
RADIAL OPTICAL COUPLER CROSS-REFERENCE TO RELATED APPLICATIONS This
application is related to application serial 5 number 13/077,149 to Doerr
(Docket No. 809170-US) (the '149 application) entitled "Optical Fibers With
Tubular Optical Cores", and application serial number 13/041,364 to Doerr
(Docket No. 809173-US) (the '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 waveguide of the plurality of waveguides
is oriented  - 2 - about radially with respect to the center, and has a
first end that terminates near an outermost one of the ridges. The first
ends are about uniformly spaced along the outermost one of the ridges.
5Another aspect provides a method. The method includes forming an optical
grating coupler and a plurality of optical waveguides coupled thereto along
a planar surface of a substrate. The optical grating coupler includes a
pattern formed by ridges 10 concentrically located on the surface about a
center thereon. Each adjacent pair of ridges is separated by a groove. Each
waveguide of the plurality of waveguides is 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
is made to the following descriptions taken in 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.g.produce a focused azimuthally polarized or radially
polarized beam; 30FIG. 5 illustrates a photomicrograph of a circular
grating coupler, e.g. the circular grating coupler of FIG. 1;  - 3 -
FIG. 6 illustrates an optical device using the circular grating coupler of
FIG. 1, configured to excite a propagation mode in a ring-core optical
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 coupler configured to transmit polarization and propagation mode
multiplexed optical signals to a ring- 10 core optical fiber via the
circular grating coupler of FIG. 6;        FIG. 9 illustrates polarization
of light transmitted by planar optical waveguides to the circular grating
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;
20FIG.11illustratesacommunicationsystem 



configured to transmit data via 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 25FIGs. 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.g., single-mode waveguides,
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. In some embodiments the concentric rings 115 are
substantially radially symmetric, e.g. each ring closely approximates a
circle or a regular polygon having a 5 number of edges equal to or greater
than the number of waveguides 120. The number of concentric rings 115 is
not limited to any particular number, but may be constrained by other
factors in various embodiments as discussed further below. In some
embodiments, there may be 10 additional patterning in the azimuthal
direction, which has a sub-wavelength pitch, to achieve polarization
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 20360/64 ,-=_,' 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. Each 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  - 5 - may be
optically coupled to the outermost ridge 210 even if not physically
connected thereto. In some preferred embodiments the radial waveguides 120
are substantially parallel to radii of the concentric rings 115. Thus, in 5
such embodiments the radial waveguides 120 are about normal to a tangent to
the outermost ridge 210 at the intersection point.       The circular
grating coupler 110 has a diameter 0 that is defined for convenience as the
diameter of the 10 outermost ridge 210. The diameter 0 is not limited to
any particular value, but may be matched to a diameter of a fiber waveguide
to which the device 100 is designed to couple. This aspect is discussed
further below with 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 0 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, including 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 Si3N4 or Si02. The discussion
herein may refer to - 6 - the medium as silicon without limitation. The
substrate 230 may include a semiconductor wafer, e.g. a silicon wafer, or a
portion of a semiconductor wafer. The device 100 may further include an
optical isolation layer 280, 5 e.g. Si02, between the substrate 230 and the
circular grating coupler 110 and the radial waveguides 120.
Considering FIG. 2B, the circular grating coupler 110 includes grooves 240
that separate ridges 250. The grooves 240 may be formed in the optical
medium 270, e.g. 10 by conventional deep-UV lithography and plasma etch
processes. The grooves 240 have a pitch P and a depth D 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 is
determined as 15 described below. The circular grating coupler 110 and the
radial waveguides 120 have a thickness T that is 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 light 20 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 25 to about 1 pm, 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 30 approximately
wedge-shaped volume, as illustrated in FIG. 



2E, with side length L and height T that is bounded by the sidewalls of
adjacent radial waveguides 120. It is believed that the presence of the
transition portion 220  - 7 - results in more efficient conversion between
the circular Bloch mode in the radial waveguides 120 to a circular plane
wave impinging on the circular grating coupler 110. In various embodiments
the optical medium within the 5 region 260 is partially removed to form the
transition portion 220. For example, in FIG. 2C the transition portion 220
includes two subportions 222 and 224. The subportion 222 has a first
thickness less than T and the subportion 224 has a second thickness less
than the first 10 thickness. 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 i
from the outermost ridge 210, and the subportion 224 extends a length 2
from the subportion 222. In some embodiments the 20 length i 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 1-F2 is the length at which about 1% of the optical
signal overlaps the neighboring radial 25 waveguide 120. FIG. 2D
illustrates 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 is chirped. When chirped,
the circular grating coupler 110 may be used, e.g. to focus a light signal
delivered to the circular grating coupler 110 by the  - 8 - radial
waveguides 120 to form a sub-wavelength light beam, as described below.
FIG. 5 illustrates a photomicrograph from a scanning electron microscope of
a portion of one particular 5 embodiment of the optical device 100 where
the radial waveguides 120 meet the circular grating coupler 110. The
micrograph clearly shows the subportions 222, 224, the ridges 250 and the
grooves 240, the outermost ridge 210, radial waveguides 120 and the optical
isolation layer 10280.       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 light 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 light 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  - 9 - coupler
310 and radial waveguides120.When an appropriately configured optical
signal is delivered to the chirped grating coupler 310 a focused
azimuthally polarized or radially polarized beam 410 may be formed at 5 a
distance f above the chirped grating coupler 310.       An azimuthally or
radially polarized beam can provide a sharper focus than a conventional
uniformly polarized beam. It is believed that at the focal point a
non-propagating intense longitudinal magnetic or electric 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 lithography
or imaging, increase optical data storage capacity of an optical storage
medium, increase optical trapping strength, or 15 better 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 increase 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 mth edge of the grating by Equation 1: 1-(1 A,
307,2(2 _ n2)_ 2 rn --m -+n gs i2 1             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 is the refractive index of the
medium overlying the chirped grating coupler 310, e.g. Si02 (glass); and 5
X is 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. 10Light 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 light 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 pm, 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 ng = 1.45 (about the refractive
index of si02), f ,--=, 40 pm. In an embodiment using TM light, for which
n, = 2.1 in silicon, the chirped grating coupler 310 diameter is about 38
pm and f ,==,' 60 pm. 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 is about 0.46, and the NA of the focused radially polarized beam
410 is about 0.43. In 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 circular
grating coupler 610. The  circular grating coupler 610 may be used to
couple optical signals between the PIC 600 and an optical fiber located
over the circular grating coupler 610. The PIC 600 includes 64 radial
waveguides 620, though a fewer or 5 greater number may be used in other
embodiments. In an embodiment the circular grating coupler 610 is
unchirped, with a pitch P of about 560 nm. Planar waveguides 630 connect
the radial waveguides 620 to a corresponding number of output ports of a
star coupler 640. An optical 10 source 650, discussed further below, is
configured to provide optical signals to inputs ports of the star coupler
640.       The planar waveguides 630 are configured to maintain specific
phase relationships between signals propagated 15 therein and the circular
grating coupler 610. Therefore, in some embodiments each radial waveguide
620 includes a phase shifter (not shown), such as a thermo-optical phase
shifter, to ensure that each radial waveguide 620 has an optical path
length that is an integer multiple of a 20 wavelength X 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 X. 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 X 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  - 12 - in detail in the
'149 application, which has been incorporated by reference herein. In brief
summary, the ring-core optical fiber 700 includes a central cylindrical
cladding region 710, a tubular- core region 5 720 and a tubular cladding
region 730. The refractive index of the tubular-core region 720 is higher
than that of the cladding regions 710 and 730. Thus propagating modes
within the ring-core optical fiber 700 are expected to remain substantially
confined to or around the 10 tubular-core region 720. Propagating modes may
include multiple azimuthal and radial modes. The tubular-core fiber 700 has
multiple azimuthal modes that are well suited for coupling to a radial
optical coupler. 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 is 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 D1 and an inner diameter 30 D2. In some embodiments the circular
grating coupler 610 



is formed such that the diameter 0 is about equal to the diameter Dl.
Within the diameter D2 the concentric rings of the circular grating coupler
610 are optional, as - 13 - little coupling between the circular grating
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 embodiments in which the
ring-core optical fiber 700 includes other propagating elements within D2.
FIG. 8 schematically illustrates interconnection of the star coupler 640
and the optical source 650 in one specific embodiment of the PIC 600. The
star coupler 640 10 includes inputs designated Port 1 through Port 5. While
five input ports are shown, embodiments are not limited to any particular
number of input ports. Moreover, one or more of the shown input ports may
be unused or absent. The star coupler 640 has output ports 00-063. The
number 15 of output ports is 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 light 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  - 14 - 



the optical arts will appreciate that the values provided in the following
discussion are approximate, e.g. manufacturing variation may produce
variation from the ideal values recited. 5The star coupler 640 is
configured such that when laser light is input to Port 1, the light output
at output ports 00_063 increments in total phase angle by 27E-
7c/32=63/327c radians from the output port 00 to the output port 063. That
is, the incremental actual phase change 10 between the k-th and (k+1)-th
output ports Ok and 0(k+1), for k s [0, 63], is exp(i6), and 6 = 27c/64 =
7c/32 radians. Referring to FIG. 9, coupler phase plots 9A1, 9B1, 9C1, 9D1
and 9E1 illustrate the real part of the actual phase of the light output by
the output ports 00_063, i.e., the 15y-axis shows Refexp(ik(6+6')) 1 for an
x-axis value of k, which is the index of the output port Ok, and k s [0,
63]. Here 6' is an arbitrary phase shift to recognize that the circular
grating coupler is about rotationally symmetric. Thus, e.g. 6' may be about
7c/2 in plot 9A1. The actual 20 phase plot 9.A1 shows that the light input
to the Port 1 of the star coupler 640 produces light at the outputs 00_063
that varies in total phase angle by one cycle of 27c, over the 64 output
ports and starts at 0 radians. When the light is input to the Port 2, the
light 25 output at the ports 00_063 increments in total phase angle by
47c-7c/16 = 63/16 7C radians starting from the phase angle 



of -7c at the port 00. That is, the incremental actual phase change between
the k-th and (k+1)-th output ports Ok and 0(k+1), for k s [0, 63], is
exp(i26), and 6 = 47c/64=7c/16 30 radians when light is input to Port 2.
This case is illustrated by the real part of the actual phase of the light
at the various output ports 00_063 as a function of  - 15 - output port
index "k" in plot 9B1. Similarly, when light is input to Ports 3, 4 and 5,
the light output at the ports 00_063 increments in total phase angle by 6n,
8n and   10n, respectively, as respectively illustrated for the 5
corresponding actual phases as a function of output port index "k" in phase
plots 9C1, 9D1 and 9E1.       Each of the output ports 00_063 is connected
to one of the radial waveguides 620 of FIG. 6 in an azimuthally sequential
manner. For example, the output port 00 may be 10 coupled to a radial
waveguide 620 at 0, the output port 01 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 in a counter clockwise direction by
an integer multiple of 2n 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. Each channel includes two optical signal
sources 810. Thus, e.g. Channel 1 includes optical signal sources 810-la
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. Each
optical signal source 810 may be modulated to carry information by a
suitable modulation technique, e.g. 30 BPSK, QPSK, 8PSK, QAM, 00K, etc. The
optical signals may be monochromatic, or may be wavelength multiplexed in
each Channel 1 - 5.  - 16 -       Within each channel, a polarization beam
splitter (PBS) 820 configured as a combiner may receive the TE and TM
polarized signals from the signal sources 810. The PBS 820 then combines
the TE and TM polarized signals to 5 produce a polarization multiplexed
signal 830 at the PBS 820 output.       The star coupler 640 operates to
convert each of the signals 830 to a parallel pattern of mutually coherent
optical signals with phases that vary incrementally 10 therebetween as
previously described. The pattern may excite an individual one of the
propagation modes of the ring-core optical fiber 700 when these optical
signals are coupled to the circular grating coupler 610. Referring again to
FIG. 9, fiber polarization plots 15 9A2, 9B2, 9C2, 9D2 and 9E2 illustrate
calculated electric field amplitude of five different propagation modes of
TE polarized signals within a ring-core optical fiber. The direction of the
electric fields is 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 illustrated
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 9A1, for example, the actual phase of the 



30 light 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  - 17 -
polarization plot 9A2. In the phase plot 9B1 the phase varies over two
periods around the circular grating coupler 610, thereby exciting the
quadrupolar propagation mode illustrated in the fiber polarization plot
9B2. 5 Similarly the phase patterns illustrated in phase plots 9C1, 9D1 and
9E1 stimulate the propagation modes illustrated in the fiber polarization
plots 9C2, 9D2 and 9E2. It can be shown that similar propagation modes, but
having orthogonal electric fields, may be stimulated by 10 TM polarized
light at the circular grating coupler 610 yielding five more orthogonal
modes.       FIG. 10 illustrates an embodiment of a PIC 1000 that uses a
receiving circular grating coupler (not shown) to couple an optical signal
from a ring-core fiber to a 15 planar optical waveguide. The PIC 1000
essentially acts 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 I0-I63 of a star coupler 1010. Light received
thereby is 25 coupled to the input ports of the star coupler 1010 by planar
waveguides. The received light may be polarization, e.g. TE or TM,
multiplexed. The star coupler 1010 outputs from outputs ports 01_05
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  - 18 -
further optical processing and/or conversion to the electrical domain.
FIG. 11 illustrates a system 1100 that includes the PIC 800, the PIC 1000
and the ring-core optical fiber 700 



5 therebetween. The PIC 800 may modulate a plurality of optical
communications channels for transmission via the propagating modes of the
ring-core optical fiber 700. The illustrated embodiments of the PICs 800
and 1000 provide 5 propagation mode channels each with TE and TM 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. 15Turning 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 grating coupler
includes a plurality of ridges 250 concentrically 25 located about a center
on the surface. Each pair of adjacent ridges is separated by a groove 240.
Optionally the grating coupler is a circular grating 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  - 19 - uniformly spaced along the outermost one of the ridges, 



and are oriented radially with respect to the center.       In an optional
step 1230 a transition portion of the medium is formed that partially fills
a region between an 5 adjacent pair of radial waveguides. Optionally the
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 waveguides are configured to deliver a corresponding
plurality of optical signals to the outermost ridge such that the phase of
the corresponding plurality advances by an integer multiple of 2n around
said outermost ridge during use. 15In 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 include 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  - 20 - input or output port of the star coupler. Optionally a plurality
of such polarization beam splitters are formed. Each polarization beam
splitter may be configured to combine first and second orthogonally
polarized optical 



5 signals into a polarization-multiplexed optical signal.       In an
optional step 1280 a ring-core multimode optical fiber is located over and
optically coupled to the circular 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 is 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.  - 21 - WHAT IS
CLAIMED IS:          1. An optical device, comprising:       an optical
grating coupler formed along a planar surface of a substrate, said grating
coupler including a 5 pattern formed by ridges concentrically located on
the surface about a center thereon, 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 15center.        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 beam splitters,each
polarizationbeamsplitterbeingcoupledtoa corresponding port of said star
coupler. 255. 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.  - 22 -        6. A method, comprising:       forming a
grating coupler of an optical medium along a planar surface of a substrate,
said grating including a plurality of ridges concentrically located about a
center 5 on the surface, with each pair of adjacent ridges being separated
by a groove; and       forming a plurality of optical waveguides having
first ends that terminate near an outermost 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 is 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 2n around said outermost ridge.        8. The method of Claim
6, wherein said plurality of waveguides is 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.  - 23 - 10.
The method of Claim 9, further comprising:
providingapluralityofpolarizationbeam   splitters, each polarization beam
splitter being connected to a corresponding port of said star coupler; 5
and       coupling said plurality of polarization beam splitters to a
corresponding plurality of optical sources such that each of said
polarization beam splitters is connected to two of said optical signal
sources, a first 10 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. 




