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(57) Abstract: An optical transmitter includes a set of optical waveguides and first, second, and third optical modulators. Output
ends of the optical waveguides of the set form a two-dimensional array capable of end-coupling the optical waveguides of the set
to a multimode optical fiber in response to the array being located to optically face one end of the multimode optical waveguide.
The first optical modulator is optically connected to a first of the optical waveguides of the set, and each of the second and third
optical modulators is optically connected to the second and third of the optical waveguides of the set. The set of optical waveg-
uides is configured to provide a coupling matrix of rank three or more between the optical modulators and optical propagation
modes in the multimode optical fiber.
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MULTIMODE OPTICAL COMMUNICATION

BACKGROUND

Technical Field

The inventions relate to optical communication systems.

Discussion of the Related Art

This section introduces aspects that may be helpful to facilitating a better
understanding of the inventions. Accordingly, the statements of this section are to be
read in this light and are not to be understood as admissions about what is in the prior
art or what is not in the prior art.

In various communication systems, an important consideration is the data
transmission rate. In the context of optical communications several techniques are
possible for increasing the data transmission rate. Those techniques include phase-

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

BRIEF SUMMARY

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

In some embodiments of the above apparatus, the set includes first and second
optical fiber bundles. The second and third optical waveguides of the set are optical

fibers of the first and second optical fiber bundles, respectively.
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In some embodiments of the above apparatus, the set includes first and second
multicore optical fibers. The first and second optical waveguides of the set are optical
fibers of the first and second multicore optical fibers, respectively.

In some embodiments of the above apparatus, the set of optical waveguides
includes at least five optical waveguides whose output ends form the 2D lateral output
array capable of end-coupling the optical waveguides of the set to the multimode
optical fiber.

In some embodiments of the above apparatus, the optical transmitter further
includes a second set of optical waveguides and first, second, and third additional
optical modulators. Output ends of the optical waveguides of the second set form a
second 2D lateral input array capable of end-coupling the optical waveguides of the
second set to a multimode optical fiber in response to the second array being located
to optically face an end of the multimode optical waveguide. The first additional
optical modulator is optically connected to a first of the optical waveguides of the
second set, and each of the second and third additional optical modulators is optically
connected to the second and third of the optical waveguides of the second set. In
some such embodiments, the two arrays may form a single physical array with the
outputs of the optical waveguides of both sets. In some such embodiments, the
second set of optical waveguides may be configured to provide a coupling matrix of
rank three or more between the additional optical modulators and optical propagation
modes in the multimode optical fiber. In some such embodiments, the first set and the
optical modulators connected thereto may be configured to output light to the
multimode optical fiber with a polarization substantially orthogonal to a polarization
of light that the second set and the additional optical modulators are configured to
output thereto.

Another embodiment of an apparatus includes optical receiver. The optical
receiver includes a set of optical waveguides and first, second, and third optical data
demodulators. Input ends of the optical waveguides of the set form a 2D lateral input
array for end-coupling the optical waveguides of the set to a multimode optical fiber
in response to the array being located to optically face one end of the multimode
optical waveguide. The first optical data demodulator is optically connected to a first

of the optical waveguides of the set, and each of the second and third optical data
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demodulators is optically connected to the second and third of the optical waveguides
of the set. The set of optical waveguides is configured to provide a coupling matrix or
rank three or more between the optical data demodulators and optical propagation
modes in the multimode optical fiber.

In some embodiments of the above apparatus, the set includes first and second
optical fiber bundles. The second and third optical waveguides of the set are optical
fibers of the first and second optical fiber bundles, respectively.

In some embodiments of the above apparatus, the set includes first and second
multicore optical fibers. The first and second optical waveguides of the set are optical
fibers of the first and second multicore optical fibers, respectively.

In some embodiments of the above apparatus, the set of optical waveguides
includes at least five optical waveguides whose input ends form the 2D lateral input
array capable of end-coupling the optical waveguides of the set to the multimode
optical fiber.

In some embodiments of the above apparatus, the optical receiver further
includes a second set of optical waveguides and first, second, and third additional
optical data demodulators. Input ends of the optical waveguides of the second set
form a second 2D lateral input array capable of end-coupling the optical waveguides
of the second set to a multimode optical fiber in response to the second array being
located to optically face an end of the multimode optical waveguide. The first
additional optical data demodulator is optically connected to a first of the optical
waveguides of the second set. Each of the second and third additional optical data
demodulators is optically connected to the second and third of the optical waveguides
of the second set. In some such embodiments, the two arrays form a single physical
array with the inputs of the optical waveguides of both sets. In some such
embodiments, the second set of optical waveguides is configured to provide a
coupling matrix or rank three or more between the additional optical data
demodulators and optical propagation modes in the multimode optical fiber. In some
such embodiments, the first set and the optical data demodulators connected thereto
are configured to receive light from the multimode optical fiber with a polarization
substantially orthogonal to a polarization of light that the second set and the additional

optical modulators are configured to receive from the multimode optical fiber.
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Another embodiment provides a method of optically transmitting digital data.
The method includes transmitting a first data modulated optical carrier to a first
optical waveguide that is end-coupled to a multimode optical fiber such that the first
modulated optical carrier is transmitted preferentially to a first propagation mode of
the multimode optical fiber. The method includes transmitting second and third
modulated optical carriers to both second and third optical waveguides that are end-
coupled to the multimode optical waveguide such that the second modulated optical
carrier 1s transmitted preferentially to a second propagation mode of the multimode
optical fiber and the third modulated optical carrier is transmitted preferentially to a
third propagation mode of the multimode optical fiber. The first, second and third
propagation modes are orthogonal propagation modes in the multimode optical fiber.

In some embodiments of the method, the second propagation mode has a
phase that increases as a circle about the axis of the multimode optical fiber is
traversed in one direction, and the third propagation mode has a phase that increases
as the circle is traversed in an opposite direction.

Another embodiment provides a method of optically receiving digital data.
The method includes demodulating data from light received from a multimode optical
waveguide via a first optical waveguide end-coupled thereto such that the received
light is preferentially from a first propagation mode of the multimode optical
waveguide. The method includes demodulating data from other light received from
the multimode optical waveguide via both second and third optical waveguides end-
coupled thereto such that the other light is preferentially from a second propagation
mode of the multimode optical waveguide. The method includes demodulating data
from yet other light received from the multimode optical waveguide via both the
second and third optical waveguides such that the yet other light is preferentially from
a third propagation mode of the multimode optical waveguide. The first, second and
third propagation modes are orthogonal propagation modes in the multimode optical
fiber.

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

is swept out in one manner, and the third propagation mode has a phase that increases
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on the circle about the axis of the multimode optical fiber as circle is swept out in an

opposite manner.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 schematically illustrates an optical communication system for
communicating data according to optical propagation mode multiplexing (OPMM),

Figures 2A schematically illustrates radial light intensities of three examples
of optical propagation modes in an example multimode optical fiber, e.g., modes for
implementing OPMM in the optical communication system of Figure 1;

Figures 2B schematically illustrates angular dependencies of the phase of the
optical propagation modes illustrated in Figure 2A,;

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

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

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

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

Figure 3E is an end view illustrating one example of a 2D lateral output array
(LOA) of passive light emitters, e.g., for use in the optical transmitter of Figure 3D,

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

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

Figure 4B schematically illustrates another embodiment of an optical receiver

that demodulates data that was modulated according to OPMM, polarization
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multiplexing, and a quadrature phase shift keying, e.g., for use in the optical
communication system of Figure 1;

Figure 4C schematically illustrates another embodiment of an optical receiver
that demodulates data that was modulated according to OPPM and polarization
multiplexing, e.g., for use in the optical communication system of Figure 1;

Figure 5 is a flow chart illustrating a method of optical transmitting a digital
data stream, e.g., for use in the optical transmitters of Figures 3A — 3D; and

Figure 6 is a flow chart illustrating a method of optically receiving a digital
data stream, e.g., for use in the optical receivers of Figures 4A — 4C.

In the Figures and text, like reference symbols indicate elements with similar
or the same function and/or structure.

In the Figures, the relative dimension(s) of some features may be exaggerated
to more clearly illustrate the feature(s) and/or relation(s) to other feature(s) therein.

Herein, various embodiments are described more fully by the Figures and the
Detailed Description of Illustrative Embodiments. Nevertheless, the inventions may
be embodied in various forms and are not limited to the embodiments described in the
Figures and the Detailed Description of Illustrative Embodiments.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

U.S. Provisional Applications 61/321013 and 61/320,934, filed April 5, 2010,

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

and the U.S. Patent Application No. _ /

2

herein in their entirety.

Figure 1 illustrates an optical communication system 10 for transmitting
digital data according to optical propagation mode multiplexing (OPMM). The
optical communication system 10 includes an optical transmitter 12, an optical
receiver 14, and N transmission fiber spans SP;, SP,, ..., SPx of multimode optical
transmission fiber that all-optically connect the optical transmitter 12 to the optical
receiver 14. Here, N is a positive integer, e.g., 1, 2, 3, 4, etc., and each transmission
fiber span SP; — SPn.; of multimode optical transmission fiber is connected to the next
span SP; — SPy of multimode optical transmission fiber by a passive or active all-

optical connection device (ACD). Examples of all-optical connection devices include
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optical amplifiers, optical dispersion compensators, optical fiber couplers, optical
isolators, and/or serial combinations thereof.

Each all-optical connection device, ACD, effectively couples input and output
transmission fiber spans SP; — SPy via an optical coupling matrix. In the optical
communication system 10, the all-optical connection devices, ACD, provide optical
coupling matrices whose ranks are, at least, as large as the number of optical
propagation modes used to carry independent data in the transmission fiber spans SP;
— SPx. The rank of an optical coupling matrix fixes the number of independently
modulated optical carriers that may coupled via a corresponding optical device at a
fixed wavelength. The all-optical connection devices, ACD, may provide, e.g.,
substantially diagonal or non-diagonal coupling matrices between the data-carrying
optical propagation modes to substantially conserve the form of the optical
propagation mode carrying each individual data stream.

The embodiments of the optical communication system 10 use propagating
optical modes with different radial light intensity profiles and different angular phase
profiles, e.g., as illustrated in Figures 2A — 2B.

Figure 2A schematically illustrates radial light intensities of several optical
propagation modes A, B, C that may be present in a multimode optical fiber, e.g., the
multimode optical transmission fibers of the spans SP; — SPy in Figure 1. The mode
A has a large light intensity at the center of the multimode optical fiber, e.g., asin a
typical fundamental optical propagation mode. The modes B and C have a low or
vanishing light intensity at the center of the multimode optical fiber and have one or
more high or maximum intensity regions at a radial distance R from the center of the
multimode optical fiber, e.g., as in higher-order propagation modes. For example, the
B and C modes may have high intensities in all or part of an annular region about and
away from the central axis of the multimode optical fiber.

Figure 2B schematically illustrates relative phases of high intensity regions of
the A — C propagation modes as a function of angle about the central axis of the
multimode optical fiber. The A propagation mode has a configuration in which the
phase is relatively constant over the various portions of the high intensity region, e.g.,
near the central axis of the multimode optical fiber. The B propagation mode has a

configuration in which the phase increases approximately linearly with the angle
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about the central axis in the high intensity annular region of the mode. That is, the
phase increases by 2nM over a path circling the axis of the multimode optical fiber in
a counterclockwise sense with M being a positive integer, e.g., 1, 2, 3 etc. The C
propagation mode has a configuration in which the phase decreases approximately
linearly with angle in the high intensity annular region of the mode. That is, the
phase decreases by -2ntM’ over a path circling the axis of the multimode optical fiber
in a counterclockwise sense with M’ being a positive integer, e.g., 1, 2, 3, etc. Herein,
M and M’ may be the same positive integer or may be different positive integers.

The embodiments will be illustrated with respect to optical propagation modes
illustrated in Figures 2A — 2B. Nevertheless, based on this disclosure, a person of
ordinary skill in the art would realize that various embodiments of the optical
communication system 10 may be use other optical propagation modes to carry data
in the transmission fiber spans SP; — SPy in Figure 1, e.g., high-order modes.

Various embodiments of the optical transmitter 12 of Figure 1 may have a
plurality of light sources, wherein each light source generates light whose amplitude
and phase profile is individually adapted to more strongly couple to a selected one of
the optical propagation modes A, B, and C of the multimode optical transmission
fibers of the transmission fiber spans SP; — SPy in Figure 1. For that reason, the
optical transmitter 12 may be able to simultaneously transmit a different data stream
one each of the optical propagation modes A, B, and C, wherein the different data
streams are transmitted with the same or different digital data modulation protocols.
In some embodiments, the optical transmitter 12 has more than three light sources,
wherein each source is capable of preferentially optically couple to a corresponding
different one of the optical propagation modes of the multimode optical transmission
fibers of the transmission fiber spans SP; — SPy of Figure 1.

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

Each optical modulator 20A, 20B, 20C modulates a corresponding data
stream, 1.e., DATA-A, DATA-B, or DATA-C, onto an optical carrier according to a

corresponding amplitude keying and/or phase shift keying modulation protocol. The
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data streams DATA-A, DATA-B, DATA-C may be, e.g., distinct from each other,
and each pair of such data streams may be modulated onto an optical carrier via the
same digital data modulation protocols or different digital data modulation protocols.
Each optical modulator 20A — 20C may be any conventional device for modulating
digital, analog, or advanced-modulation format data onto an optical carrier and
outputting the modulated optical carrier to an optical output, e.g., to which one or
multiple optical waveguides may attach.

Each passive light emitter 22A, 22B, 22C includes an optical waveguide
structure that includes one or more input optical waveguides, IOW, to optically
connect a corresponding number of the optical modulators 20A — 20C to a single
output optical waveguide, OOW, of the passive light emitter 22A — 22C. In some
embodiments, the optical waveguide structure is, e.g., a fiber bundle with one or more
input optical fibers, e.g., single-mode optical fibers, and an output optical fiber, e.g., a
single-mode optical fiber. In such a fiber bundle, each polarization of each input
optical fiber optically couples to a mode of the output optical fiber. In alternate
embodiments, the optical waveguide structure may be, e.g., a multicore optical fiber
with one or more input optical fiber cores and an output single-mode or multimode
optical fiber. In such a multicore optical fiber, each input optical fiber core optically
couples to the output optical fiber. Alternately, the entire set of passive light emitters
22A —22C and/or single passive light emitters thereof may be fabricated as integrated
optical device(s).

Each passive light emitter 22A — 22C may be fabricated as a fused structure in
various manners. In one example, a plurality of optical fibers may be placed in a
glass capillary to form a bundle. Then, one end of the bundle is heated to become
partially molten, and an output optical fiber, OOW, is produced by drawing the
partially molten end of the bundle to produce said fiber. In such an embodiment, the
remaining free ends of the original optical fibers form the input optical waveguides,
IOW, of the passive light emitter that are optically coupled to the output optical fiber,
OOW. In another embodiment, a plurality of optical fibers are fused together to form
the optical waveguide structure of the passive light emitter, 1.e., with an output optical
fiber, OOW, that is fixed to and optically coupled to a plurality of input optical fibers,
IOW. Indeed, the entire set of passive light emitters 22A — 22C of Figure 3A may be
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formed by doing such drawing or fusing methods multiple times to produce an optical
fiber bundle that fuses together the individual passive light emitters 22A — 22C.

For each passive light emitter 22A — 22C, the output end of the output optical
waveguide, OOW, faces an input end of a multimode optical fiber 24, e.g., the
multimode optical transmission fiber of the first transmission fiber span SP; in Figure
1. Thus, the outputs of the passive light emitters 22A — 22C form a 2D lateral output
array, LOA, optically facing the input end of the multimode optical fiber 24. Due to
the lateral output array, LOA, in part, each passive light emitter 22A —22C is
configured to preferentially transmit light to a selected one or more optical
propagation mode(s) in the multimode optical fiber 24. The set of passive light
emitters 22A — 22C may couple, e.g., to three or more of the optical propagation
modes. The lateral output array, LOA, of the passive light emitters 22A — 22C may
be fusion spliced to the input end of the multimode optical fiber 24 or may be
optically coupled thereto via an optional imaging system 26. The optional imagining
system 26 may be a collimating lens or a micro-lens array or a combination of such a
lens system combined with a turning mirror and/or an optical isolator. Alternately,
the optional imagining system 26 may be a section of fused optical fibers in which the
individual optical fibers adiabatically transform into a multimode optical fiber.

Each optical modulator 20A — 20C optically couples differently to the passive
light emitters 22A — 22C so that the optical transmitter 12A can support OPMM. In
particular, the set of passive light emitters 22A, 22B, 22C optionally combined with
the imaging system 26 provides an optical coupling matrix between the set of optical
modulators 20A, 20B, 20C and the transmission fiber span SP;. The rank of the
optical coupling matrix is typically, at least, three so that the set of optical modulators
20A -20C can together simultaneously transmit, at least, three independent data
streams via the optical propagation modes of the transmission fiber span SP;.

The optical modulator 20A optically connects to a corresponding input optical
waveguide or waveguide core, IOW, of the passive light emitter 22A. The output end
of the output optical waveguide, OOW, of this passive light emitter 22A is located
and oriented to preferentially transmit light to a central axial region of the multimode
optical fiber 24. This output of the lateral output array, LOA, may be, e.g., directly
facing the center portion of the input end of the multimode optical fiber 24. For this
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reason, the optical modulator 20A optically couples light preferentially into the A
optical propagation mode of Figures 2A — 2B.

The optical modulator 20B optically connects to corresponding input optical
waveguides or waveguide cores, [IOW, of the remaining two passive light emitters
22B, 22C. The output ends of the output optical waveguides, OOW, of these
remaining passive light emitters 22B, 22C are located and oriented to preferentially
transmit light to an annular region concentric with and located away from the axial
region of the multimode optical fiber 24, 1.e., to preferentially transmit light to the
high intensity region for the B optical propagation mode of Figures 2A — 2B. These
outputs of the lateral output array, LOA, may, e.g., directly face off-axis regions of
the input end of the multimode optical fiber 24. These remaining passive light
emitters 22B, 22C may also be connected and configured to deliver light of
appropriate nonzero relative phase to the input end of the multimode optical fiber 24
so that the optical modulator 20B preferentially transmits light into the B optical
propagation mode of Figures 2A — 2B therein. For example, the multimode optical
fiber 24 may receive light from the first remaining passive light emitter 22B with a
relative phase with respect the light received therein from the other remaining passive
light emitter 22C, wherein the relative phase is in the interval [n/4, 31/4], e.g., a
relative phase of about +7/2.

The optical modulator 20B may optionally also connect to the other passive
light emitter 22A, which strongly optically couples to the central region of the
multimode optical fiber 24. Such a connection can provide light with an appropriate
phase and amplitude to substantially destructively interfere with light received from
the remaining passive light emitters 22B and 22C at the central region at the input end
the multimode optical waveguide 24. Such an optional configuration can reduce the
optical coupling of the optical modulator 20B to the A central optical propagation
mode of Figures 2A — 2B.

The optical modulator 20C also optically connects to corresponding input
optical waveguides or waveguide cores, IOW, of the same remaining two passive
light emitters 22B, 22C. As already discussed, the output ends of the output optical
waveguides of these remaining passive light emitters 22B, 22C are located and

oriented to preferentially transmit light to an annular region concentric with and
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located away from the central axial region of the multimode optical fiber 24. In
particular, these outputs of the lateral output array, LOA, also couple light strongly
into the off-axis high intensity region for the C optical propagation mode of Figures
2A — 2B. These remaining passive light emitters 22B, 22C may also be connected
and configured to deliver light from the optical modulator 20C into the input end of
the multimode optical fiber 24 with an appropriate nonzero relative phase so that the
optical modulator 20C preferentially couples said light into the C optical propagation
mode of Figures 2A — 2B therein. For example, the multimode optical fiber 24
receive such light from the first remaining passive light emitter 22B with a relative
phase with respect such light received therein from the second remaining passive light
emitter 22C, wherein the relative phase is in the interval [-n/4, -37/4], e.g., a relative
phase of about -/2.

The optical modulator 20C may also optionally connect to the passive light
emitter 22A, which strongly couples to the central region of the input end of the
multimode optical fiber 24. This connection may be configured to provide such light
with a phase and amplitude appropriate to destructively interfere with light that the
remaining two passive light emitters 22B, 22C transmit from the optical modulator
20C to the central region of the input end the multimode optical fiber 24. Such an
optional connection can reduce the optical coupling of the optical modulator 20C to
the central A optical propagation mode of Figures 2A — 2B.

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

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

modulation protocol. Each optical modulator 20A — 20C may be any conventional
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device for modulating digital data onto an optical carrier and outputting the modulated
optical carrier, e.g., to one or multiple optical waveguides.

Each passive light emitter 22A — 22E includes an optical waveguide structure
that includes one or more input optical waveguide(s), IOW, to optically connect a
corresponding one or more of the optical modulators 20A — 20C to a single output
optical waveguide, OOW, of the passive light emitter 22A — 22E. The passive light
emitters 22A — 22E may have the types of structures already described for the passive
light emitters of Figure 3A.

Each passive light emitter 22A — 22E has an output optical waveguide whose
output end optically faces an input end of a multimode optical fiber 24, e.g., the
multimode optical transmission fiber of the first span SP; in Figure 1. That is, the
outputs of the passive light emitters 22A — 22E form a 2D lateral output array, LOA,
optically facing the input end of the multimode optical fiber 24. In part, due to the
lateral output array, LOA, each passive light emitter 22A — 22E preferentially
transmits light to one or more of the optical propagation modes in the multimode
optical fiber 24. The set of passive light emitters 22A — 22E may couple e.g., to three
or more of the optical propagation modes so that three or more different modulated
carriers may be simultaneously carried by the set formed by these optical propagation
modes. The passive light emitters 22A — 22E may be fusion spliced to the input end
of the multimode optical fiber 24 or may be optically coupled thereto via an optional
imagining system 26, e.g., a collimating lens or a micro-lens array or such a lens
system combined with a turning mirror and/or an optical isolator.

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

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

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

preferentially transmit light to an annular region concentric with and located away
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from the axis of the multimode optical fiber 24. These outputs preferentially transmit
light to the high intensity region for the B and C optical propagation modes of Figures
2A - 2B.

The different passive light emitters 22B — 22E deliver light having zero or
nonzero relative phases to the input end of the multimode optical fiber 24. The
optical modulator 20B (20C) is connected so that the phase of light delivered from the
outputs of the 2D lateral output array, LOA, of the passive light emitters 22B — 22E
increases (decreases) in a counterclockwise (clockwise) sense. For example, the
sequential increase (decrease) in the relative phase for the passive light emitters 22B —
22E between sequentially adjacent output ends may in the interval [n/4, 3n/4] ([-n/4, -
3n/4]), e.g., a sequential increase (decrease) of about /2 (-n/2). For these reasons,
the optical modulators 20B and 20C preferentially couple to the respective B and C
optical propagation modes of the multimode optical fiber 24.

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

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

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

to the multimode optical fiber 24. To produce suitable polarizations, the optical
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transmitter 12C may include polarization rotator(s) between the polarization combiner
30 and one or both of the sets of passive light emitters 22A — 22C, 22A° — 22C’,
and/or the optical waveguides of the passive light emitters 22A — 22C, 22A° - 22C’
may be polarization maintaining optical waveguides. The associated local output
arrays, LOA, “optically” face the input end of the multimode optical fiber 24, because
these arrays effectively face the input end of the multimode optical fiber 24 via the
action of the polarization combiner 28. The polarization combiner 28 may be a
birefringent crystal device or another conventional polarization combiner.

The optical transmitter 12C can implement both polarization multiplexing and
OPMM. In particular, the optical transmitter 12C may transmit independent digital
data streams DATA-A, DATA-B, and DATA-C to respective first, second, and third
optical propagation modes with a first linear polarization and simultaneously transmit
separately independent digital data stream DATA-A’, DATA-B’, and DATA-C’ to
respective first, second, and third optical propagation modes with an orthogonal linear
polarization.

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

Figure 3D schematically illustrates a third embodiment 12D of the optical
transmitter 12 of Figure 1 that implements polarization multiplexing and OPMM of
modulated optical carriers that are linearly polarized. The optical transmitter is
constructed as in Figure 3C except that the passive light emitters 22A, 22B, 22C and
the passive light emitters 22A°, 22B’, 22C’ produce a single 2D lateral output array,
LOA, and the passive light emitters 22A — 22C, 22A” — 22C’ deliver light with the
same linear polarization to the linear output array, LOA. For example, the two sets of
passive light emitters 22A — 22C and 22A” — 22C’ may be a single fiber bundle or a
single multicore optical fiber, in which the polarization of received light is
maintained. The first optical modulators 20A, 20B, 20C connect to the first three
passive light emitters 22A, 22B, 22C, and the second optical modulators 20A’, 20B’,
20C’ connect to the remaining three passive light emitters 22A°, 22B’, 22C’. In some

such embodiments, the passive light emitters 22A — 22C and 22A” — 22C’ emit light



WO 2011/126814 PCT/US2011/030248

10

15

20

25

30

16

in the same linear polarization state at the local output array, LOA. In such
embodiments, the optical transmitter 12D also includes an optical element 30 that
produces a relative polarization rotation of about 90 degrees between the light output
from the first passive light emitters 22A, 22B, 22C and the light output from the
remaining passive light emitters 22A°, 22B’°, 22C’. To produce such a polarization
rotation, the optical element 30 may be a birefringent 2 wave plate or an equivalent
polarization rotator that is positioned to receive light only from the set of the second
passive light emitters 22A°, 22B’, 22C’ and to rotate the polarization of said light.
The optical transmitter 12D implements both polarization multiplexing and OPMM
thereby enabling the simultaneous transmission of six separate digital data streams,
i.e., DATA-A, DATA-B, DATA-C, DATA-A’, DATA-B’, and DATA-C’.

Figure 3E is a face view one example of a local output array, LOA, for the
passive light emitters 22A, 22B, 22C, 22A’, 22B’, 22C’ of the optical transmitter 12D
of Figure 3D. In the example local output array, LOA, the outputs of the passive light
emitters 22A and 22A’ are centrally located in the array, i.e., to better couple to the
central A optical propagation mode of Figures 2A — 2B at the multimode optical fiber
24. In the example local output array, LOA, the outputs of the passive light emitters
22C, 22C, 22B’, and 22C’ are located in an annular region around and away from the
array’s center, i.e., to better couple to the B and C optical propagation modes of
Figures 2A — 2B at the multimode optical fiber 24. The lateral physical separation of
outputs of the two sets of passive light emitters, i.e., 22A, 22B, 22C and 22A°, 22B’,
22C’, in the local output array, LOA, enables positioning the optical element 30 to
polarization rotate the light from the outputs of only the second set of passive light
emitters 22A° — 22C’. In other embodiments, said relative rotation may be performed
by in the set of the first passive light emitters, i.e., 22A - 22C, itself, e.g., by suitably
optical fibers therein about their optical axes.

Figure 3F is a top view of an end portion of a planar device embodying the
passive light emitters 22A’ — 22C’ in one embodiment of the optical transmitter 12C
of Figures 3C. In this embodiment, the optical element 30 is a birefringent 2 wave
layer that intercepts light only from the passive light emitters 22A — 22C, and the
optional imagining system 26 includes an optical spacer layer 32 and an array of

collimating micro-lenses 34. The micro-lenses 34 are positioned to substantially
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collimate or focus the output light from the passive light emitters 22A — 22C and
22A° —22C’. For that reason, the emitted light beams can be substantially size-
matched to various optical propagation modes in the multimode optical fiber 24
thereby improving the optical coupling to the multimode optical fiber 24.

A second planar device (not shown) may embody the first set of passive light
emitters 22A — 22C of Figures 3A — 3D. The second planar device may have the
same construction of the planar device of Figure 3F except that the birefringent 4
wave layer 30 1s absent. The first and second planar devices may be located in a
single integrated optical structure or in separate integrated optical structures.

Various embodiments of the optical transmitters 12A — 12D of Figures 3A —
3D may also include a processor 8. The processor 8 may preprocess data prior to
sending the data to the various optical modulators, e.g., the optical modulators 20A —
20C and/or optical modulators 20A” —20C’. The preprocessing may, €.g.,
precompensate for mixing of independent data streams into different ones of the
optical propagation modes in the optical channel and/or the mixing of the detection of
said optical propagation modes in the light detectors of the receiver 14. Through such
precompensation, the optical receiver 14 can be connected to receive modulated
optical carriers in which the mixing of different transmitted digital data streams is
substantially absent. The processor 8 may also electrically control segment(s) of the
one or more input waveguides, OOW, of the passive light emitters 20A — 20E, 20A” —
20C’ to enable dynamic control of relative phase of light delivered to the local output
arrays, LOA, from the various optical modulators 20A — 20C. Each segment may,
e.g., have an electro-optically or thermally active waveguide core whose refractive
index is controllable by a voltage applied by the processor 8 across electrodes
adjacent to the segment.

Figure 4A schematically illustrates one embodiment 14A of the optical
receiver 14 illustrated in Figure 1. The optical receiver 14A includes a set of three
optical data demodulators 36A, 36B, 36C, a set 38 of passive optical receivers 40A,
40B, 40C, 40D, 40E, and an optional electronic processor 42. Each optical data
demodulator 36A — 36C optically demodulates a digital data stream, i.e., DATA-A”,
DATA-B”, or DATA-C” from a received modulated optical carrier. Each passive

optical receiver 40A — 40E preferentially couples light from one or more of the optical
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propagating modes of the multimode optical fiber 24, e.g., the A — C modes of Figs.
2A - 2B, into one or more of the optical data demodulators 36A, 36B, 36C. The
optional processor 42 may further process the demodulated digital data streams from
the optical digital data demodulators 36A — 36C, e.g., to remove undesired mixing of
separate data streams and/or to remove undesired signal distortions, e.g., produced in
the physical optical channel.

When the optical carrier has been modulated according to an OPMM scheme,
the set of passive optical receivers 40A — 40E effectively function as a 3x3 optical
coupler so that each data demodulator 36A, 36B, 36C can receive and demodulate
data carried by one or more of the optical propagation modes of the multimode optical
fiber 24. Between the three digital data-carrying optical propagation modes of the
multimode optical fiber 24 and the three optical data demodulators 36A — 36C, the set
of passive optical receivers 40A — 40E functions effectively as an optical coupling
matrix of rank three or more, e.g., an optical coupling matrix that is substantially
diagonal. Each optical data demodulator 36A — 36C may have any conventional form
for optically demodulating digital data from an optical carrier that has been amplitude
and/or phase modulated.

Each passive optical receiver 40A — 40E may be formed in a manner similar to
a directionally-reversed form of any of the passive light emitters 22A — 22E illustrated
in Figures 3A — 3E. In particular, each passive optical receiver 40A — 40E is an
optical waveguide structure with a single input optical waveguide, IOW, and one or
more output optical waveguides, OOW, that optically connects a corresponding one
of the optical demodulators 36A — 36C to the input optical waveguide, [OW. In some
embodiments, the optical waveguide structure is, e.g., an optical fiber bundle with a
single input optical fiber, IOW, e.g., a single-mode optical fiber, and one or more
output optical fibers, OOW, e.g., single-mode optical fibers. In such a fiber bundle,
each output optical fiber, OOW, optically connects a corresponding one of the optical
demodulators 36A — 36C to the input optical fiber, IOW. In other embodiments, the
optical waveguide structure is, e.g., a multicore optical fiber with a single input
optical fiber, IOW, and one or more output optical fiber cores, OOW. Each output

optical fiber core, OOW, optically connects a corresponding one of the optical
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demodulators 36A — 36C to the single input optical fiber, IOW, of the multicore
optical fiber.

Each passive optical receiver emitter 40A — 40E may be fabricated as a fused
structure in various manners. In one example, a plurality of optical fibers may be
placed in a glass capillary to form a bundle. Then, one end of the bundle is heated to
become partially molten, and an input optical fiber, IOW, is produced by drawing a
fiber from the partially molten end of the bundle. In such an embodiment, the free
ends of the original optical fibers form the output optical waveguides, OOW, of the
passive optical receiver that are coupled to the input optical fiber, [OW. In another
embodiment, a plurality of optical fibers are fused together to form the optical
waveguide structure of the passive optical receiver, 1.e., with one input optical fiber,
IOW, fixed and optically coupled to one or more output optical fibers, OOW. Indeed,
the entire set of passive optical receivers 40A — 40E of Figure 4A may be formed by
performing one or multiple steps of such drawing or fusing methods for making an
optical fiber bundle thereby fusing together the individual passive optical receivers
40A - 40E.

For each passive optical receiver 40A — 40E, the input end of the input optical
waveguide, [OW, optically faces an output end of a multimode optical fiber 24, e.g.,
the multimode optical transmission fiber of the last span SPy in Figure 1. Thus, the
outputs of the passive optical receivers 40A — 40E form a 2D lateral input array, LIA,
optically facing the output end of the multimode optical fiber 24. In the lateral input
array, LIA, each passive optical receiver 40A — 40E is typically configured and/or
located to preferentially receive light from a selected one or more of the optical
propagation modes in the multimode optical fiber 24. The outputs of the passive
optical receivers 40A — 40E may be combined, e.g., at the optical data demodulators
36A —36C, to preferentially transmit light of the A, B, and C optical propagation
modes of Figures 2A — 2B, to the optical data demodulators 36A, 36b, and 36C,
respectively. The lateral input array, LIA, may be fusion spliced to the output end of
the multimode optical fiber 24 or may be optically coupled to that output end via an
optional imagining system 26, e.g., a collimating lens or a micro-lens array or such a

lens system combined with a turning mirror and/or optical isolator.
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Each optical data demodulator 36A — 36C optically connects differently to the
set of passive optical receivers 40A — 40E to provide for OPMM.

The optical data demodulator 36A optically connects to a corresponding
output optical waveguide, OOW, of the passive optical receiver 40A. The input end
of the input optical waveguide, IOW, of this passive optical receiver 40A is located
and oriented to preferentially receive light from the central region of the multimode
optical fiber 24. For that reason, this passive optical receiver 40A may preferentially
receive light from the central A optical propagation mode of Figures 2A —2B. This
input of the lateral input array, LIA, may be, e.g., directly facing the central portion of
the output end of the multimode optical fiber 24. For that reason, the optical data
demodulator 36A may be strongly coupled to the A optical propagation mode of
Figures 2A — 2B.

Each optical data demodulator 36B -36C optically connects to a corresponding
output optical waveguide, OOW, of some or all of the remaining passive optical
receivers 40B — 40E. The inputs of the input optical waveguides, IOW, of these
passive optical receivers 40B — 40E are located on the lateral input array, LIA, in a
manner to preferentially receive light from an annular region of output end of the
multimode optical fiber 24. The annular region may be, e.g., a high intensity region
for the B and C optical propagation modes B of Figures 2A — 2B. Since the B and C
optical propagation modes transmit light to the various passive optical receivers 40B —
40E with nonzero relative phases, the light received thereat may also be delayed with
a set of nonzero relative phases prior to recombination at the optical data demodulator
36B and may be delayed with a different set of nonzero relative phases prior to
recombination at the optical data demodulator 36C. The relative phases may be
selected so that the optical data demodulator 36B preferentially receives light from the
B optical propagation mode and so that the optical data demodulator 36C
preferentially receives light from the C optical propagation mode. At the optical data
demodulator 36C, the added phase relative to light from one passive optical receiver
40B — 40E may be in the interval [n/4, 31t/4], e.g., about 7/2, for light from the
passive optical receiver 40B — 40E with a clockwise adjacent input end on the lateral
input array, LIA. At the optical data demodulator 36B, the added phase relative to

light from one passive optical receiver 40B — 40E may be in the interval [-n/4, -3/4],
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e.g., about -nt/2, for light from the passive optical receiver 40B — 40E with clockwise
adjacent input end on the lateral input array, LIA. Typically, the relative phases
introduced by the passive optical receivers 40B — 40E are substantially optimized so
that light transmitted via the B and C optical propagation modes constructively
interferes at the optical data demodulators 36A and 36B, respectively.

In some embodiments, the optical data demodulators 36A — 36C include
coherent optical detectors that mix light received from the multimode optical fiber 24
with light received from a local optical oscillator. For example, such mixing may be
performed in one or more optical hybrids that use matched pairs of photodiodes as
optical detectors of said mixed light. Some structures that may be suitable for such
coherent detectors may be described in U.S. patent application 11/204607, which was
filed Aug. 15, 2005; U.S. patent application 11/236246, which was filed Sept. 27,
2005; and/or U.S. patent application 11/644536, which was filed Dec. 22, 2006. The
above three U.S. patent applications are incorporated herein by reference in their
entirety.

In some such embodiments, the local oscillator may be connected to transmit
local oscillator light directly to the optical data modulators 36A —36C. That is, the
light is transmitted directly from the local oscillator to the optical data modulators
36A — 36C in a manner that bypasses the passive optical receivers 40A — 40E.

In alternate such embodiments, the local oscillator may transmit light to the
inputs of the lateral input array, LIA, so that the passive optical receivers 40A — 40E
carry light that is received from the local oscillator and the multimode optical fiber
24. In these embodiments, the local oscillator transmits light to the lateral input array,
LIA, with phase and amplitude profiles that overlap with those of light transmitted
thereto by the A, B, and C propagating modes of the multimode optical fiber 24.
Then, the individual passive optical receivers 40A — 40E cause the same relative
phase shifts to light from the local oscillator and light from the multimode optical
fiber 24. For that reason, the light from different ones of the passive optical receivers
40A — 40E can still add in a manner that supports coherent optical detection when

combined at the optical data modulators 36A — 36C.
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In alternate embodiments (not shown), the optical receiver 14A of Figure 4A
may only have the passive optical receivers 40A —40C. That is, in such alternate
embodiments, the passive optical receivers 40D — 40E are absent.

In other such alternate embodiments, the inputs of the passive optical receivers
40B — 40C or 40B — 40E may be located at relative different angular positions with
respect to the position of the input of the passive optical receivers 40A in the lateral
input array, LIA. In such embodiments, the passive optical receivers 40B — 40C or
40B — 40E may cause a different relative phases to light carried therein so that the
optical data demodulators 36B and 36C can still use combine said light to detect data
modulated onto the respective B and C optical propagation modes.

Figure 4B schematically illustrates another embodiment 14B of the optical
receiver 14 of Figure 1. The optical receiver 14B is configured to demodulate data
streams from received optical signals that are optical propagation mode multiplexed,
polarization multiplexed, and modulated according to a quadrature phase shift keying
protocol. The optical receiver 14B includes first, second, third, and fourth sets 38,
38’, 387, 38 of passive optical receivers; corresponding first, second, third, and
fourth sets 44, 44°, 44”, 44 of passive optical receivers; a polarization beam splitter
28; an optical local oscillator 46; an optical phase plate 48; and two optional
collimating optical systems 26, 26°.

Each set 38 — 38’ includes three or more passive optical receivers, e.g., four,
five, six or more passive optical receivers constructed and/or configured as described
with respect to Figure 4A. Each set 38 — 387 of passive optical receivers receives
data modulated light from the multimode optical fiber 24 and receives reference light
from the local optical source 46.

Each set 44 — 44’ includes three optical data demodulators constructed and
configured as coherent optical detectors as already described, e.g., using structures
described in the above-incorporated U.S. patent applications. In each set 44 — 44,
the first, second, and third optical data demodulators are configured to preferentially
receive light from the respective A, B, and C optical propagation modes of the
multimode optical fiber 24.

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

between the reference light sent to the linear input arrays, LIA, of the first set 38 and
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the second set 38’ and introduces about a V4 period of relative phase delay between the
reference light sent to the linear input arrays, LIA, of the third set 38” and the fourth
set 38, For that reason, the first and third sets 44, 44” of optical data demodulators
can demodulate data carried on in-phase components of the received light, and the
second and fourth sets 44°, 44°” of optical data demodulators can demodulate data
carried on quadrature-phase components of the received light.

The polarization beam splitter 28 is configured to direct one polarization of the
light from the multimode optical fiber 24 and the optical local oscillator 44 to the first
and second sets 38, 38’ of passive optical receivers and is configured to direct the
relatively orthogonal polarization components of said light to the third and fourth sets
387, 337 of passive optical receivers. For these reasons, the first and second sets 44,
44’ of optical data demodulators demodulate a data stream carried by one polarization
component, and the third and fourth sets 44”, 44 of optical data demodulators
demodulate a data stream carried by the relatively orthogonal polarization component.

Finally, each set 38 — 38" of passive optical receivers forms a 2D lateral input
array with one input optically facing the center of the multimode optical waveguide
24 and two or more peripheral inputs optically facing off-center regions of the
multimode optical waveguide 24. For that reason, one passive optical receiver of
each set 38 — 38" preferentially receives light from the central A optical propagation
mode of the multimode optical fiber 24, and the remaining passive optical receivers of
each set 38 — 38" preferentially receive light from the B and C optical propagation
modes of the multimode optical fiber 24. In each set 38 — 38", the passive optical
receivers cause suitable relative delays between light carried therein so that the
combinations of light delivered to the optical demodulators of each set 44 — 44
enable the first, second, and third optical demodulators thereof to demodulate data
carried by the respective A, B, and C optical propagation modes of Figures 2A — 2B.

Figure 4C schematically illustrates another embodiment 14C of the optical
receiver 14 of Figure 1 that is configured to demodulate data modulated via optical
propagation mode multiplexing with polarization mode multiplexing. The optical
receiver 14C has a construction that is similar to the optical receivers 14A, 14B of
Figures 4A and 4B. But, the optical receiver 14C includes a first set of optical data

demodulators 36A, 36B, 36C and a corresponding first set of passive optical receivers
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40A, 40B, 40C and has a second set of optical data demodulators 36A’, 36B’, 36C’
and a corresponding second set of passive optical receivers 40A’, 40B’, 40C’. The
optical data demodulators 36A — 36C of the first set optically connect to the passive
optical receivers 40A — 40C of the first set, and the optical data demodulators 36A’° —
36C’ of the second set optically connect to the passive optical receivers 40A’ — 40C’
of the second set.

Also, the optical receiver 14C includes a birefringent optical 2 wave plate 30
and a linear polarizer 50. Both the optical 2 wave plate 30 and the linear polarizer 50
are located between the output end of the multimode optical fiber 24 and the optically
facing 2D lateral input array, ILA, formed by the inputs of the passive optical
receivers 40A — 40C, 40A” — 40C’. The %2 wave plate 30 is located between the
inputs of the passive optical receivers 40A —40C and the output of the multimode
optical fiber 24, but is not located between the inputs of the passive optical receivers
40A’ — 40C and the output of the multimode optical fiber 24. For this reason, the
first set of optical data demodulators 36A, 36B, and 36C and the second set of optical
demodulators 36A’, 36B°, and 36C’ demodulate the respective data streams DATA-
A, DATA-B, DATA-C and DATA-A’, DATA-B’, DATA-C’ from the respective A,
B, and C optical propagation modes of relatively orthogonal polarization.

In some embodiments, the passive optical receivers 40A — 40C and 40A° —
40C’ have structures as described with respect to Figure 4A or 4B or have structures
that are direction-reversed versions of the structures of the passive optical emitters
22A —22C and 22A’ — 22C’ illustrated in Figures 3E and/or 3F.

Figure S illustrates a method 50 of optically transmitting digital data, e.g., with
any of the optical transmitters of Figures 3A — 3D. The method 50 includes
producing first, second, and third optical carriers modulated with different digital data
(step 52). The method 50 includes transmitting the first data modulated optical carrier
to a first optical waveguide that is end-coupled to a multimode optical fiber such that
the first modulated optical carrier is transmitted preferentially to a first propagation
mode of the multimode optical fiber (step 54). The method includes transmitting the
second and third modulated optical carriers to both second and third optical
waveguides that are end-coupled to the multimode optical fiber such that the second

modulated optical carrier is transmitted preferentially to a second propagation mode
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of the multimode optical fiber and the third modulated optical carrier is transmitted
preferentially to a third propagation mode of the multimode optical fiber (step 56).
The first, second and third optical propagation modes are orthogonal propagation
modes in the multimode optical fiber.

In some embodiments of the method 50, the transmitting steps 54 and 56 may
be temporally performed in parallel to produce optical propagation mode
multiplexing.

In some embodiments of the method 50, the second propagation mode has a
phase that increases along a circle about the axis of the multimode optical fiber in one
direction, and the third propagation mode has a phase that increases along the circle in
an opposite direction.

Figure 6 illustrates a method 60 of optically receiving digital data, e.g., using
any of the optical receivers of Figures 4A —4C. The method 60 may include
receiving a modulated light signal from an output end of a multimode optical
transmission fiber at a lateral input array, LIA, formed by inputs of first, second and
third optical waveguides (step 62). The method 60 includes demodulating data from
light received from the multimode optical waveguide via a first optical waveguide
end-coupled thereto such that the received light is preferentially from a first
propagation mode of the multimode optical waveguide (step 64). The method 60
includes demodulating data from other light received from the multimode optical
waveguide via both second and third optical waveguides end-coupled thereto such
that the other light is preferentially from a second propagation mode of the multimode
optical waveguide (step 64). The method to includes demodulating data from yet
other light received from the multimode optical waveguide via both the second and
third optical waveguides such that the yet other light is preferentially from a third
propagation mode of the multimode optical waveguide (step 66). The first, second
and third propagation modes are orthogonal propagation modes in the multimode
optical fiber.

In some embodiments of the method 60, the demodulating steps 62, 64, and 66
may be temporally performed, in parallel, to produce optical propagation mode

multiplexing.
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In some embodiments of the method 60, the second propagation mode has a
phase that increases as a circle about the axis of the multimode optical fiber is
traversed in one direction, and the third propagation mode has a phase that increases
as the circle is traversed in an opposite direction.

In alternate embodiments of optical communication systems to the systems
illustrated in Figures 3A — 3D and/or 4A — 4C, more and/or different optical
propagation modes of the multimode optical transmission fibers may carry data. For
example, these embodiments may use 4, 5, 6, or more such optical propagation modes
to enable the simultaneous transmission of more than three independent data streams
and/or may use different and/or higher order modes. In such alternate embodiments
lateral placements of outputs of the set(s) of passive light emitters in the LOA and/or
of inputs of the set(s) of passive optical receivers in the LIA may be different to better
optically couple to the high light intensity regions of the optical propagation modes
selected for carrying data.

From the disclosure, drawings, and claims, other embodiments of the

invention will be apparent to those skilled in the art.
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What is claimed is:

1. An apparatus comprising:

an optical transmitter comprising a set of optical waveguides and first, second,
and third optical modulators; and

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

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

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

the multimode optical fiber.

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

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

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

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

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

the optical waveguides of the second set; and
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wherein each of the second and third additional optical modulators is optically

connected to the second and third of the optical waveguides of the second set.

4. The apparatus of claim 3, wherein the first set and the optical modulators
connected thereto are configured to output light to the multimode optical fiber with a
polarization substantially orthogonal to a polarization of light that the second set and the

additional optical modulators are configured to output to the multimode optical fiber.

5. An apparatus comprising:

an optical receiver comprising a set of optical waveguides and first, second, and
third optical data demodulators; and

wherein input ends of the optical waveguides of the set form a lateral input array
for end-coupling the optical waveguides of the set to a multimode optical fiber in
response to the array being located to optically face one end of the multimode optical
waveguide; and

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

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

modes in the multimode optical fiber.

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

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

end of the multimode optical waveguide; and



WO 2011/126814 PCT/US2011/030248

29

wherein the first additional optical data demodulator is optically connected to a
first of the optical waveguides of the second set; and
wherein each of the second and third additional optical data demodulators is

optically connected to the second and third of the optical waveguides of the second set.

7. A method of optically transmitting digital data, comprising:

transmitting a first data modulated optical carrier to a first optical waveguide that
is end-coupled to a multimode optical fiber such that the first modulated optical carrier is
transmitted preferentially to a first propagation mode of the multimode optical fiber;

transmitting second and third modulated optical carriers to both second and third
optical waveguides that are end-coupled to the multimode optical waveguide such that
the second modulated optical carrier is transmitted preferentially to a second propagation
mode of the multimode optical fiber and the third modulated optical carrier is transmitted
preferentially to a third propagation mode of the multimode optical fiber; and

wherein the first, second and third propagation modes are orthogonal propagation

modes in the multimode optical fiber.

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

traversed in an opposite direction.

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

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

demodulating data from other light received from the multimode optical

waveguide via both second and third optical waveguides end-coupled thereto such that
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the other light is preferentially from a second propagation mode of the multimode optical
waveguide;
demodulating data from yet other light received from the multimode optical
waveguide via both the second and third optical waveguides such that the yet other light
is preferentially from a third propagation mode of the multimode optical waveguide; and
wherein the first, second and third propagation modes are orthogonal propagation

modes in the multimode optical fiber.

10. The method of claim 9, wherein the second propagation mode has a phase
that increases on a circle about the axis of the multimode optical fiber as circle 1s swept
out in one manner and the third propagation mode has a phase that increases on the circle

about the axis of the multimode optical fiber as circle is swept out in an opposite manner.
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