussed in the '667

Applicationcdupitdis idlystratediemedicentn the exampleosoideromr ray of
Figure 2 is conflggged to couple to seven optical cores arranged at corners
and the centiéée ofl %Qﬁﬁﬂ%ﬁ ?@&%@b%enﬁbméb@rexéﬁﬁé@lm@ﬂﬁﬁgﬁeﬁ¥%ﬁylpﬁ1ted

to such an urangenent ;oL Optigal.cares i, 1be MR Byt oa part i cular

nunber of cores in the ustrates a p rspective view of
a coupl er ammaynged.att heormtegyr ateédtpkanantanrr ayf L Oredotat edeabong. a

pl anar surface of a substr 310. An 0 has .an end, | ocated over the
coupl er array"an§ti’s r%T%?gﬁ%%?%§ aﬁﬁéhedn%% Héﬁl éilnHPV|6U51 opti'cal

cores of the MihR@2Qfrace @and,ppiiLal | ¥oeoupl @ntOt@l@rrmﬂndmg t&di yi dual
ones of the optical couplers of the integrated planar array 110. For

exanpl e, ea®fRIépidalr coreeIBCInwpies pasithicoMéd -and oriented to be able to
project a light spot 360, %Egt? L ?glaeoé) e 8- Ne optLgal, fC p%&ﬁ% of the
1 Rout prdj ect b t

i nt egrated planar array I nNg ght ont o other optical

couplers t harreafy, Addigti ohak detiaddsaodd cquipnag bﬁtwqenlﬂne NEEcSﬁQdand

the integrat ?L%n%l aénar aaflrarraysulrlfoacaér eo ra?véu esdtrla?tet h??lO 667 %g gg&l has
an end located over the coupler array and is rotationally
aligned so that the individual optical cores of the MCF
320 face and optically couple to corresponding individual
ones of the optical couplers of the integrated planar
array 110. For example, each optical core 330 may be
positioned and oriented to be able to project a 1light
spot 360 onto a single one of the optical couplers of the
integrated planar array 110 without projecting light onto
other optical couplers thereof. Additional details of
coupling between the MCF 320 and the integrated planar
array 110 are provided in the '667 Application.

FIGs. 4A and 4B illustrate ©orientational and
locational aspects of the coupling of the optical signal
340 to one of the optical couplers 230, e.g. a 1-D array
of gratings. The projected light spot 360 produces an
approximate Gaussian distribution 410 located over the
corresponding optical coupler 230 with sufficient overlap
to couple light from the optical signal 340 to the
optical coupling segment 210.
In the illustrated embodiment the optical core 330

of the MCF makes an angle with respect the surface normal
of the optical coupling segment 210 to produce a

polarization-separating optical coupler. At a particular



FIGs. 4A and 4B illustrate orientational and |ocational aspects of the
coupling of the optical signal 340 to one of the optical couplers 230, e.qg.
a 1-D ar ra9 20f2/9eertti ngs. The projected |ight spot 360 pPoUISes 1a67132
approxi mat e Gaussi an di stribution 410 | ocated over the corresponding
optical coupler 230 with sufficient overlap to couple light fromthe
optical signal 340 to the optical coupling segnent 210. In the
illustrated enbodi nent the optical corle 330 of the MCF nakes an angle with
respect the surface normal of the optical coupling segnment 210 to produce a
pol ari zati on-separating optical coupler. At a particular WO

2012/ 092174P S2011/ - 410. - ) erm ' art- b he
wavel engt h 6%§%%% gbtggg%}gﬁaﬁgl 5&03Q%h$E&BbIg?%zé&%@%ﬂﬁ% ép4fﬁfo¥h%he
optical signati340 nmeygealpl®id,0 theropbotalricatpbnngnsegmend 240 which a
propagation direction to the right as FIG 4B is oriented. Simlarly, a TM
pol ari zat i orPMolde® 436167 2the’ dpt FEal SPYRAF 340 FB§ cFuptet o SCHELAPEI cal

coupling seqieite 210, Wt 8nPLO g 1dir ection it the Lglt -agnFl Gs 4B i's
oriented. Such coupling of TE and TM pol ari zati on nodes may be uUsed to form
pol ari zat i onFdi vet8e ienbodiaehes. ofS icorlerslel,ecti V&l swhtehesat asn desdei bed

further belo Addi tional .i.nformation r rding suc ol arization.splitting
my. be foand 1 YongBe TEHG e HUNEk pF agoLar ot B howivadide
Serving as Botupai Rl asdratt on1 Sphiithera amebpaydf fdici @nteouph etof ahe

Silicon-on-1nsul ator Nanophotonic G rcuits", |EEE Phaotonics Technolog¥
Letters, Volle®d aNoFAG.p@Br4is 4ar1gebedar yUes, Co209 10T por ated A& ei n

by reference,d,iis, eniir el FLG  13e4! lustrahes aonontian iof,-an
enbodi nent ﬁ% whi ch conventiéﬁ%lmggge ggcetecodgfers 131 ocoﬁ&gntﬁonally

coupl e one ativmrsee of ehedapeintal waleguiodes sedrnédtved towithehasw t clhs

net wor k 140. . Pl anar egui des, 1320 a representative of any of the
reveout dea i Bt S B o gy o b St B2 S s B bt AP At e AR a B acet s
1330 | ocat edsw@ath oo NEAT z @i €6J9ep0fitaisybshkate 184thd Singkengpbe Thinkgr s

1350 are located such that fiber cores 1360 optically end-couple to the
edge facets aAB30. suchPfttsSdbt fedl 2sPgaalEIntlyVpEBpagaterVhegeBét WOER. An

edge facet cpuplar oy e lised ke end- caupl &, an apid cale fider, (0. the,swi tch
net wor k 140 of ﬁigure 1. Additional enpbodi nents of edge faceg)couplers t hat
may be used S tiremrbodt rentlsatofr t hi Nadicggladsuriee may Circuits”, IEEE
Photonics Technology Letters, Vol. 21, No.4, pp 242-44,
February 15, 2009, incorporated herein by reference in
its entirety.
FIG. 13 illustrates a portion of an embodiment in
which conventional edge facet couplers 1310
conventionally couple one or more of the optical
waveguides connected to the switch network 140. Planar
waveguides 1320 are representative of any of the
waveguides 130, 150 of Fig. 1. The waveguides 1320
terminate at edge facets 1330 located at or near an edge
of a substrate 1340. Single core fibers 1350 are located
such that fiber cores 1360 optically end-couple to the
edge facets 1330 such that optical signals may propagate
therebetween. An edge facet coupler may be used to end-
couple an optical fiber to the switch network 140 of
Figure 1. Additional embodiments of edge facet couplers

that may be used with embodiments of this disclosure may



be found in U S Patent Application Serial No. 13/012,693 titled
"Multi-Core Optical Cable to Photonic Circuit Coupler"” by Doerr, et al.,
filed cormornenky4herewi t h and i ncorporated herein by refrarsemnaemeim2its
entirety. FIG 5 illustrates another |x1 optical device 500, i.e., a
core-selective swtch for coupling one MCF to another MCF. In addition to
t hose conponents described in FIG 1, the device 500 includes a switch
network 510 and optical wavegui des 52Q,1 530. The optical wavegui des 520
coupl e optical couplers 230 of the integrated planar array 110 to the
switch network 510, and the optical wavegui des 530 couple optical couplers

230 of the iydegratedi planar ?énEéMt1&9p§9c5‘3§8ﬁ‘é‘%59?ﬁmeiﬂ%r k3¥4Q2,693 The
ed w

operation of the optical device 500 is descri respect to an exanple
confi gur at i ontireavhi ‘dhiltthie Ganegrésttedapl ada@d lar r &p 1EGateréiove§ igpiical

signal s fror’eoaun lienho,ut bNCF an th% [ n{ egr %tiigedplgg (IE grr rrg%l 12%e|%re \iit%es

recei ved opti cal ™ si gnaP/s © an olt pu{fZ MCF descr e, tThe optical

coupl ers 23Guad irherdtgdregread atbpdanary ard @rhlde cioupltes EntandtkM pol ari zed
light fromthe received signals in opposite directions. Thus, TE caonponents

of optical signalslGecei védFridmtas M BYCT héXintBYridtdd prahes affay 110

propagate to; the right,viasd he-wayegudes 130, -and, JiMconpengntg: # hepeof
propagate to the left via the optical wavegui des 520. The switch network

140 recei vesitdieaiE onpohensddiwhdhetohehsept chmpeneotk 8&6crebeidves t he
TM conponent The swi tch networ, 140,. 510 separately sw tch, g., the TE
and T™M corrpoi%%t sf’of %cgle\yéﬁeogﬁﬁcoﬂnds]iu Al € £7 0 ¢ en%)éAW?Egl 5§8u8fngrs 230
of the integmiethpl apaegaicay ELO,ansko heTapt igadi ouphersgr38e 6f sbhe
integrated planar array 120, e.g., in ané routi ng conbinations. - 12 -

In sone enbdtiRerft s BY- e optirearrdeviée 500 ofliFi durte B, atesut Pighdira the
two sui tch netuy ks 11A0-and.510.nmy be coardipated suchqt hai. assogiated TE

and TM conponent’s o i ght received via a particular input optical coupler
230 are routvwedveagpiiadesanedout pubuppti calptdowd! erc@80.edan szeh cases thike

owi b, DooalSe T T B ot A | L brSt 151 & ULt A Ty | Sopendent -

of the polarizatione ddpdhe-T@ceivednhti @ptical device 500 is described
with respect to an example configuration in which the
integrated planar array 110 receives optical signals from
an input MCF, and the integrated planar array 120
provides received optical signals to an output MCF. As
described above, the optical couplers 230 of the
integrated planar array 110 couple TE and TM polarized
light from the received signals in opposite directions.
Thus, TE components of optical signals received from an
MCF by the integrated planar array 110 propagate to the
right wvia the waveguides 130, and TM components thereof
propagate to the left wvia the optical waveguides 520. The
switch network 140 receives the TE components, while the
switch network 510 receives the TM components. The switch
networks 140, 510 separately switch, e.g., the TE and TM
components of received optical signals from the optical
couplers 230 of the integrated planar array 110 and the
optical couplers 230 of the integrated planar array 120,

e.g., in any routing combinations.



I n other enbodi nents, the TE and TM conponents of |ight received fromthe
sane input optical coupler 230 may be routed differently by the two switch
net wor ks woQoemd26510, i.e., routed to different output epriusadiioeupters
230. In such enbodi nents, the optical device 500 functions as a

pol ari zati on- dependent swi tch, which nay be used, e.g., in
dual - pol ari zation opti cal transnitféﬂ@,'routers, and/ or receivers.
FIG 6 illustrates an enbodi nrent of a 2x2 optical device 600, i.e., a

core-selective optical switch. The optical device 600 has first and second
i ntegrated pl andm aspays dd@xdimeriis 2 ofthathempréperdt edeelige, W reéei ve
optical signals fromfirst and second_ input. s_and has first_an econd

i nt egrated ﬁ%ﬁﬁ% %Lr%ﬁ%?ﬁ%ﬁ%%fal E tW%a Wﬁgggo%%r% Eg§o£%paﬁgﬁig1§he
recei ved optaycalbesi gnad sdirefdd stswadtd second astpuiadEfs Th aanapt rma
core-sel ective manner. . The first and second integrated planar arrays
110-1, 110-P™H@E | GUr ed 1138 tendSE6UYEE t I1Phe 2enBEToE CHAETT | FEPUANd
second i npuW,IMeES (notpshowalo The fidsteand,secand,d ntegrat edophanar
arrays 120-%1 120-2 ar'e configured to end-couple to the ends o? the first
and second coutpur MCR) ( notn showwt) . Optéecal tivavegotdesl 610evicg3 S08onnect
the optical couplers 230 of the first and second integrated Baanﬁr arrays
110-1, 110-FF6 & 5w Fel nétwork 620°° 'Ot T cll~ Walidgili dé§T 636 ¢6nnedt t he
opti cal couplieis,230pekatike fi et antbsecond dgiiegiiat ed npleararvar r ays 120-
1, 120-2 to the switch network 620. Simlarly, optical wavegui des 640
connect thSWptiddliaddupl ersiePsedent hetf i tde aR@lsédérE PRt e§rat E&Spl anar
arrays 110-1, L1402 1tiga switch network 660, and optical wavegui des 650
connect the optical couplers 230 of the first and second integrated pl anar
arrays 120-1, 120 2otbet hembsidicglemet,wotlke 660. and TMTheomgwernaht mebwor k 620
may be able,, e.g., to.rouyte the TE conponent |ight signals receiv by any
ond of ¢ he TtioaFCauBre S7590 et RETA r P Rha B5c6Ha | TR0t ed Bl anar
arrays 110xhy 1HO-2otec@nyionerehtl hepgptincal tveoupl ef sn 288t Rbrkbe1hibr st and
second integrated planar arrays 120-1, 120-2. Simlarly, the sw tch network
660 may befﬁbie,5%$g.,lt%-rouﬁéuﬁﬁé TMcorplohieitent gheusPghal sPEe€ailved by
any one of j C I 2 : ir a nd_.i,nt.eg ed
pl anar arr§%£ﬁ¥%%%a?ﬁ%ab?gpt%gé%yéﬁgﬁagﬁgfaé'og%?cg t§§§g|§?¥9§§o%g t he
first and secarddrd egs attedopl anaraaro@aysed@0ddnt 1202 chThushidthemept i ca

device 600 may switch an optical  signal received via an _optical core of an
nput MCF €5 S UptT i/ bt e 0P 2P GF AFR Ly B! OBUEpAL WBRSSTEASome
enbodi nment s;odthe SwWidiely Jretwrdis, 620 and 660 performcorrel ated routing so
that the 2x2 optical device 600 is polarization diverse. In other

enbodi ment s, thé'l$i t €h Idetwored-6202an @660 ipenttort sépatsd eoPsuFrag of
recei ved TMeSﬂ%(ﬁTE6bbghti S0 that the 2x2 optigal jfdeyige 600 s, ophical core

sel ective an arrzation del ective.
optical device 600 has first and second integrated planar

arrays 110-1, 110-2 that may operate, e.g., to receive
optical signals from first and second input MCFs and has
first and second integrated planar arrays 120-1, 120-2
that may operate to transmit the received optical signals
to first and second output MCFs 1in an optical core-
selective manner.

The first and second integrated planar arrays 110-1,
110-2 are configured to end-couple to the ends of the
first and second input MCFs (not shown). The first and
second integrated planar arrays 120-1, 120-2 are
configured to end-couple to the ends of the first and

second output MCFs (not shown). Optical waveguides 610



FIG 7 illustrates an enbodi ment of an optical device 700 for coupling two

MCFs to an MCF and another - 14 - MCF or a set of single-core fibers
(SCFs). TWe 2omai9z17ef operation of the optical device 70@CTaiSasiimenasr i bed,
e.g. for the optical device 600. In the illustrated enbodi ment, however,

the integrated planar array 110-1 is replaced with an SCF coupler 710 for
each optical coupler 230 in the integristed planar array 110-1. In sone
enbodi ments of the optical device 700, the SCF couplers 710 are placed with
sufficient distance fromeach other that the end of a SCF nay be | ocated

over each Ofc&rﬁ%%ﬁ@”@ﬂ)@féaflgoﬁ%}%kga@%@u%lfy £ such: eghgdigepts, the

optical device 700 may switch an optical signal between any one of the SCF
coupl ers 71&Hﬂﬁﬂﬂﬂ%ﬁdﬂﬂi&ﬁaﬁf&%KﬁM$Cb10tbuplb®3228@ of swhéchntegwat&d

pl anar array, 20- 0- optlcal deV|ce 7 y provyide
Dot of mo Pl B ur bRt ho P VR T el marR e TeB BBl bh

FI Gs. 8A-8CJdd LtSﬂ I”@dee aspect sn@f senenenbedigeatcaf paasutrt ehraeswork-800
that may be used . as the switch networks 140, 510, 620, and 660 of
Figures 1 and 5120 z”rhetoSmHl%hSWétt\%lr kn%@m¥1ﬁc|6a&es NhbiE out patipstts 801

and N out pu artg,80 e Z. :N%gz ray -ah t ches
810 (FI G SR%J ouﬁ]es t he |§%ﬁ¥?§ﬁip§? pmll}!:t 01 an égoutpug?lngﬁ% ports

802, e.g., iMrmstored comsdmimesgrdined helaihdusérated ehbodi nehD;-2t he
|nput/output ports 801 eceive or, pravi de optical. sign fromto the
haoau e s e T b Py s e 5 P R st SetsT HhBBRLD
optical signales t@bfiem theowavegsi desol3Q.r Thenarrayrof swhlichesc8h@ nmay
provi de NxN swi tching of signals propagated by the wavegui des 130 and the

si gnal s propagatEdisa t e aaveq@irtdey’s150.2 OHerei #20ar NkN afPg&y 671861t ches
810 may conq&gﬂVIQg(yﬂput/output ports 801 to the output/input ports 802 in
a one-to-one nanner. -

The sw1tch network 620 may be able, e.g., to route

the TE component light signals received by any one of the
optical couplers 230 of the first and second integrated
planar arrays 110-1, 110-2 fto any one of the optical
couplers 230 of the first and second integrated planar
arrays 120-1, 120-2. Similarly, the switch network 660
may be able, e.g., to route the TM component 1ight
signals received by any one of the optical couplers 230
of the first and second integrated planar arrays 110-1,
110-2 to any one of the optical couplers 230 of the first
and second integrated planar arrays 120-1, 120-2. Thus,
the optical device 600 may switch an optical signal
received via an optical core of an input MCF to any
optical core of a plurality of output MCFs. In some
embodiments, the switch networks 620 and 660 perform
correlated routing so that the 2x2 optical device 600 is
polarization diverse. In other embodiments, the switch
networks 620 and 660 perform separate routing of received
T and TE 1light so that the 2x2 optical device 600 1is
optical core selective and polarization selective.

FIG. 7 illustrates an embodiment of an optical

device 700 for coupling two MCFs to an MCF and another



Each enbodi nent of the 2x2 switch 810 is |located at an intersection of a
vertical waveguide 820 (FIG 8B) and a horizontal wavegui de 830. In one
enbodi mrerwothe/@x24swi t ch 810 is a 2x2 Mach- Zehnder i nt ecrarseomioer13f MZI ) .
FIG 9A illustrates an enbodi nent in which the 2x2 switch 810 conprises an
MZI switch 905. In the 2x2 MZlI, a 2x2 input optical coupler 910 couples two
i nput wavegui des 915, 920 to two internal optical waveguides. In the 2x2
MZI, a 2x2 out put coupler 925 coupl es the-two internal optical wavegui des
to two output wavegui des 930, 935. In the (Mzl) 940, one of the two
internal optical wavegui des has an optical path length that is

control | abl eyce. @r BY @ opti gahypbassrshicfibersel @etrd)cal 1y conLiel bed via
a control 945. As appreciated by those skilled in the optical arts,

sui tably compatdtiimn thie tled avpvecphasevofet ReOopsi eal dpathisbefl,t ke oMZI 940
can switch light receiv b ne of the i t wayeguides 915, 9 Q either
sel ected onéh%? tﬁ%eout%ﬁ?léggegd%ﬁ%§x§3og%335. Itﬂ%ﬁ%, ééépség?%ed

i nst ances oferidheiioferithe 2x2eMat, svihé chn985raaydppoyhde theaindividuals
switches for performng the routing between the N input/output ports 801
and the N oWt§RAFIGHPUIL ports BED 6fUPher sw P choRefRbrk OBGABC2L COUPREE 9B
iITustrates ay embodimeat i n-uwhlghfhe,sunteh §%9aYnChE@e§.f0%h,N%bme
switches 905 cross-coupled as illustrated. Each MZI swtch 905 is

confi gured sudhpdiantonecf nple wavieigtd ded9t5¢e9200er Gre BUE pybupdeegui de
930, 935 is sed. Thus two hg§tan%§s of %h%%N%I switch 905 hﬁve %nky one
input, and tio i NetaRceS s The' Mt Shit ER" 005 “have Sonll y "ong® it PitS The
enbodi ment ofhd GhOBm@Yys f €a gsCproayiydeecbebtetetiselati eachebweenet her
optical signals received by the switch_810. Returning to FIG 8C,

i | lustrated §RIEEhbIditheRtnin CaRreRSHEre {harsefe SHACH TSRS Sray thé
operated - g sl Mikbapeoysly d4, eLiiectnshli ting.of 20.0pLi ealgignal
For exanple, an optical signal received on the vertical wavegui de 820 may
be split betameenonke horitZont aiCEvavegpildes8301 @ncirahother doe i zont dahe

wavegui de 850 by simnultaneous partiall erating the switch 81 nd a
o toh 840, AP T TOI BT 890 by PRt naBSat 5% B8 Mar Fauet o 0505,
The 2x2 MZI switzh-D05rmmy, benopepat edl syehithatoa pakt bedvahet Fanopti cal
power received at one of the input wavegui des 915, 920 is routed to each of

the output vl egul desl 93350 The Sl NehesOF Yt Rus1bE lepercaredcte. g.
such that legsythan all the optical power received thereby fromthe
vertical waveguide 820 is directed to the horizontal wavegui de 830. The
switch 840 may beFToper admdscuchltibhatraakl ashve atens hi age optibodlimsngnalf power
is directed to the horizontal veguj de 850. In sone enbodi nents the swtch
840 di rects oYL EhareFE bf 54 Re- Boheras ogsi YETL har By o e SHaTtFont al
wavegui de 85(L W ihs thep r esdi Ni eigo poshioBedi Fectedutesanother sswi.t ghe

I n sone enbodi nents, the switch networks 140, 510, 620, and 660 nay have

ot her const riictli@hsne Hapr heBWBr kecdfidient éF cornelot @at Nl spoFos 8kanphé, the
switch net Kk n 60 i nclud Bene e r 10 as
iIIustrate3q§n tﬁ%ﬁ?g%ﬁ%@ %sg%gimﬁggyiogogasﬁi?Fugﬁrﬁng%?%aélé& 10B
or a fan-outz:andswet@cts net ol RIGnosBshownplaaythe usedt/Butbhér ports

i nformati on on Benes _and C os networks nm respectively found in, e.g.
Gui do Mai er, 5%t %ﬁf,th@@%wt@m% %%ﬁ%é gﬁ%hi felt ur é"bas 84 So CZCBEVEMS'

2006 VWor kshap, a0 H ghyPanfor mangs: St LghidagRnddRaut | fige (LEER)/ cRR Gt doi :
10. 1109/ HPSR. 2006. 1709718, and U. S. Patent No. 6, 696,917 to Heitner, et al.

Each of the omtiwor kel 1020, re020 vies can NV it wop kicahdsiaobdded NN/ put s

and N OUtDUtéhemQ858g§i8g%aHﬁﬂhe'ghds%ﬁgy'oﬁgput/input ports 802 may
provide or receive optical signals to/from the waveguides
130. The array of switches 810 may provide NxN switching
of signals propagated by the waveguides 130 and the
signals propagated by the waveguides 150. Herein, an NxN
array of switches 810 may connect the input/output ports

801 to the output/input ports 802 in a one-to-one manner.



- 17 - anot her enbodi ment the switch networks 140, 510, 620, and 660

i nclude a fanout-and-select architecture. In this architecture, a tree

ar r angenewo 20f2/x24swi t ches branches N i nput ports to NPCmaweguiodas2 and
then a tree arrangenent of 2x1 switches connects the N2 waveguides to N
out put ports. In sone enbodi nents swi.tches may include the use of

m cro-el ectri cal - mechani cal (MEM deviTes such as i ndi vidually actuated
mcromrrors to provide for reconfigurable optical routing via free space

devices rather than integrated optical devices. FIG 11 schematically
illustrates an émsddiersrmdigieran ¢PDCRE0B=EN swhiteth 8 1hi tehlaeetwedkall05 may

be used to eff.ect wavel.engt h-sel ective swi. tching.of_.indivi dua hannel s of
M o gl Hfies NG L0 58| 0L 18 P F0L 1802 5 AT BHebar NERAc o
second fiber aorésohtd?, vWldkdlypirdwi deoN, Bng.onfd rshbadtmseeconthd npup DM

signals 1115, 1120, In various enbodinments, the fiber cores 1107, 1110 may
be optical Bred fPoth dSi AgleMoHasP-drPRPERENt IO GHlO%S Wt s.(MEA) some

enbodi ment 5o, |past ane oft dde.d i berogargse 11071 1410t hs ax606gitram an
SCF. The first input WDM signal 1115 includes mchannels, e.g. with

wavel engt h$IXl | codRi sed 3anX ML T THiel selc oA Si- npgut WMBM 8kgnalZz 11120 akgo

i ncl udes nH%paqpels €. 9. mﬁtﬂ_q@vghgn ths]X21,tX22w X23[i %2%. | n .ot her
embodi nent s; fhe REber ~ of“ LHarsitel & pr o ﬂﬂédﬁ%y WRe'V@%ﬁsigﬁaFgfifgsnay be
di fferent tdiay tdeo nuaberycofichaniel sopt ovbdedabyqingcWDM S gfiad 2%20.
Optical couplers 1125, 1130, e.g. such as those_ described by the optical
coupl er 238Zlocoupl eXFPheP V5| §REPSCTI1TE° 1926185 r édFect Ve PRSP 2ANd

second dewﬁei@aqxa&asvél&l@ﬁiesll%- fBe cdemilt i plexpl; 3% sepagates g first

VWDM i nput channel set 40, and the denmulti plexer 1137 separates a second
VWDM i nput dcfenn@lZzI)- 9480, one of the two internal optical waveguides

has an optical path length that is controllable, e.g. by
an optical phase shifter electrically controlled via a
control 945, As appreciated by those skilled in the
optical arts, suitably controlling the relative phase of
the optical paths of the MZI 940 can switch 1light
received by one of the input waveguides 915, 920 to
either selected one of the output waveguides 930, 935.
Multiple, e.g. N° instances of the of the 2x2 MZI switch
905 may provide the individual switches for performing
the routing between the N input/output ports 801 and the
N output/input ports 802 of the switch network 800,

FIG. 9B 1illustrates an embodiment in which the
switch 810 includes four MZI switches 905 cross-coupled
as 1llustrated. Each MZI switch 905 is configured such
that one input waveguide 915, 920 or one output waveguide
930, 935 is unused. Thus two instances of the MZI switch
905 have only one input, and two instances of the MZzZI
switch 905 have only one output. The embodiment of FIG.
9B may, e.g. provide better isolation between the optical
signals received by the switch 810.

Returning to FIG. 8C, illustrated is an embodiment

in which more than one switch 810 may be operated



set 1142. In sone enbodi nents an add/drop multiplexer 1143 may be used to
renove one or nore wavel engt h-channel s from and/ or add one or nore

wavel engtwochermei7s to, the set(s) of wavel engt h channelPsTafS2a1ho6MBIM
signals 1115, 1120. Thesw tch networ k1105recei vest hei nput
wavel engt h-channel sets 1140, 1142 at g N inputs. The switch network 1105
provi des out put wavel engt h-channel sets 1147, 1155 at n¥N outputs. In sone
enbodi ments the switch network 1105 nay be controlled to switch any of the

wavel engt h-channel s of the first dnput _channel set 1140 w.th.any of .the
hevel ongt - AR Sndlug [IE LRl 2 sl SN 8 A4 Dt bR A PR

il lustrated exanpkemptBe X%k2 shiantel ksggroupedasidd X XB3, w&24 ichannel s
in the channel group 1155, and the X22 channel is grouped with X, X13,
X14 channel s"3 % {He e hahfgl §Pdup PELATEPH L vaP £ btisCRmbbaFme MOS 1 AR L

wavel engt h- channel 84t 530 and another horizontal waveguide 850 by
simultaneously partially operating the switch 810 and a
switch 840. Each switch 810, 840 may include, e.g. a 2x2
MZI switch 905. The 2x2 MZI switch 905 may be operated
such that a portion of the optical power received at one
of the input waveguides 915, 920 is routed to each of the
output waveguides 930, 935. The switch 810 may thus be
operated, e.g. such that less than all the optical power
received thereby from the vertical waveguide 820 1is
directed to the horizontal waveguide 830. The switch 840
may be operated such that all the remaining optical
signal power is directed to the horizontal waveguide 850.
In some embodiments the switch 840 directs only a portion
of the power received thereby to the horizontal waveguide
850, with the remaining portion directed to another
switch.
In some embodiments, the switch networks 140, 510,
620, and 660 may have other constructions than networks
of interconnected MZIs. For example, the switch networks
140, 510, 620, and 660 may include a Benes network 1010
as illustrated in FIG. 10A or a Clos network 1020 as
illustrated in FIG. 10B or a fan-out-and-select network
(not shown) may be used. Further information on Benes and
Clos networks may be respectively found in, e.g. Guido
Maier, et al., “Optical-Switch Benes Architecture based
on 2-D MEMS”, 2006 Workshop on High Performance Switching
and Routing (IEEE), pp.6, doi: 10.1109/HPSR.2006.1709718,
and U.S. Patent No. 6,696,917 to Heitner, et al. Each of
the networks 1010, 1020 is an NxN network, and includes N

inputs and N outputs, where N equals, e.g. seven. In



a particular wavel ength, e.g. X12 and X22, may be swapped anong two or nore
out put cores so that no WDM wavel engt h-channel s are superi nposed onto a
same out puO 20r®217as in the illustrated enbodi nment. PCTAISROIN®57132

mul ti pl exer 1145 conbi nes the first output wavel ength-channel set 1147 to
produce a first output WDM signal 1150. A second nultiplexer 1160 comnbi nes
t he second out put wavel engt h-channel set 1155 to produce a second out put
WDM si gnal 1165. The first and second Ioutput optical couplers 1170, 1175
respectively couple the output WOM signals 1150, 1165 to first and second
out put fiber cores 1180, 1185. In various enbodinments the fiber cores 1180,

1185 may be gpiiical &%@éﬁéﬁm 8n SagR; M 9@t99£k§ah4@0r@§oof ediof, f ament
optical fibers. In sone - - ‘embodi ments at |east one of the fiber cores

1180, 1185 i®t@& c;lmce'LdereornaanfS@Fut and-sfle&t1221¢hiist¢ates. a et hdbd 1200

for formng an, pg%:cta%redew cgree %rﬁ%%h%&&%oé%l 1%?\” %S?Iecég(r% g§%%ch%go and

700 of Fi gures ‘and W T hout

limtation hy m@mmgacax@picarmﬁ meffeences khod heevak aus cerbednienks t
descri bed herein, e.qg. 1-11. The steps of the nethod 1200 nay be
per formed i Plan? éﬂdeﬁwﬁ%}ﬁs tﬁ%n?ﬁésl Itlki?st]?lat@ﬂv%%é@es to Naogtentinio

includes formng. a trsbrlnt&gl M gek.pl anay; arnay %fayo%ﬂ&lﬂldém‘c'ﬁéeh%e €. g.
the integrated planar array 110, having a first plurality of optical

couplers, e.af |m¢m@be©trl¢1@lﬂm¢kc®rhl©®hpl eriEI2B0. d¥hecept i eakhcouapl er s

f the f t. fi dt L | er
o Lo L Bl Lo SR e ERYELE 8 LTS e

mul ti-core fid@infengadhe Mgtid2Q. routing via free space devices
rather than integrated optical devices.

FIG. 11 schematically illustrates an embodiment of
an IPD 1100 in which a switch network 1105 may be used to
effect wavelength-selective switching of individual
channels of a WDM signal between optical couplers 1125,
1130, 1170, 1175. First and second fiber cores 1107, 1110
provide N, e.g. first and second input WDM signals 1115,
1120. In various embodiments, the fiber cores 1107, 1110
may be optical cores from a single MCF or different
optical fibers. In some embodiments at least one of the
fiber cores 1107, 1110 is a core from an SCF.

The first input WDM signal 1115 includes m channels,
e.g. with wavelengths Ai1, Az, A1z, As. The second input

WDM signal 1120 also includes m channels, e.g. with

wavelengths Az, Asz, Az, Ass. In other embodiments, the
number of channels provided by the WDM signal 1115 may be
different than the number of channels provided by the WDM
signal 1120. Optical couplers 1125, 1130, e.g. such as
those described by the optical coupler 230, couple the
WDM signals 1115, 1120 fto respective first and second
demultiplexers 1135, 1137. The demultiplexer 1135
separates a first WDM input channel set 1140, and the

demultiplexer 1137 separates a second WDM input channel



A step 1220 includes form ng a second integrated planar array of optical
couplers, e.g. the integrated planar array 120, having a second plurality
of opticawvocouwpler’s, e.g. instances of the optical couplrer/ud3@.1/0dhe2 opti cal
couplers of the second array are configured to couple the plurality of
optical signals to a second plurality of optical cores, e.g., of the MCF
320. A step 1230 includes formng a swwtch network that is able to
optically couple in a one-to-one manners opti cal couplers of the first
plurality of optical couplers to optical couplers of the second plurality

of optical couplers. The follow ng provides various optional features
of the methad.112Q9Q.40ln sgMesGaseenihesa PRl 0pal featdnsgs Hﬁﬂt@%l%%%@'ned-
- 20 - The optical couplers of the second array may be laterally

arranged al ongl 1 henesub®er atigesiur facer epoend-@orpl® | mog oneaive-leng tiranner

to CO”ESF’O”%{ 4% "Jfé %‘%0%8? P A Oe”%r””?érst an&le%%th Npse end s

facing and adjacen e second array ond Iuralltles
of optical couplerns say(eachfi m@lv@d%nlglt@ptdkmaina:lwpbfrSheTWeMswlmlametvvork
may include an array of 2x2 Mach-Zehnder interferometers configured to

i npl enent NN s t'chithg. The first and second pluralities of optical

coupl ers may eachrincl udg fNopt heal,ccqupl €5 anpeé@fvéé’“ tcﬂh@et WLk My
conprise an NXN Cl os network or an NxN Benes network he swtch

net wor k may wated Ledeg anféhrasinasini tseft snet WoP k clolMﬂectaéd mszvuItpart%m f iThst
a_sec h_networ k

polarlzatlon nDd receive tica nal s

Donnect od + ¢ Bt 5 (SECdnd O ar b SarTBhe moCE I ¢ HETEdeHrY ba <Barr

si gnal s. sets 1147, 1155 at m*N outputs. In some embodiments the
switch network 1105 may be controlled to switch any of
the wavelength-channels of the first input channel set

1140 with any of the wavelength-channels of the second
input channel set 1142. Thus, as 1in the illustrated

example, the A;» channel 1s grouped with A.1, Azs, Aoy
channels in the channel group 1155, and the A;> channel is

grouped with A:1, A3, Ay channels in the channel group
1147. In various embodiments, WDM wavelength-channels at
a particular wavelength, e.g. A and Ay, may be swapped
among two or more output cores so that no WDM wavelength-
channels are superimposed onto a same output core, as in
the illustrated embodiment.

A first multiplexer 1145 combines the first output
wavelength-channel set 1147 to produce a first output WDM
signal 1150. A second multiplexer 1160 combines the
second output wavelength-channel set 1155 to produce a
second output WDM signal 1165. The first and second
output optical couplers 1170, 1175 respectively couple
the output WDM signals 1150, 1165 to first and second
output fiber cores 1180, 1185. In various embodiments the
fiber cores 1180, 1185 may be optical cores from a same

MCF or optical cores of different optical fibers. In some



The second plurality of optical couplers may include grating couplers
configured to couple light to a corresponding plurality of single core
fibers. woO2012fiee17éoupl ers of the second plurality of opCirraskogospBers nmay

i ncl ude edge facet couplers. An optical path between the first and
second plurality of the optical couplers may include an add/drop
mul ti pl exer. Each of the first plurality of optical couplers nay be

coupled to a corresponding optical corieeof a nulti-core optical fiber
The switch network may include separate first and second optical sw tching
networks. The first optical swi tching network may be connected to receive

light of a ldneat; poladidy ié@m O&@e%ftbﬁeomb@@l c69HB| engo0f 1the fiigrst
array that is orthogonal to a linear polarity of -
a core from an SCF.

FIG. 12 4illustrates a method 1200 for forming an
optical device, e.g., the optical devices 100, 500, 600,
and 700 of Figures 1, 5, 6, and 7. The method 1200 will
be described without Ilimitation by making exemplary
references to the various embodiments described herein,
e.g. by FIGs. 1-11. The steps of the method 1200 may be
performed in an order other than the illustrated order.

A step 1210 includes forming a first integrated
planar array of optical couplers, e.g. the integrated
planar array 110, having a first plurality of optical
couplers, e.g. 1instances of the optical coupler 230. The
optical couplers of the first plurality are configured to
couple a corresponding plurality of optical signals to a
first plurality of optical cores of a first multi-core
fiber, e.g. the MCF 320.

A step 1220 includes forming a second integrated
planar array of optical couplers, e.g. the integrated
planar array 120, having a second plurality of optical
couplers, e.g. 1instances of the optical coupler 230. The
optical couplers of the second array are configured to
couple the plurality of optical signals to a second
plurality of optical cores, e.g., of the MCF 320.

A step 1230 includes forming a switch network that
is able to optically couple 1in a one-to-one manner
optical couplers of the first plurality of optical
couplers to optical couplers of the second plurality of
optical couplers.

The following provides various optional features of
the method 1200. In some cases these optional features

may be combined.



i ght that the second switching network is connected to receive fromthe

sane one of the optical couplers of the first array. The opti cal
coupl ers wb 20te93maond array may be configured to coupl ecClriusheii1veriaz
corresponding plurality of single core fibers. The optical device may

further include a nmulti-core optical fiber having an end facing and

adj acent to the second array to end-c@dpte optical cores of said nulti-core
optical fiber to corresponding ones of the optical couplers of the second
array. An optical path between said first and second plurality of

coupl ers may inchude aptaddl drepugnbid plexethe secordfidrstadenmit ipéexer
may be configured to separate optical wavel ength channels froma first VDM

signal . A séeérdadénultipieset napibe tonfisgirédate sepafate optieat-
wavel engt h channel s; from &, second, WO si.gnal . F'Jo%e%%to;nglr#gpoé%§i8£lt he

switch network may connect to correspondi ng outputs o irst optical
denul ti pl exepreandf he secomdl aptitcatcpoet $idkrt hehsye t ehdnetsnof &cimy

connect to correspondi utputs of the second optical demultjplexer.
First and sEGGNEMRITHT eker & Yy BERanFrgared TUEh LAt (RS fFrsEnd

nul tipl exer gl s rganfiigdr ed it 0 gaNhiane opfulr wavelenddrichannel sagd o @ first
WDM si gnal , and the second nultiplexer is configured to conbine optical
wavel engt h eR&AREILs COBPa eFEc o Fd BV i g dle EWIHES it Snefuddeatti #5¥avpti cal

mul tipl exer jpay b 2‘30'}&‘%9 ed goya first %%ter%fmeocl%gsca' cBB%ggu%dt he,gwitch
networ k. The inputs of e secon optlcéi mul t1plexer may connected to a
second set adfupdpticadl NxOr tssvidfcHilmey .siittec hf inettwvoakd second pluralities

of optical couplers may each include N optical couplers,

and the switch network may comprise an NxN Clos network

or an NxN Benes network.

The switch network may include a first switch
network connected to switch a first polarization mode of
received optical signals and a second switch network
connected to switch a second polarization mode of the
received optical signals.

The second plurality of optical couplers may include
grating couplers configured to couple light to a
corresponding plurality of single core fibers.

The couplers of the second plurality of optical
couplers may include edge facet couplers.

An optical path Dbetween the first and second
plurality of the optical couplers may include an add/drop
multiplexer.

Fach of the first plurality of optical couplers may
be coupled to a corresponding optical core of a multi-
core optical fiber.

The switch network may include separate first and
second optical switching networks. The first optical
switching network may be connected to receive light of a
linear polarity from one of the optical couplers of the

first array that is orthogonal to a linear polarity of



- 22 - Those skilled in the art to which this application relates

w | appreciate that other and further additions, deletions, substitutions
and nodi fwoani2oegi7may be nade to the descri bed enbodi neRC3/US2011887132 WHAT | S
CLAI MED | S: 1. An optical device, conprising: a substrate having a

pl anar surface;

_21_

light that the second switching network 1s connected to
receive from the same one of the optical couplers of the
first array.

The optical couplers of the second array may be
configured to couple light to a corresponding plurality
of single core fibers.

The optical device may further include a multi-core
optical fiber having an end facing and adjacent to the
second array to end-couple optical cores of said multi-
core optical fiber to corresponding ones of the optical
couplers of the second array.

An optical path Dbetween said first and second
plurality of couplers may include an add/drop
multiplexer.

A first demultiplexer may be configured to separate
optical wavelength channels from a first WDM signal. A
second demultiplexer may be configured to separate
optical wavelength channels from a second WDM signal.
First optical ports of the switch network may connect to
corresponding outputs of the first optical demultiplexer,
and the second optical ports of the switch network may
connect to corresponding outputs of the second optical
demultiplexer.

First and second multiplexers may be configured such
that the first multiplexer 1is configured to combine
optical wavelength channels to a first WDM signal, and
the second multiplexer is configured to combine optical
wavelength channels to a second WDM signal. The inputs of
the first optical multiplexer may be connected to a first
set of optical ports of the switch network. The inputs of
the second optical multiplexer may be connected to a

second set of optical ports of the switch network.



a first array of optical couplers |located along the surface, the opti cal
couplers of the first array being laterally arranged al ong the surface to
end- couplwOi2n12z209017@- t 0- one nanner to correspondi ng opti ealr/usesiemenB2za first
mul ti-core fiber whose end is facing and adjacent to the first array;

a second array of optical couplers |ocated along the surface, the optical
couplers of the second array being laterally arranged along the surface to
end-coupl e in a one-to-one nmanner to carr-espondi ng optical fiber cores of
one or nore optical fiber ends facing and adjacent to the second array; and
an optical switch network optically connected to selectively couple sone of
the optical coupl@{ssof skhelthrst arHayate tt%e v@fpltdypakhggugb%rﬁc%ftﬂoﬁe
second array in a one-to-one manner. . The optical device recited
in Caiml, wherteds ahl bprprendcpats b]@@we@hhsal dnfil fotr tand @@d@ﬁdomlsw ality
of couplers cludes a wavel engt h add o]

opti cal devf%g'ﬁgcf%éd ¥@b lt&% %h£$e|£o$%££%%tlog ﬁngrE%gF

second arr aycled edéﬁileﬂaédl yenadsdfcanmctﬁl ong the surface to end- coupl e | n a
one-to-one manner to correspondi ng optical cores of a second nulti-core

fi ber whose end is facing and adjacent to the second array. - 24 -



4. The optical device recited in Claim3, wherein said swtch network

i ncl udes separate first and second optical sw tching netwrks, said first
optical swobteteiaegi7aet wor k bei ng connected to receive |i ghtr/uskoia/obi1aear
polarity fromone of the optical couplers of the first array that is
orthogonal to a linear polarity of light that the second sw tching network
is connected to receive fromthe sanme one of the optical couplers of the
first array. 5. The optical devixe-recited in Claim3, further
conprising a first nmultiplexer configured to conbine optical wavel ength
channels to a first WDM signal and a second

mul ti pl exer confi gur edt oconbi neopti cal wavel ength channels to a second VDM
si gnal , whengixr sgd M network has first and second sets of optical
ports,thefirstoptical portsconnectingto corresponding inputs of the first

optical multiplexer and,t qxﬁﬁqﬂgghgptiég%pgggf connecting to
cal” mu

correspondi ng i nputs of the second opti t1pl exer. 6. A net hod,
conpri si ng: a forws tngatee fhastnlanararear sguofaopt i cal coupl ers along a

surface of a substrate,, the optical couplers of.the firs rr bei
oent od Lo soupl e 1 B Estnafr el he e e i Rt STl h s of
a first mil tdueore fibae Wioseandcbspi aekng angnhadjragent 4erdhepbiihst

array, form ng a second planar array of optical couplers on the
pl anar substraterathe spreredfdcadprner stivf thefsecond® ATy BE IRy 1Bcadted to

couple in a.cﬂ{%e—'t%&—'&{'ee %g%%%& FQoCOé%FPezﬁ%lﬂid‘i%pr ¢al. ! bEL, O €5 Of, one
or nore optica I ber ends facing and adj'acent to the second array; and
first multi-core fiber whose end is facing and adjacent
to the first array;
a second array of optical couplers located along the
surface, the optical couplers of the second array being
laterally arranged along the surface to end-couple in a
one-to-one manner to corresponding optical fiber cores of
one or more optical fiber ends facing and adjacent to the
second array; and
an optical switch network optically connected to
selectively couple some of the optical couplers of the
first array to the optical couplers of the second array

in a one-to-one manner.

2. The optical device recited in Claim 1, wherein an
optical path between said first and second plurality of

couplers includes a wavelength add/drop multiplexer.

3. The optical device recited in Claim 1, wherein
the optical couplers of the second array are laterally
arranged along the surface to end-couple in a one-to-one
manner to corresponding optical cores of a second multi-
core fiber whose end is facing and adjacent to the second

array.



- 25 - formng an optical switch network on the substrate such that
optical ports of the swtch array connect in a one-to-one nmanner to the
optical cwopbere2uft the first array and optical ports ofPCrhms2emiostd2 arr ay
connect in a one-to-one manner to the optical couplers of the second array.
7. The nethod recited in Caim6, wherein said optical couplers of said
second array are configured to couple light to a corresponding plurality of
single core fibers. 8. The method vecited in Caim®6, wherein the
optical couplers of the second array are laterally arranged al ong the
surface to end-couple in a one-to-one manner to correspondi ng optical cores

of a second mul tiscorgefidar; wWhosgeendel s-daaidlg andcadj;acent t@cthensecond
array. 9. The nethod recited in Caim8, wherein said swtch network
i ncl udes sepzriat esfititsh amitwedondneptidesl sewarhiag fnetworksd saicenf r st

optical swtching nefwork, bein onnected t.o receive light,of a.ljnear
. 1 h " 1 .
polarity fréDhﬁﬁgioféwhécob ?caﬁ%ggﬁp%éréﬁﬁfitﬁ% ?Frg?ka?%aySWhgf s
ort hogonal tro-t@wdilearipol acbhyecoftecli ght thateitthe segand s tchilngenet wor k
is connected to receive fromthe same one of the optical couglers,of t he
i polarity rom one O e Optilca couplers O e 1rs
first array.Polarity f £~ th tical 1 f the first
array that 1is orthogonal to a linear polarity of 1light
that the second switching network is connected to receive
from the same one of the optical couplers of the first

array.

5. The optical device recited in Claim 3, further
comprising a first multiplexer configured to combine
optical wavelength channels to a first WDM signal and a
second multiplexer configured to combine optical
wavelength channels to a second WDM signal, wherein said
switch network has first and second sets of optical
ports, the first optical ports connecting to
corresponding inputs of the first optical multiplexer and
the second optical ports connecting to corresponding

inputs of the second optical multiplexer.

6. A method, comprising:

forming a first planar array of optical couplers
along a surface of a substrate, the optical couplers of
the first array being located to couple in a one-to-one
manner to corresponding optical cores of a first multi-
core fiber whose end is facing and adjacent to the first
array;

forming a second planar array of optical couplers on
the planar substrate, the optical couplers of the second
array being located to couple in a one-to-one manner to
corresponding optical fiber cores of one or more optical

fiber ends facing and adjacent to the second array; and



- 26 - 10.The nethod recited in Caim8@8,further conprising configuring a
first denultiplexer to separate optical wavel ength channels froma first
VDM si gnawoantk/ertiti guri ng a second demul ti pl exer to separatseoiopsiical
wavel engt h channels froma second WDM si gnal, wherein said switch network
has first and second sets of optical ports, the first optical ports
connecting to correspondi ng outputs of the first optical denultiplexer and
t he second optical ports connecting 4 @xorrespondi ng outputs of the second
optical derultiplexer
forming an optical switch network on the substrate
such that optical ports of the switch array connect in a
one-to-one manner to the optical couplers of the first
array and optical ports of the switch array connect in a
one-to-one manner to the optical couplers of the second

array.

7. The method recited 1in Claim 6, wherein said
optical couplers of said second array are configured to
couple light to a corresponding plurality of single core

fibers.

8. The method recited in Claim 6, wherein the
optical couplers of the second array are laterally
arranged along the surface to end-couple in a one-to-one
manner to corresponding optical cores of a second multi-
core fiber whose end is facing and adjacent to the second

array.

9. The method recited in Claim 8, wherein said
switch network includes separate first and second optical
switching networks, said first optical switching network
being connected to receive 1light of a linear polarity
from one of the optical couplers of the first array that
is orthogonal to a linear polarity of 1light that the
second switching network is connected to receive from the

same one of the optical couplers of the first array.
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10. The method recited in Claim 3, further
comprising configuring a first demultiplexer to separate
optical wavelength channels from a first WDM signal and
configuring a second demultiplexer to separate optical
wavelength channels from a second WDM signal, wherein
said switch network has first and second sets of optical
ports, the first optical ports connecting to
corresponding outputs of the first optical demultiplexer
and the second optical ports connecting to corresponding

outputs of the second optical demultiplexer



