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‘149 application) entitled “Optical Fibers With Tubular

Optical Cores”, and application serial number 13/041,364

to Doerr (Docket No. 809173-US) (the 1'364 application)

entitled “Polarization-Independent Grating Optical

10 Coupler”, each of which is filed concurrently herewith

and incorporated herein by reference.

TECHNICAL FIELD

This application is directed, in general, to optical
devices and methods of manufacturing and using optical

15 devices.

BACKGROUND

Some optical fibers, e.g. multi-mode fibers, may be
configured to propagate multiple spatial modes of an
optical carrier. Such fibers offer the potential to carry

20 more information than a single-mode fiber, as information

may be multiplexed among the available propagation modes.

SUMMARY

One aspect provides an optical device that includes

an optical grating coupler and a plurality of optical

25 waveguides coupled thereto. The optical grating coupler
is formed along a planar surface of a substrate, and
includes a pattern formed by ridges concentrically
located on the surface about a center thereon. Each
adjacent pair of ridges is separated by a groove. Each

30 wavegulide of the plurality of waveguides 1s oriented



| ocated on the surface about a center thereon. Each adjacent pair of ridges
is separated by a groove. Each 30 wavegui de of the plurality of wavegui des
i s orientwd 20t2/21859about radially with respect to the ceotrasonesskas a
first end that term nates near an outernost one of the ridges. The first
ends are about uniformy spaced al ong the outernost one of the ridges.
5Anot her aspect provides a nethod. The nethod includes formng an opti cal
grating coupler and a plurality of optieab wavegui des coupl ed thereto al ong
a planar surface of a substrate. The optical grating coupler includes a

pattern fornedhby riadges 110 goncentddald yebocated @mitdhe suprfaog abgut a
center thereon. Each adjacent pair of ridges is separated by a groove. Each
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coupler includes a pattern formed by ridges

10 concentrically located on the surface about a center

thereon. Fach adjacent pair of ridges 1is separated by a

groove. Each waveguide of the plurality of waveguides 1is

oriented about radially with respect to the center, and

has a first end that terminates near an outermost one of

15 the ridges. The first ends are about uniformly spaced

along the outermost one of the ridges.

BRIEF DESCRIPTION

Reference 1s made to the following descriptions

taken 1in conjunction with the accompanying drawings, in
20  which:

FIG. 1 illustrates an embodiment of a <circular
grating coupler of the disclosure, including concentric
ridges and grooves, and radial waveguides;

FIGs. 2A-2E illustrate aspects of the circular

25 grating coupler of FIG. 1, including a transition portion
located between two adjacent radial waveguides;

FIGs. 3 and 4 illustrate an optical device
configured to e.qg. produce a focused azimuthally
polarized or radially polarized beam;

30 FIG. 5 illustrates a photomicrograph of a circular
grating coupler, e.g. the circular grating coupler of

FIG. 1;



configured to e.g.produce a focused azinmuthally polarized or radially

pol ari zed beam 30FIG 5 illustrates a photom crograph of a circular
grating cwopberi21859g. the circular grating coupler of FPGI/Uk2012/02383

FIG 6 illustrates an optical device using the circular grating coupler of
FIG 1, configured to excite a propagation node in a ring-core optica
fiber; FIG 7 illustrates relationships between a ring-core 5 optical fiber
and the circular grating coupler of FIG 6; - FIG 8 illustrates a

portion of the optical device of FIG 6, including optical signal sources

and a star coupl efrgonfd gured: dia-ddansmld pRlArd2at iRy iard plapagatinen nmode
mul ti pl exed optical signals to a ring- 10 core optical fiber via the
circul ar gratirgpleouptertofd Fraipger of FIGR G/ oconfigtradeSopekaditeat i on

of light tr 1 tted by pl tical W ui . the circular grating
coupl er of %?é?gﬁﬁaéhﬁﬁ%ﬁgéggggtﬁgﬁgﬁ%ﬂéﬁg%ﬁ%%fDQQ‘%?hgﬁﬁi ‘core optical
fiber excited by tlhe. pol arizetdrdtght relationskifs BOtiwkkustr atieg-aorepti cal

recei ver configured to demultiplex polarization and propagatgon node

mul ti pl e;?ed Gt et %Jl%l%m% r% £ 1 HY-Lor® Dpth T &HOU5 gy ;oL FIG. 65
20FI G 11i | | ust r ategacogmMynin At QRSYEStLMortion of the optical device

of FIG. 6, including optical signal sources and a star
coupler configured to transmit polarization and
propagation mode multiplexed optical signals to a ring-

10 core optical fiber wvia the circular grating coupler of
FIG. ©6;

FIG. 9 illustrates polarization of light transmitted
by planar optical waveguides to the circular dgrating
coupler of FIG. 1, and propagation modes within a ring-

15 core optical fiber excited by the polarized light;

FIG. 10 illustrates an optical receiver configured
to demultiplex polarization and propagation mode
multiplexed optical signals from a ring-core optical
fiber;

20 FIG. 11 illustrates a communication system
configured to transmit data wvia a ring-core optical
fiber; and

FIG. 12 illustrates a method, e.g. of forming
optical devices of the disclosure, e.g. as described by

25 FIGs. 1-11.

DETAILED DESCRIPTION

FIG. 1 illustrates an optical device 100, e.g. a

photonic integrated circuit (PIC). The device 100
includes a circular grating coupler 110 and a plurality

30 of planar radial waveguides 120, e.qg., single-mode
waveguides, formed over a planar substrate (not shown).

The circular grating coupler 110 includes a plurality of



configured to transmt data via a ring-core optical fiber; and

FIG 12 illustrates a nethod, e.g. of formng optical devices of the
di scl osurwp 20120121888 descri bed by 25FI Gs. 1-11. DETAI LEDPDESGE)1RDLGHBE
FIG 1 illustrates an optical device 100, e.g. a photonic integrated

circuit (PIC). The device 100 includes a circular grating coupler 110 and a
plurality 30 of planar radial wavegui des 120, e.g., single-node wavegui des,
formed over a planar substrate (not shown)}.-The circular grating coupler
110 includes a plurality of - 4 - alternating concentric rings 115 of

ridges and grooves:tidy sesBceAbediments <t hey copgetirdged | 888 LB oake .
substantially radially symetric, e.g. each ring closely approxi mates a
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t he di scl osurieniared 150 nenyl iprirtted utle ramyyee,i cultarmaunber cohsitestnern
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al ong the perine er of “the ¢ir cul'ar gra?lng cou
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count et - ¢l ok se, begininge aLntbe 3:00-R0Si thonehible dgwhee 1100;cRach of

the radi al wavegui des 120 term nates at
independence, as described in the ‘364 application.

The illustrated embodiment includes e.g. 64 radial
waveguides 120, though embodiments of the disclosure are

15 not limited to any particular number thereof. In various
embodiments the radial waveguides 120 are about evenly
distributed along the perimeter of the circular grating
coupler 110. Thus, e.g. in the illustrated embodiment the

radial waveguides 120 are located at increments of

20 360°/64 =~ 5.6° around the perimeter of the circular
grating coupler 110. For convenience, the radial
waveguides 120 are numbered 0..63 counter-clockwise
beginning at the 3:00 position of the device 100.

Fach of the radial waveguides 120 terminates at or

25 near an outermost ridge 210 (FIG. 2) of the circular
grating coupler 110 at an intersection point. Herein a
radial waveguide 120 is regarded as terminating at the
outermost ridge 210 when the radial waveguide 120
physically touches the outermost ridge 210 or ends within

30 one wavelength of an optical signal propagated by the
radial waveguide 120, or ends within one wavelength of an
optical signal that the radial waveguide 120 is
configured to propagate. Thus the radial waveguide 120



25 near an outernost ridge 210 (FIG 2) of the circular grating coupler 110
at an intersection point. Herein a radial wavegui de 120 is regarded as

t er m nat iwgQ 2at2/2ss9out er nost ri dge 210 when the radi al wavageeide2s529
physically touches the outernost ridge 210 or ends within 30 one wavel ength
of an optical signal propagated by the radial wavegui de 120, or ends wthin
one wavel ength of an optical signal that the radial waveguide 120 is
configured to propagate. Thus the radi at waveguide 120 - 5 - nmay be
optically coupled to the outernost ridge 210 even if not physically

connected theretwe bptseaelprebepned empadidrentseihest adi ahe wvaveguides 120
are substantially parallel to radii of the concentric rings 115. Thus, in 5

such enbodi reht 8otherhraeh @l Wavegonges et20tkeee aboutitnoserat  Po cd efranglent to
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%mrééﬁﬁ%é?Q %58 Qa S\ %%ﬁ%?g?gggep%ﬁgda¥e éE%%t%Etﬁgl%y

grating couple as a dianeter O or conveni énce-as the
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any particular value, bhut may be matched to a diapneter of a fiber wavegui de
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further bel qumidh EespectahgehtGry 8RE 'Rl@heddeseriptiono | o otther 15
enbodi ments, such as when thé grating is chirped to forma focused |ight
spot (as di scussetEdelow)rothe. di aneter 0 may be chosen as a function of

the desired focal. .l ength and/or nunerical aperture (NA) of the focus
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sectional view taken through an optional transition portion 220 (FIG 2B)
| ocat ed bet weidret woavtgtihéer ddi avhwalvedgliedede120: THE riadi @éswaveguitdes 120

and the concentric rings 115 are farned,.froma planar .optical nedi um 270
| ocated 30 oVer s pl anar sdarsfpaeccgC of ' h& st s eafn%6 I G%ezllg)w. Wigh

respect to FIG. 7 and related description. In other
15 embodiments, such as when the grating is chirped to form
a focused light spot (as discussed below), the diameter @
may be chosen as a function of the desired focal length
and/or numerical aperture (NA) of the focused spot.
FIGs. 2A-2E illustrate ©portions of the optical
20 device 100 in greater detail. FIG. 2A presents a plan
view, 1ncluding portions of a number of the concentric
rings 115, and a number of the radial waveguides 120
terminating at the outermost ridge 210. FIG. 2B shows a
sectional view taken through one of the radial waveguides
25 120. FIG. 2C shows a sectional view taken through an
optional transition portion 220 (FIG. 2B) located between
two of the radial waveguides 120.
The radial waveguides 120 and the concentric rings
115 are formed from a planar optical medium 270 located
30 over a planar surface of the substrate 230 (FIG. 2B). The
optical medium 270 may be any suitable material, e.g.
semiconductors such as silicon or InGaAsP, or dielectrics

such as SisNy or Si0O,. The discussion herein may refer to
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that are not limited to any particular values. A width W
of the grooves 240 may be constrained by the distance
between edges of the grooves 240 that 1is determined as
described below. The circular grating coupler 110 and the
radial waveguides 120 have a thickness T that 1is not
limited to any particular value.

The depth D, the thickness T and the period P may be
selected to be suitable for the wavelength of 1light
propagated by the device 100 and the refractive index of
the optical medium. As a nonlimiting example, T may be
about 220 nm and D may be about 95 nm for a 1.55 pm
wavelength signal ©propagating in silicon. In some
embodiments the pitch P is within a range of about 500 nm
to about 1 um, and the width is within a range from about
250 nm to about 500 nm. Additional aspects of P and W are
discussed further below.

Considering FIG. 2C, the transition portion 220
partially fills a region 260. The region 260 is an
approximately wedge-shaped volume, as illustrated in FIG.
2FE, with side length 1L and height T that is bounded by
the sidewalls of adjacent radial waveguides 120. It 1is

believed that the presence of the transition portion 220

FBRIvBpYs aRd30Pappréxi el y
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2E, with side length L and height T that is bounded by the sidewalls of

adj acent radi al waveguides 120. It is believed that the presence of the
transiti oNoporxi2ese220 - 7 - results in nore efficient Pconserigioesssbet ween
the circular Bloch node in the radial waveguides 120 to a circul ar pl ane
wave inpinging on the circular grating coupler 110. In various enbodi nents
the optical mediumw thin the 5 region 260 is partially renoved to formthe
transition portion 220. For exanple, in-FrG- 2C the transition portion 220
i ncludes two subportions 222 and 224. The subportion 222 has a first

thi ckness | esssitihan i ansh-£ hersubperti eAng24shas BesheendthBi ckness shess
than the first 10 thickness. The subportion 224 may be fornmed by the sane

or a differéﬁtocﬁat fﬂ@riﬁi n@pﬁb@es@adm f«v@ﬁf@gutiﬁ@Sgrb%Q/e@Z@ Cigeular
subportion

tt
enbodi nment sat ep %EI g %br%/%e su i ocﬂﬁfz%rﬂoq%heé Qtuéorlr%rggqu ‘dge 210

is about 40 nm 151am@kﬁo@ie@mM@dgm@nﬁ@rnméhepsmbamrmedmuﬂzwltﬁlhhehe

subportlon 222 i s abhout The subportion 222 extends a length
f r om t he “out’eiHisst ?ﬁ@gé%l@ar’éhal%ﬁerﬁ}}?ﬁ’ i bR f@&fnbx%%déirénlséﬁdpﬁl 2

from the subpordign 222 | mcsOme,aRbBodi menks ﬁl@ 20 d englh i3 stike Jhengt h
at whi ch about 5% of an optical sighal propagating in one of the radial

wavegui des Emythﬁlé§§ al@@l@ﬁ@@rﬁﬁ@ r adbab rpaveguidke 120dl22%0n§he

enbodi nent s tqD ng;h Q% |s th% Iength at mhlcg_about 1% et%ptlca
g

si gnal overlapéxFﬁe nei or|ng raélal %ﬁ%ﬂ?%ﬁ eﬁioth%R 55

iIlustrates @am@moidinert4 i mayha Cﬁetdﬂﬂdgtﬁltﬁgepsr ledsPtabnt heegrraoeves 240
vart es %%ththickness. The subportion 224 may be formed by the same
or a different patterning process that forms the grooves
240. The subportion 222 may be formed by a separate
patterning step. In an embodiment a step height from the
subportion 222 to the outermost ridge 210 is about 40 nm,
15 and a step height form the subportion 224 to the
subportion 222 is about 45 nm.

The subportion 222 extends a length {; from the
outermost ridge 210, and the subportion 224 extends a
length {, from the subportion 222. In some embodiments the

20 length {; is the length at which about 5% of an optical
signal propagating in one of the radial waveguides 120
overlaps a neighboring radial waveguide 120. In some
embodiments the length {;+{, i1s the length at which about
1% of the optical signal overlaps the neighboring radial

25 waveguide 120.

FIG. 2D 1illustrates an embodiment in which the
grating period P of the grooves 240 varies with
increasing radius of the grooves 240. In other words, in
the illustrated embodiment the circular grating coupler

30 110 1is chirped. When chirped, the circular grating
coupler 110 may be used, e.g. to focus a 1light signal

delivered to the c¢ircular dgrating coupler 110 by the



i ncreasing radius of the grooves 240. In other words, in the illustrated
enbodi nent the circular grating coupler 30 110 is chirped. Wen chirped,

t he circuwenograissng coupler 110 may be used, e.g. to fecwassaoikiogdsss si gna
delivered to the circular grating coupler 110 by the - 8 - radial
wavegui des 120 to form a sub-wavel ength |ight beam as described bel ow.
FIG 5 illustrates a photom crograph froma scanning el ectron m croscope of
a portion of one particular 5 enbodi nent ef -t he optical device 100 where

t he radi al wavegui des 120 neet the circular grating coupler 110. The

m crograph cleardy shewsptibesubportignsegz2?, 224ud-hevd1dgrs25Q iang the
grooves 240, the outernost ridge 210, radial wavegui des 120 and the opti cal
i sol ation | a&gam,10280lescribed|glai|lustrates an optical device 300, e.g.

a PIC that inclggg§ chj Lrcu ! e 0. i.rped
grating coupler 31 Tg%e?%ggggﬁg%% i%g%hgﬁgﬁgggﬁgggﬁée%réé gngggP%géﬁ
source 320. AvaegtirdesnB3odbogk stefbuste boghtofir osrt henept ivealt isouree 320
to the chirped grating coupler 310 with substantially equal power and

phase. For &XHMptdlethe Ohaveyti ¢&1839 areVeoht i'dlit eliRsugh tiiat TeRdedpti ca

path | ength J1m{He OPis Gate SOUELE és?_Qc&@a@agBaeﬁngh_@oﬁ?%@ 1WAV egyiedes
120 20 is substantially equal. Splitters 340 divide light in successive
branches t o providlee@ubstantrilal | shavalthpowsitbror elaghs of2€he 22di althe

pavequl des 120ied0et 15, GRS EnSSR SIS Lol 3RO, TR, BeuseryBgBommier Lne
€. g. processravhrdiat weRegundehe bpanches. the optical isolation layer
10 280,

FIG. 3 illustrates an optical device 300, e.g. a
PIC, that includes a chirped circular grating coupler
310. The chirped grating coupler 310 receives an optical
signal produced by an optical source 320. Waveguides 330

15 distribute 1light from the optical source 320 to the
chirped grating coupler 310 with substantially equal
power and phase. For example, the waveguides 330 are
configured such that the optical path length from the
optical source 320 to each of the radial waveguides 120

20 is substantially equal. Splitters 340 divide 1light in
successive branches to provide substantially equal power
to each of the radial waveguides 120. Thermo-optic phase
shifters 350 may be used in some of the branches to fine
tune the optical path lengths thereof to account for,

25 e.g. process variations in the branches.

The illustrated embodiment includes six levels of
splitters 340 for a total of 64 portions of the optical
signal delivered to the chirped grating coupler 310. Thus
in this specific embodiment the radial waveguides are

30 distributed around the perimeter of the chirped grating
coupler 310 in increments of about 5.6°.

FIG. 4 illustrates a perspective view of a portion

the optical device 300 including the chirped grating



The illustrated enbodi nent includes six levels of splitters 340 for a total
of 64 portions of the optical signal delivered to the chirped grating
coupl er 3%0.20iRm2sssbn this specific enbodi nent the radi alPCcnase@uiocksss are 30
di stributed around the perineter of the chirped grating coupler 310 in

i ncrenents of about 5.6. FIG 4 illustrates a perspective view of a
portion the optical device 300 including the chirped grating - 9 - coupler
310 and radi al wavegui des120. When an appropri ately configured opti cal

signal is delivered to the chirped grating coupler 310 a focused

azi muthal |y polard.zedsan ragdhal | y-pol ari Z%v@%@ﬂf‘d@%o mayobe fiprdred ah, 5 a
di stance f above the chirped grating coupler An azimuthally or

radial ly pol@@wmﬁmaﬁowwu@@da FHargeer $ogn8lt Han @ebb‘ﬂ%@m éral
uni formy pq:arl E%%pl rgt belllyﬁg:t@%b ag t gefg %9 %11
%uﬁlnéf P‘ i

non- propagatlng |nte ngl magnet1c or elec rlc
formed for aplaztimddaddt wmmaﬁya@mpﬂ:&mze@beam mb@specttoveky. athi s

shar per focus can be used, e. to increase the resolution of |ithography
or inagi Ay, & Mty opt | %%ﬂv%d%kée Hords HREdY SR optital storage

medi um '”Creasezgpt'ﬁéimﬁfﬁgplﬁg skrengidya 10, 15, betiter-4ocglhze epti cal
excitation of nolecul es. In an enbodlnent the chirped grating

coupl er 310 rarovitdwe raadshhrmavegmcma% t2@nare formezhioverala sinliifogmlwaf er
420 from a S|I|con I er abo L 220 thICk a thernal OXIge Iaégr 430

about 2 pn1t9ﬁ%ﬁgl T 0ha de505|téﬁvfg'oxfﬂé 1% y% 450°3bobrt pﬁ1thick
covers the Qmﬂm}gig&iﬂlﬂgg coupdese 3l8nanthdhear adhgheavegui desct20c I n an

enbodi nment , the chirped grating includes 24 circul ar grooves 240.

10 field is formed for an azimuthally or radially polarized
beam, respectively. This sharper focus can be used, e.g.
to increase the resolution of 1lithography or imaging,
increase optical data storage capacity of an optical
storage medium, increase optical trapping strength, or

15 Dbetter localize optical excitation of molecules.

In an embodiment the chirped grating coupler 310 and
the radial waveguides 120 are formed over a silicon wafer
420 from a silicon layer about 220 nm thick on a thermal
oxide layer 430 about 2 pm thick. An optional deposited

20 oxide layer 440 about 2 pm thick covers the chirped
grating coupler 310 and the radial waveguides 120. In an
embodiment, the chirped grating includes 24 circular
grooves 240.

When chirped, as in FIG. 4, the grating period P of

25 the chirped grating coupler 310 may 1increase as a
function of the radius in order to focus the beam at a
distance f above the chirped grating coupler 310. The
radius r may be related to the m™ edge of the grating by
Equation 1:

A

r e 7
R R Rl W (0 o A R

s

where: m=1 to 2M, M being the number of periods P of the
chirped grating coupler 310;



When chirped, as in FIG 4, the grating period P of 25 the chirped grating
coupler 310 may increase as a function of the radius in order to focus the
beam at awdizstzaness9f above the chirped grating coupler BCO/USTde/ 0TS US T
may be related to the nth edge of the grating by Equation 1. 1-(1 A
307,2(2 _n2)_2rn--m-+ngs i21 1-(1 4n)+ f 2 i+ f 2n: [2.
In j2+ngA 4nsj + f 2] 0 Eq. 1 - 10 - n, is the refractive index of
the optical medium 270, e.g. silicon; ng i® the refractive index of the
medi um overlying the chirped grating coupler 310, e.g. Si02 (glass); and 5

X is the free-spacg waxeligngt heef thevopticalx shgnathe optical medium
270, e.g. silicon;
ny 1s the refractive index of the medium overlying
the chirped grating coupler 310, e.g. Si0: (glass); and
5 A 1s the free-space wavelength of the optical
signal.
The roots of Equation 1 may be determined and solved for
the radius r for each of a number of edge diameters of
the grooves 240.

10 Light coupled to the circular grating coupler 110
may be polarized as transverse electric (TE) or
transverse magnetic (TM) modes. TE light may be used to
generate an azimuthally polarized beam 410 and TM 1light
may be used to form a radially polarized beam 410. In one

15 embodiment using TE light, A = 1.55 pm and ns= 2.9 in
silicon. The diameter of the chirped grating coupler 310
in this example is about 27 um, with 24 grooves 240. The
grating pitch P increases from about 540 nm at the center
of the chirped grating coupler 310 to about 640 nm at the

20 outer edge thereof. Using ngy = 1.45 (about the refractive

index of Si0.), f = 40 um. In an embodiment using TM

light, for which n, = 2.1 in silicon, the chirped grating

coupler 310 diameter is about 38 um and f = 60 um. The

pitch P increase from about 640 nm to about 1080 nm.

25 Under these conditions the NA of the focused azimuthally

polarized beam 410 1is about 0.46, and the NA of the

focused radially polarized beam 410 is about 0.43. 1In

other embodiments the NA may be increased by decreasing f

or by increasing the number of grooves, which may in turn

30 require increasing the chirp of the chirped grating
coupler 310.

FIG. 6 illustrates another embodiment, a PIC 600,

that includes a c¢ircular grating coupler 610. The



The roots of Equation 1 may be determ ned and solved for the radius r for
each of a nunber of edge dianeters of the grooves 240. 10Light coupled to

t he circuwenogrissng coupler 110 may be pol arized as traoswsese/oedsestric
(TE) or transverse magnetic (TM nodes. TE light nay be used to generate an
azinmuthally pol arized beam 410 and TMIight may be used to forma radially
pol ari zed beam 410. In one 15 enbodi nment using TE light, A = 1.55 pm and
ns= 2.9 in silicon. The dianeter of the chirped grating coupler 310 in this
exanple is about 27 pm w th 24 grooves 240. The grating pitch P increases
from about 340-Amat thescan ercfpitde chig pedar ald ngiseeupler 3tptie@ about
640 nm at the 20 outer edge thereof. Using ng = 1.45 (about the refractive
i ndex of siO®tidal -s=gnabs phetvacantépbddiCmeaitl usidgamvrbitghel fabewhi ch
n, =2.1in sili.con, th irp ing.c | er ja er LS. a t 38
pm and f ,::fdé%%e&]pm()%f’ﬁec%%et cﬁgﬁg{lgé%e sré’jotf%r%% %§%%Q%4gﬁtﬁm t%ﬁ%bggt% 1080
nm 25 Undercahesectonds t bongatihelNAvaefe dlieldsocased azdumt hal Eywpel ari zed
beam 410 is about 0.46, and the NA of the focused radially polari ze((jmbeam

d

410 is aboutdGCHUET | RUBPREr "Enbodf neRes the RADRAy

decreasing fo0foDymdNCreasi agrthe; Pugber i 0f 959@:{@%, 6Wbi 6B MRYHiReurn 30
require increasing the chirp of the chirped grating coupler 310. FI G
6 illustratesitdnotheriteribodi ment abaupl @B00NMt hatlaingel udese autde g uload
grating coupler 610. .The _circular _grati co er. 610 may be used.tao
coupl e opti c%?nnsel%tnalt-sgebetr\?gér?gt hveqa%F%uég%San%?gn toopt iacal%girggpopoégtged
over the cinouledr gsat bgpaoupbers6bF. aThe: P GHOOL¢ncbudesnbsd opadicall
wavegui des 620, though a fewer or 5 greater nunber may be used in_ ot her
enbodi meAt s.SIH Gh Embodi AeRtUEReIci FEURET gP&tlioMg cobipl @RBIpried to

unchirped, with, a;pi tgh ROf about 1560.8m ; Phapar yaveguigdes {30 cennect
the radi al wavegui des 620 to a correspondi ng nunber of output ports of a
star coupl ercgg@leArc4pti cal 10 source 650, discussed further below, is

configured to pravide optical signals to,jinputs ports of .the star coupler
640. The' pl Hiiar Ravag T iLe 8505 r 82 RoRt FgirBd  £B  Rli ntalf 1Epeatti o
phase rel atignshi pisc behween sé gitad sn 41 Bpagatedetd theded s apdobhgatiencul ar

grating coupler 610. Therefore, in sonme enbodi nents each radi al wavegui de
620 i ncldestiephaseaBfi Fher ciasttlsfow)a t St hC AP B ¥ het Ap- dpEirEalrrshase

shifter, to gpsyse.that . qag di.al.yway 'ld%gfé) 151?% ap,ept Lcq t
| engt h that l|s %drg] ?n?e%gra mgjfl'lt&?plegcof \aé‘%%olg wave e%gt eX o? thg Ijldg%t rglused
pl us a const@mse/athuef tdmat (nstt bieosale forhabkbk wavegundesptinasombase

orbod:rent s e, 20! ol ey egut dep. 020, ake ALl ogtepll cal Ly, do Hped
physi cal patdpdengt hpaght hee @R 1tH80€Rs an integer multiple of a
20 wavelength A of the light used plus a constant value that
is the same for all waveguides. In some embodiments the
radial waveguides 620 are photolithographically defined
such that each has about the same physical path length,
whereby each physical path length is the same integer
25 multiple of A. In this embodiment phase shifters may be
used to compensate for imprecision of the physical path
lengths to ensure again that the optical path length for
each waveguide is an integer multiple of a wavelength A
of the light used plus a constant value that is the same
30 for all waveguides.
FIG. 7 illustrates a sectional view of the circular
grating coupler 610 and a ring-core optical fiber 700

located thereover. Ring-core optical fibers are described



25 multiple of X. In this enbodi nent phase shifters may be used to
conpensate for inprecision of the physical path lengths to ensure again

t hat the wptoal2igsat h | ength for each wavegui de i s an i rcegseomobisspl e of a
wavel ength X of the light used plus a constant value that is the same 30

for all wavegui des. FIG 7 illustrates a sectional view of the
circular grating coupler 610 and a ring-core optical fiber 700 |ocated
t hereover. Ring-core optical fibers are described - 12 - in detail in the

*149 application, which has been incorporated by reference herein. In brief

summary, theidings€ole opiicahefibeno70@ppnekudesna cantral eyki ndeieal
cl adding region 710, a tubular- core region 5 720 and a tubul ar cl adding
regi on 730. Mheorrdraicad veyi rddershachene it ar 8ok sdyi 9W20vi s thiegher

than that of_the claddi Q%ﬁp%g$9nsj%%%89”d’ﬁﬁ9- TE%%}% é%pag%Pin%eggggﬁtia||y

wi thin the ring=core optica i ber are expecte O remain su
confined to ©rliatdtingk T heldQdinbulrarricor €71 @gi an t12011 Pr-opagat i nggioaes nmay
i nclude nul tiple azimuthal and radi al  nodes. The tubul ar-core fiber 700 has

mul ti pl eazi mit hdPdmoded tWat Tar 61 AP N Uit For /e8upl 1My 6 &2 adival

optical couplflex Addi thenaldetails of rdtibdt heding-cogeti baEn 709 rRY be
15 found in the '149 application, which refers to ring-core fibers as
tubul ar coreofi bées, chmddingi neordposat éd0herrel n7BY - r eflmienpecpragatinghe Pl C

600 is configured to. | aunch, propagaling mpdes, of; optical signals gLy the
ring-core op ical Tiber 20°700; ir'eh” may - be“oriented approxinapely nor mal

to the PIC sty facemaln vaubeusnemhodiynenrios tihedoptical oPl C2660na8ay thenvert

pl ane- pol ari zed optical signhals on the PIC 600 to azinuthally polarized
opti cal 18i griate }it HiGF @ hESELRG- cOf - r gt IPIONAsTaEsEr il furtNES bel ow

mul tiple 25 0ptiGale signalsHmy beqpr ppagat ed,vias di fher _e%brarl%@a%tr!eng

nodes, providing greater throughput than a single node fiber link. Wt
continued refigrencedftlo Fe& mMylthel¢ ubdiarutderle medgesn 7R4t hasreanwedtler

g:g??;grcg%ﬁ%%gxggol?g%r %kﬁgﬁﬁ%@-quPQ'a'”z%ﬁﬂ%ﬂ?”bggkfgg S %%%pﬁEEQU|ar
Additional details of with the ring-core fiber 700 may be
15 found in the ‘149 application, which refers to ring-core
fibers as tubular core fibers, and is incorporated herein
by reference.
The PIC 600 1s configured to launch propagating
modes of optical signals into the ring-core optical fiber
20 700, which may be oriented approximately normal to the
PIC surface. In various embodiments the optical PIC 600
may convert plane-polarized optical signals on the PIC
600 to azimuthally polarized optical signals within the
ring-core region 720. As described further below multiple
25 optical signals may be propagated via different
propagating modes, providing greater throughput than a
single mode fiber link.
With continued reference to FIG. 7, the tubular-core
region 720 has an outer diameter D; and an inner diameter
30 D.. In some embodiments the circular grating coupler 610
is formed such that the diameter @ is about equal to the
diameter D;. Within the diameter D, the concentric rings

of the circular grating coupler 610 are optional, as



is formed such that the dianeter 0 is about equal to the dianeter D .
Wthin the dianeter D2 the concentric rings of the circular grating coupler
610 are opOi2oreal2issas - 13 - little coupling between thePcirusadian2gFsat i ng
coupler 610 and the ring-core optical fiber 700 is expected to occur inside
of D2, and light inside D2 may not propagate in the ring-core fiber.
However, the scope of the disclosure 5 includes enbodinents in which the
ring-core optical fiber 700 includes ot-her3 propagating el enents wthin D2.
FIG 8 schematically illustrates interconnection of the star coupler 640
and the opticaltSOUrE8, 6Py i ReRBeBPeEI i i eitbodi nentt of gt heupLEr6@Q.0 The
star coupler 640 10 includes inputs designated Port 1 through Port 5. Wile
five input pordstlaeershonaprenbodirent §iaeg ndi0 |19 eB@eEbe@nyoparctivgul ar

nunber of i npu r aye e 0 r f t or, may
be unused opﬂé §£nté§T%% Eﬁgngéﬁﬂ? Mm%%gD]§ fa t%ﬁF Egr gggg é% t%%
nunber 15 ofraudfpidréortti®eirs aHsmenet I|mnéedcb@eanyfpaﬂktcwhatlnamber I n

vari ous enbodi nents the nunber of output ports i s equal to the_ nunber of
radi al wavegtitdese20mROGINGACS ni R h”éh?‘FlPu*é]El?aiféBgeﬁBéal RBeRt Cathodeeski | | ed

in the pertinent; aiud loappr 60l ML 20 dhad el eouplerp may be
configured to divide the power of light presented at an |nput port equally

among the output Pdits8 ESeemagigalle. I}kgﬁﬁﬂﬁtiaeeﬂtﬁncon@@@th@ 0g42,

1988, which |s in orpg&ggqq he§ Q é_tgferen € |ts entl T he
phases of t he ?lg £ portlons a 5 S ?yplca OM/SpECIfIC

phase rel atignshi pisc detiesdimedt i afpahte Mogezm'et rrieal sﬁéj@ecbapﬂlfert la@ ost ar
coupl er. Moreover, the star coupler is t plcally bidirectional, so ports

may be &8nfigiieies HABUES potetd 95 6t Cthot t $RTERIRg RHE sPar @6&6Ier
640 schematigald y; 30! b‘c'ﬁttr ated. i opELG %m%%d@me?ﬂ%r esent ative 8xample, the

foll owing provides a nonlimting description of the operation of the star
coupl er 640 t® aiy mpader st bmdi mguoért hé operat bonteft Mheeoptircabnkl Cr600.

Those Skllledfé]of %he shown input ports may be unused or absent.

The star coupler 640 has output ports 0¢—-0gs3. The number
15 of output ports 1is also not limited to any particular
number. In various embodiments the number of output ports
is equal to the number of radial waveguides 620, e.g. 64

in the illustrated embodiment.
Those skilled in the pertinent art will appreciate
20 that a star coupler may be configured to divide the power
of light presented at an input port equally among the
output ports. (See, e.g., C. Dragone, Electron. Lett., p.
942, 1988, which is incorporated herein by reference in
its entirety.) The phases of the 1light portions at the
25 outputs typically follow specific phase relationships
determined in part by geometrical aspects of the star
coupler. Moreover, the star coupler is typically
bidirectional, so ports may be configured as input ports
or output ports. Using the star coupler 640 schematically
30 illustrated in FIG. 8 as a representative example, the
following provides a nonlimiting description of the
operation of the star coupler 640 to aid understanding of

the operation of the optical PIC 600. Those skilled in



the optical arts will appreciate that the values provided in the follow ng
di scussion are approximate, e.g. manufacturing variation may produce

vari at i orwbnomiss9i deal val ues recited. 5The star couplrem/UB4€12i035583
configured such that when laser light is input to Port 1, the |ight output
at output ports 00_063 increnments in total phase angle by 27E-

7c/ 32=63/ 327c radians fromthe output port 00 to the output port 063. That
is, the increnmental actual phase change- 10i between the k-th and (k+1)-th
out put ports Ok and O(k+1), for k s [0, 63], is exp(i6), and 6 = 27c/64 =

7c/ 32 radi anshe Ref€IEd NGt 0s Rk G 1 9appouBl gtephagse phat $29ALs $BLvi9Eh 9D1
and 9E1 illustrate the real part of the actual phase of the light output by

the output portstbe_063lloweing t hdlisysaxps skhows RePRXp(iRk{®:6' )L -T-for an
X~ axi s Valu%ﬁ%uﬁ%c%ﬁ%ﬁﬁg;ﬁ?&g%tﬁgge‘mgi #%%xﬂﬂﬁpu%agggkégki @ﬂgnkt%e[o’

63]. Here 6" 1s an ase ‘shi recogni ze he ¢Circular
grating coupldfal svahoed ratatdédnal |y symmetric. Thus, e.g. 6' may be about
7c/2 in plot 9A1. The actual 20 phase plot 9. Al shows that the |ight input
to the Port 1 of fHe §taF COupl&ir 626°producesttPghtdatt e bt buf&cdo 063

that varies jJxdot qligmasgsamg{@tbyt%nepgygl e of t2¢C, 1 o¥et g B output
ports and starts at radi ans. When the light is input fo the Port 2, the
| i ght 25 outquuipwat pdret podt. 00011063 ndrcrenent sotalt phakephagecabgl enby
47c-7c/ 16 = 63/16 7C radians starting fromthe phase angle
n/32=""/,,m radians from the output port O, to the output
port QOss. That is, the incremental actual phase change
10 between the k-th and (k+1)-th output ports Oy and Oy,
for k g [0, 63], is exp(id), and & = 2n/64 = m/32 radians.
Referring to FIG. 9, coupler phase plots 9Al1, 9B1, 9C1,
9D1 and 9E1 illustrate the real part of the actual phase
of the light output by the output ports 00.0s3, 1I.e., the
15 y-axis shows Ref{exp(ik(6+d'))} for an x-axis value of k,

which i1is the index of the output port 0Oy, and k € [0, 63].

Here & is an arbitrary phase shift to recognize that the
circular grating coupler 1is about rotationally symmetric.
Thus, e.g. & may be about mn/2 in plot 9Al1. The actual
20 phase plot 9A1 shows that the light input to the Port 1
of the star coupler 640 produces light at the outputs
00..065 That wvaries in total phase angle by one cycle of

21w, over the 64 output ports and starts at 0 radians.
When the light is input to the Port 2, the 1light
25 output at the ports 00.0¢ increments in total phase angle

by 4m-m/16 = °°/,; m radians starting from the phase angle

of -w at the port 0yp. That is, the incremental actual
phase change between the k-th and (k+1)-th output ports Oy
and Oxs1y, for k e [0, 63], is exp(i2d), and & = 4mn/64=n/16
30 radians when 1light 1s input to Port 2. This case 1is
illustrated by the real part of the actual phase of the

light at the wvarious output ports 00.0s as a function of



of -7c at the port 00. That is, the increnental actual phase change between
the k-th and (k+1)-th output ports Ck and O(k+1), for k s [0, 63], is

exp(i 26) ,weandi2Bi218s47c/ 64=7c/ 16 30 radi ans when |ight i sPCcmsto2o29383t 2.
This case is illustrated by the real part of the actual phase of the |ight
at the various output ports 00 063 as a function of - 15 - output port
index "k" in plot 9B1. Simlarly, when light is input to Ports 3, 4 and 5,
the Iight output at the ports 00_063 incriggrents in total phase angle by 6n,

8n and 10n, respectively, as respectively illustrated for the 5
correspondi ng,@atabo Phasggeas »a-f ynctd it ofpput puki poFt i ndexn" K'ighr phase
plots 9Cl1, 9D1 and 9EL. Each of the output ports 0%)_063 i's connected

to one of thesradbPal Wevehofdes 3620 ofnEl &/ 6Che anghzi mutralt yasedhient i al
manner. For ex | e, the, output port 00 be 10 coupled tao a radi al
ravecu do_6A AR o5 i it b enbet ot e bBRasaoraa ety Pha: B Wafequi de

620 at 5.6, S , rring.to i.ng.: i 1,
t he out put port’s %Eggg%gggé&éd ?% gt(flt}?}vear%yelﬁz%lfnﬁri%grggga?gg%dgvagégui des
620. Accor didgwgtneddpenphaseaotushephbsept acala sfwgnat sorcovpl edtbatt bert
circular grating coupler 610 advances in a counter_ clockw se direction by

e

an integer mit4§hl & ofl2PiaBuRt e el Hratihg coupl er 610 of FIG

6. Fach of the output ports 00.0s; is connected to one
of the radial waveguides 620 of FIG. 6 in an azimuthally
sequential manner. For example, the output port Oy may be

10 coupled to a radial waveguide 620 at 0°, the output port

0, may be coupled to a radial waveguide 620 at 5.6°, and

so on. Referring to the numbering scheme shown in FIG. 1,

the output ports may be coupled to equivalently numbered

radial waveguides 620. Accordingly the phase of the

15 optical signals coupled to the circular grating coupler

610 advances 1n a counter clockwise direction by an

integer multiple of 2m around the circular grating
coupler 610 of FIG. 6.

Returning to FIG. 8, the optical source 650 provides

20 optical signals to the input ports of the star coupler

640. The illustrated embodiment includes five optical

channels. FEach channel 1includes two optical signal

sources 810. Thus, e.g. Channel 1 includes optical signal

sources 810-1la and 810-1b. In an embodiment one of the

25 optical signal sources 810 in each channel, e.g. 810-1a,

is configured to produce TE polarized light. The other,

e.g. 810-1b, is configured to produce TM polarized light.

Fach optical signal source 810 may be modulated to carry

information by a suitable modulation technique, e.g.

30 BPSK, QPSK, 8PSK, (QAM, OOK, etc. The optical signals may

be monochromatic, or may be wavelength multiplexed in

each Channel 1 - 5.



Returning to FIG 8, the optical source 650 provides 20 optical signals to
the input ports of the star coupler 640. The illustrated enbodi nent

i ncl udes woweiwpisseal channels. Each channel includes twoTapskéicabssss gnal
sources 810. Thus, e.g. Channel 1 includes optical signal sources 810-1a
and 810-1b. In an enbodi nent one of the 25 optical signal sources 810 in
each channel, e.g. 810-1a, is configured to produce TE polarized light. The
other, e.g. 810-1b, is configured to produce TM pol ari zed |ight. Each
optical signal source 810 may be nodul ated to carry information by a

sui t abl e nodul at ipn-chrizgue, cafne B0 BPSKo1 PSKe t8B3K hM QAKtetc. The
optical signals may be nonochromatic, or may be wavel ength nultiplexed in

each Channel (BBS) 5320 .casfigured agyahipneathr charnseceavpolkhei Zat ipod beam
splitter (P onfig i ner. . r i t TE.and
pol ari zed s@a@%%f%%# h%{(grlg%%%tl %é%ﬁ?g}ég éigﬁg%hggggégézg?toherTI%(%or%:glnes
the TE and TM poltarinzedosbgnass e S5TPr ofluce Tal ppbaeirzatdons mndlpl exed

signal 830 at the PBS 820 output. e star coupl er_ 640 oEerat es to

, .Th
convert eacPoidfe 2i HRAPELE36-PD FVP&rRIFSEIpatit%y of>tutbaFl§ E6Rer ent

optical signals wdd.phases that vary incrementally 10 therebetween as
previously described. The pattern nay excite an individual one of the
propagati on nodesltd stwer re¢oige tor e dopt Pearateébero700nvhen eheseodpttiheal

signals are coupled the circul ar, .gratjing, coupl 610. ferring again to
G0, T bet Hut a1 540t o prote 2s . PomTEesY oBs uR Es T GLr at e
cal cul ated elwciddrc féehehbaplwitde phakeve dhhter entypr apagaticomn anoges of
TE pol ari zed signals within a ring-core optical_ fiber. The direction of the
el ectri ¢ Of i R §2cEE G hdicEat @d By Cart Sws IR 198t hel &F edFGE T el'@Y

anpl i tude. The 20, dif e%!ﬂ?@%dﬁQ@Woﬁrﬁﬂc'o@%é%%ﬂ%@%n PRLALL 28kl epof the

electric fields. Simlar plots of pol ari zati on propagati on nodes woul d

show t he el ectnngocdiel droicent edilvadi d00y wwtmartdeter tielceht erlgok lshe

fi ber. The propagation, nod are. substantially orthogonal,.so cross- 25
tal k bet weenarp%)ocgoalﬁoa]ﬁdont%%iées ?Jsrce%(paerct%raaaftlg}/%e%%o%%r %o The illustrated

propagati on nodesdmyrbenexshded by sticmulati oipbdy posdit abkyosorfliogur ed
phase pattern of Iizqht around the circular grating coupler 610. In the
phase pilet KL/ P exdrpl e?Dt hendcPlial 1phasératet Rglculated electric

field amplitude of five different propagation modes of TE
polarized signals within a ring-core optical fiber. The
direction of the electric fields 1is as indicated by
arrows next to the electric field amplitude. The
20 directions show a clockwise azimuthal polarization of the
electric fields. Similar plots of TM ©polarization
propagation modes would show the electric field oriented
radially outward for the center of the fiber. The
propagation modes are substantially orthogonal, so cross-
25 talk between propagation modes is expected to be low.

The 1illustrated propagation modes may be excited by
stimulation by a suitably configured phase pattern of
light around the circular grating coupler 610. In the
phase plot ©9Al1l, for example, the actual phase of the

30 1light transmitted to the perimeter of the <circular
grating coupler 610 varies over one period around the
circular grating coupler 610, thereby exciting the

dipolar propagation mode illustrated in the fiber



30 light transmtted to the perineter of the circular grating coupler 610
varies over one period around the circular grating coupler 610, thereby
exciti ng wbeotposar propagati on node illustrated in theciuser2/025587 -

pol ari zation plot 9A2. In the phase plot 9Bl1 the phase varies over two
periods around the circular grating coupler 610, thereby exciting the

quadr upol ar propagation node illustrated in the fiber polarization plot
9B2. 5 Simlarly the phase patterns illwustTated in phase plots 9Cl, 9D1 and
9El1l stinulate the propagation nodes illustrated in the fiber polarization

plots 9C2, 902 and JE%n | biean e shown thhatpisidd | gl opr epagathonprpdes, but
havi ng orthogonal electric fields, may be stinmulated by 10 TM pol ari zed

| i ght at thevagiyeul arveyr attivey mrm@rs 6:@(1@4@] dithg fwercr@draer oLtrRGgoal
nodes. coFd% 11061¢' USELALES 8D E’?f?g Bad?u gff» %JA aLy3gs a
receiving ci rcul g coupter f no ho )qto co tical” “si gnal
froma ring-eoie fulﬂersttr@t@dlSmI anae opibeal pl@l/eﬁ@iﬂadt&.oﬁl’h@]]%ltC »eQ2Q
essentially acts as a gol ari zation and propagatl on node denul tipl exer to

reverse the Polald=al i bhcamdastopayatt on’ nodé M RuF e fPexithgP provi ded 5y t he
PI C 600. Thegc,elf oregh SQRRy enpodi MeRt syt hecP! Qkﬂ@oopfépﬁ)@X@i@ﬁl | Yiodes
substantially 20 identical to the PI C 600. Thus, the mapping descri bed
previ ously th&@@m i the §tl@|ercm9?d48€£r126ﬂ¢a€éndﬂt¢i’es c?€2ul 8@29@1@ ng
coupler 610 CI‘I be teheS c%upl i nagC betm en t heorgcejiv(l)rrllg Ci r%u

grating couplér’ and mpuPs I(Bll a ‘st'ar Coupt eF*90100" LI HF r‘ecel ved
thereby is 2beiaupl edthogbheli rmléatctﬁi(ll’d stDéldde shar U‘EDU@’cBIﬁulé)ﬂ.@db%ypl anar
wavegui des. The received |ight may be polarization, e.g. TE or . TM

mul ti pl éfed. Tbﬁ'hQO%ﬁéﬂzééudﬂé}htm% (M{epu%rw%%o&rﬁ&t@gpo??%pbﬂr 0510
received ch r%%i% 10 reshect ime, _Igﬁﬂiaﬁl”n@éson beam splitters 30 1020-1,
1020-2, 102 3 10 and 1020-5. e polarization beamsplitters 1020-1,
1020-2, 1020-3, 10Z- MOanblll@tzJOaEese@laramJQOJEnantl FMm polPém ié)tO|Oortihat
conmponents and Sprow de the receiv g/){ nents to the Pl C ﬁrat-
further opti'cal p‘?o%%%%%ﬁéngn&ﬂ&w Sﬁv H'on'd e Bl eltr cS OHS i,
FIG 11 ill usdugites aa systesnllQfidrhat icrehudes ﬂlﬁ@—lao@esoﬁlbéhe R} C21000

and the ring-core optical fiber 700 .
15 Tplanar optical waveguide. The PIC 1000 essentially acts

18 -

as a polarization and propagation mode demultiplexer to
reverse the polarization and propagation mode
multiplexing provided by the PIC 600. Therefore in some
embodiments the PIC 1000 is physically substantially
20 identical to the PIC 600. Thus, the mapping described
previously with respect to the star coupler 640 and the
circular grating coupler 610 may describe the coupling
between the receiving circular grating coupler and inputs
I,-Iss of a star coupler 1010. Light received thereby is
25 coupled to the input ports I,.Iss of the star coupler 1010
by planar waveguides. The received 1light may be
polarization, e.g. TE or TM, mnultiplexed. The star
coupler 1010 outputs from outputs ports 0:.0s received
channels 1-5 to respective polarization beam splitters
30 1020-1, 1020-2, 1020-3, 1020-4 and 1020-5. The
polarization beam splitters 1020-1, 1020-2, 1020-3, 1020-
4 and 1020-5 separate TE and TM polarization components

and provide the received components to the PIC 1000 for



5 therebetween. The PIC 800 may nodul ate a plurality of optical

communi cations channels for transm ssion via the propagati ng nodes of the
ri ng- cor ewopvixhssbi ber 700. The illustrated enbodi nent ecofustée/obdsegs 800
and 1000 provide 5 propagation node channels each with TE and TM 10

pol ari zation nmultiplexing, for a total of 10 orthogonal channels over the
ring-core optical fiber 700. Phase shift keying and/or frequency division
mul tiplexing may further increase the datis capacity of the ring-core
optical fiber 700. 15Turning to FIG 12, a nethod 1200 is presented, e.g.

for manufactpiifigean aptieal devbesssihe shtepgoef thevarthed 1200 ame
described without limtation by reference to elenents previously described

herein, e.g.elertAiGal KdomainThe steps of the nethod 1200 may be performed

in 20 anot her .Ordﬁe.thf{‘ Eti'?uis‘:trgﬁgrsa!:ae%&/osrtde%{'1]tOO thﬁ‘tsﬁﬁelﬁég it?{%' udes
form ng a grating coupler, e.qQ. € circular grating coupler , of "an
optical nedirm ad @hg ehel anar1s00fane ohecarsubstoateoptheaqr aibag coupl er
includes a plurality of ri d%es 250 concentrically 25 | ocated about a center

on the sarfadEr &Nt r dfCadi SeertP Y i Bg8s T EHE atedP By & Grbovd 240.

Optional ly the grati pgneOUPLEEibSsacehhewhar Qrating, soupl asn Gphi epal 1y,
the grating coupler is chirped. In a step 1220 a plurality of optical
wavegui des 30raRadrtaisng heodesli af Waveyguhdesoig0onrechor medesf 7Ohe dpei cal

redh T SPLL S8 BV SHLSSERIAVE, LU 3 oz el LEDELoehe 1oL B
are about -519%ropgaghoiohy spaeed @langeihe euter mstthonermf &he rirTdges,

10 polarization multiplexing, for a total of 10 orthogonal
channels over the ring-core optical fiber 700. Phase
shift keying and/or frequency division multiplexing may
further increase the data capacity of the ring-core
optical fiber 700.

15 Turning to FIG. 12, a method 1200 is presented, e.g.
for manufacturing an optical device. The steps of the
method 1200 are described without limitation by reference
to elements previously described herein, e.g. in FIGs. 1-
11. The steps of the method 1200 may be performed in

20 another order than the illustrated order.

A step 1210 includes forming a grating coupler, e.g.
the circular grating coupler 110, of an optical medium
along a planar surface of a substrate. The dgrating
coupler includes a plurality of ridges 250 concentrically

25 located about a center on the surface. Each pair of
adjacent ridges 1is separated by a groove 240. Optionally
the grating coupler is a <circular dgrating coupler.
Optionally, the grating coupler is chirped.

In a step 1220 a plurality of optical waveguides

30 such as the radial waveguides 120 are formed of the
optical medium. The optical waveguides have first ends
that terminate near an outermost one of the ridges, e.g.

the outermost ridge 210. The first ends are about



and are oriented radially with respect to the center. In an optiona
step 1230 a transition portion of the nediumis fornmed that partially fills
a regi on wetxeenign 5 adj acent pair of radial wavegui depCcT@son2ds8y t he
transition portion includes a first subportion having first thickness and a
second subportion having a second thickness. In an optional step 1240 the
plurality of radial 10 wavegui des are configured to deliver a correspondi ng
plurality of optical signals to the outerimst ridge such that the phase of
the corresponding plurality advances by an integer nmultiple of 2n around

sai d outernogti fd.dae, duphRgUSE onkdlthanceptaApat shep Jd250ntheiplukal ity
of waveguides is configured to deliver a corresponding plurality of optical
signal s to tde autergipstnedgeadiahl v wiidstzaanedt yedus giess - For

exanpl e, such confj i i n e r .of _form he -pl.urality
of 20 maveguides?ﬁg%%% gék?ﬁ%a%agégﬁi5%g§3§0F9§ﬁ?EQESESFQ%E?QFIéfeﬁﬁgl
physi cal | engidisym and formadgtiphaseaadjusier sisushaasethent betrmeaptinc

phase shifters 350 to change the optical path | ength of the waveguides. An
opti onal °st e IFETHT ncPatEs Por nitig @ st ar2 P8 euifpt er SHERCREItHe SP&r

coupl er 640 @lang the, syfaceof ihheygubst pate; rJhe SialoQ0uR] ehahas 2
nunber of output or input ports equal to the nunber of radial waveguides.

The form ng fncdtudesicbnébguringy opsecahdcomrectiténs tlrthes oat percood i nput
ports such t{@% each output or input port 30 is connected to a

correspondi ng 6%%“% ®the radial wavegui des. In an optional step 1270

a pol arization beam spl i dperosauch sasd he2 PBS 820 psutannmed antl ecedpled to
an - 20 - input or output port of the star coupler. Optionally a plurality
of suchlfol F R4 G DedhSplTHtr B THE for M@ LiELSTh ol &PFF&CPERBEIM

splitter may, g confy oy edpot O-6oMiAG fisr s and seceadn 95t hegapal lsyich
pol ari zed opti cal
that the phase of the corresponding plurality advances by
an 1integer mnultiple of 2n around said outermost ridge
during use.

15 In an optional step 1250 the plurality of waveguides
is configured to deliver a corresponding plurality of
optical signals to the outermost ridge with a
substantially equal phase. For example, such configuring
may 1include one or both of forming the plurality of

20 waveguides, such as the waveguides 330, with
substantially equal physical lengths, and forming phase
adjusters such as the thermo-optic phase shifters 350 to
change the optical path length of the waveguides.

An optional step 1260 includes forming a star

25 coupler such as the star coupler 640 along the surface of
the substrate. The star coupler has a number of output or
input ports equal to the number of radial waveguides. The
forming includes configuring optical connections to the
output or input ports such that each output or input port

30 is connected to a corresponding one of the radial
waveguides.

In an optional step 1270 a polarization beam

splitter such as the PBS 820 is formed and coupled to an



5 signals into a polarization-nultiplexed optical signal. In an
optional step 1280 a ring-core multinode optical fiber is |ocated over and
opti cal | ywoaopledssbo the circular grating coupler, suchpras/usesi2foessas ng the
system 1100. Optionally the outernost ridge has a 10 di aneter about equal
to an outer dianeter of the ring-core. In an optional step 1290 an
optical signal source is coupled to each polarization beamsplitter, such
as for assenbling the system 1100. Each- gmii<al signal source 15 may be
configured to provide a polarization-nmultiplexed optical signal.

Those skill eﬁqdédttbe %ﬁtéﬁ_& Wobeh bl siapphigat icomdielat espm bhaappreci ate
that other and further additions, deletions, substitutions and
modi fi cat i orsliedl Hey nadlesioh 200t peldeSeeibedavnbodifEars. are IPrmeyHAT | S

CLAI MED | S: P opt i cal _deyj ce nprising. . optica
grating couﬁ%%?jf5¥ﬁﬁlléﬁgﬁégh %%gﬁar¥§§?F5§§ d@éi g%%sf%ﬁjgfﬁgﬁFg égating
coupl er inclauthniha Sipatt ermd f seoeddbyrthdgesiaddncepdracatey bpecdted on
the surface about  a center thereon, with each adjacent pair of ridges being

separ at ed by ‘@t oovier tarf POLaT A i QR iy ke st | Gl SRy g tRe's havi ng

first ends that tgrmpatenheaman aulsr mistgneg of-ibhe Hirdgesuithack@ first
ends being about uniformy spaced al ong said outernost one of the ridges
and bei ng ordmniterl r ddbakl yisni Lthcrespectvarn ahe c@ftierlly coupled to

the c¢ircular grating coupler, such as for forming the
system 1100. Optionally the outermost ridge has a

10 diameter about equal to an outer diameter of the ring-
core.

In an optional step 1290 an optical signal source 1is
coupled to each polarization beam splitter, such as for
assembling the system 1100. Each optical signal source

15 may be configured to provide a polarization-multiplexed
optical signal.

Those skilled in the art to which this application
relates will appreciate that other and further additions,
deletions, substitutions and modifications may be made to

20 the described embodiments.



2. The optical device of daim1l, wherein said pattern of ridges is
radially chirped wwth respect to the 15center. 3. The optical device
of C ai mwop 2b1rieiesp conpri sing a star coupl er havi ng a mgmseoief2s38s put or
i nput ports equal to a nunber of said plurality of radial wavegui des, each
of the output or input ports being connected to a 20 correspondi ng one of
sai d radi al wavegui des. 4. The optical device of daim3, further
conprising a plurality of polarization-beam-splitters, each

pol ari zati onbeanspl i tterbei ngcoupl edt oa correspondi ng port of said star
coupler. 255. The optical device of Claim1l, further conprising a ring-core
mul ti node opinxalrd idextMEyiTg: an end | ocated over and facing said circul ar
grating coupler. - 22 - 6. A nethod, conpri sing: formng a

grating coupler of af, optigcal; medium al ong & pl.apar surface of a substrate,
said grating including a plurality of ridges concentrically |ocated about a

center 5 on the sanfapdicsilt hgeathnpaicowfladj doentedr | dgesgbei nglsepar at ed
by a groove; an

) P formn A plurality Pf opti cal yave uige .havi_ng
1rst ends (Hat 16 i hafe HBAR & Couteritbel” Titd o Ha! £1 gas. TehEST Pr st
ends bei Bg ghoutetni froriky spaceddakengcdib-sat £ out By Nostaere adnt heeri dges
and being oriented radially wwth respect to the center.
surface about a center tThereon, with each adjacent pair
of ridges being separated by a groove; and
a plurality of optical waveguides having first ends
that terminate near an outermost one of the ridges, the
10 first ends being about uniformly spaced along said
outermost one of the ridges and being oriented radially
with respect to the center.
2. The optical device of Claim 1, wherein said
pattern of ridges is radially chirped with respect to the
15 center.
3. The optical device of Claim 1, further comprising
a star coupler having a number of output or input ports
equal to a number of said plurality of radial waveguides,
each of the output or input ports being connected to a
20 corresponding one of said radial waveguides.
4., The optical device of Claim 3, further comprising
a plurality of ©polarization Dbeam splitters, each
polarization beam splitter being coupled to a
corresponding port of said star coupler.
25 5. The optical device of Claim 1, further comprising
a ring-core multimode optical fiber having an end located

over and facing said circular grating coupler.



7. The nethod of Claim6, wherein said plurality is configured to deliver a
corresponding plurality of optical signals to said outernost ridge, with a
phase of W6 8m/dissorrespondi ng plurality advanci ng by aPpoonsesio/oessseger
mul ti pl e of 2n around said outernost ridge. 8. The method of daim
6, wherein said plurality of waveguides is configured to deliver a
corresponding plurality of optical signals to said outernost ridge with 20
a substantially equal phase. 9. -Thee et hod of O aim6, further
conprising formng a star coupler along said surface of the substrate

having a nunber of qutputh® idWMiripords: equal to a nunber of said
plurality of radial wavegui des, the form ng 25 connecting each out put or

i nput port to a correspbrai Hige ohed ofosaierradi ah aategaildesdium a3onglQ.
The met hod of im9, f er-c i sLnNg; : : : :
a éﬂ?%%%f$u Péé@ bl gnpﬁbnggt?rtfg%g,gratﬁnaoﬁgclud

provi di ngapl ur pol ari zat 1 onbeam ~~ sp eac i zati on “beam
splitter beipigiconnectetl +odgesocoespondi agl poriooftsdi dbstiar acawplter; 5
and coupling said plurality of polarization pbeamsplitters tq a

cor r espondi iy pHiF aFiPEy 26F / optiiidhl c30r Besrswdh 1t CFalchr ofIsai geing

pol ari zat i orgé%eﬁgts@igi;egsg[g@o@pn&g ed to two of said optical signal
sources, a first 10 of the two of said optical signal sources being

configured to producel!T™ rodelamdlatsecohd et idrel t wnsfgwsalad optivealy

si gnal SourQFfr§FidigOQ£L§yrFgrﬁgng{gd%%%rT%nnggtgk Qgt one of the

ridges, the first ends being about uniformly spaced along

10 said outermost one of the ridges and being oriented
radially with respect to the center.

7. The method of Claim 6, wherein said plurality 1is
configured to deliver a <corresponding plurality of
optical signals to said outermost ridge, with a phase of

15 said corresponding plurality advancing by a nonzero
integer multiple of 2m around said outermost ridge.

8. The method of Claim 6, wherein said plurality of
waveguides 1s configured to deliver a corresponding
plurality of optical signals to said outermost ridge with

20 a substantially equal phase.

9. The method of Claim 6, further comprising forming
a star coupler along said surface of the substrate having
a number of output or input ports equal to a number of
said plurality of radial waveguides, the forming

25 connecting each output or input port to a corresponding

one of said radial waveguides.
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10. The method of Claim 9, further comprising:

providing a plurality of polarization beam
splitters, each polarization beam splitter being
connected to a corresponding port of said star coupler;
and

coupling said plurality of polarization beam
splitters to a corresponding plurality of optical sources
such that each of said polarization beam splitters 1is
connected to two of said optical signal sources, a first
of the two of said optical signal sources being
configured to produce TM mode and a second of the two of
said optical signal sources being configured to produce

TE mode light.



