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Multi Directional Multiplexer

FIELD OF THE INVENTION

[0001]  The present invention relates to optical switches and in particular to a device for
dynamically switching individual wavelength channels from a plurality of input ports
to a plurality of output ports. While some embodiments will be described herein with
particular reference to that application, it will be appreciated that the invention is not:

limited to such a field of use, and is applicable in broader contexts.

- BACKGROUND

[0002]  Any discussion of the background art throughout the specification should in no
way be considered as an adrrliésion that such art is widely known or forms part of

common general knowledge in the field.

[0003] In recent years theré has been a rapid increase in user demand for higher data
rate information and communication services. A major driver for this demand is the
increase in popularity of high data rate media streaming services such as video-on-
demand and vgicé over IP (VoIP), which require fast. broadband internet services.

* Capability for ;hese high bandwidth services is increasingly being provided by optical
networks incorporating dense wavelength division multiplexing (DWDM) schemes.
Sucil schemes involve combining multiple wa\}elength channels into a single optical

signal and transmitting the signal over fhigh bandwidth optical fibers. ‘

[0004] A limiting factor in most optical networks is ‘the ability to rapidly and
dynamically route each optical channel from its constituent multiplexed signal within
an optical fiber to other fibers and eventually to a desired end user. Traditionally such
routing or switching was performed in the electrical domain. However, electrical
switching is relatively slow due to the necessary conversion from the optical domain to
the electrical domain and back again. With increased bandwidth demands, switching

has been shifted to the optical domain where much higher speeds can be realized. -

[0005]  Current optical switching is typically pefformed by wavelength selective
switches (WSSs), which currently allow reconfigurable switching of wavelength
channels from a single input fiber to one of a number of output fibers to drop or reroute

particular wavelength channels. WSSs generally include a demultiplexing module
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complemented with a corresponding multiplexing module, which collectively perform
adding and dropping of individual optical channels from DWDM signals. The
reconfigurable nature of these switches makes them favorable for dynamically routing
particular wavelength channels across a network depending on user demand, network

disruptions and other factors.

[0006] As demand for highef network capacity increases, a need for the ability to
simultaneously and reconfigurably switch wavelength channels between multiple input
ports and multiple outputs is becoming apparent. When compared to existing single
input-multiple output devices, this design is advantageous in reducing the number of
required switching devices in the network and improving network reliability as signals

can be easily routed away from individual problematic fibers.

[0007]) More recent implementations seek to route wavelength channels in a

| “colorless”, “directionless” and “contentionless” manner. A colorless WSS is a device
that can route a channel independent of its wavelength. That is, the device has no
hardware constraints on wavelength routing. Directionless WSS devices are capable of

~ routing a particular wavelength channel from any input port to any output port in any
direction. A contentionless WSS design permits routing of multiple wavelength

channels having the same wavelength without suffering significant crosstalk.

[0008] A further desirable feature of a WSS is spectral flexibility, The hardware
designs of most WSS devices restrict channel routing to wavelength grids having a
fixed channel plan. That is, channels having a fixed spectral spacing and spectral
width. WSS designs having spectral flexibility permit routing that is not limited to a
particular channel plan. Therefore, these designs are capable of readily adapting to

changes in channel plans that can occur over time.

[0009]  US Patent 7,397,980 to Frisken, entitled. “Dual-Source Optical Wavelength
Processor” discloses an optical switch capable of reconfigurably switching channels
from two separate input sources to a number of output ports. This is achieved by first
transmitting the two vertically displaced signals coincidentally onto a grism to spatially

. separate the multiplexed wavelength channels in a horizontal dispersion dimension.
- The dispersed wavelength channels of each signal are then incident onto separate

wavelength processing regions of a liquid crystal on silicon (LCOS) device. The
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wavelength processing regions are defined by two vertically separated subsets of the
LCOS pixels. Each incident wavelength Signal is focused in the dispersion dimension
but collimatedvin-the vertical plane such that the signals are incident onto a vertically
disposed array of LCOS pixels. By applying predetermined independent phase
manipulation functions to specific vertical rows of LCOS pixels (corresponding to the
position of each wavelength channel), the phase front of each channel can be
directionally controlled in the vertical plane. This allows independent steering of each

wavelength channel to select a desired output port for each respective channel.

[0010] In F risken, two separate inputs are essentially independent from‘each other and
| wavelength channels from each input are treated separately. That is, outputs are

hardwired to a given input. Aside from desiring ﬂexibility in switching between inputs

and outputs, extending the number of inputs to higher- numbers in itself is not

~ straightforward. In particﬁlar, as the number of available pixels on an LCOS device is

limited, adding more wavelength processing regions comes at the cost of sacrificing the

number of pixels available for each processing region. The smaller available number

of pixels provides difficulties in steering to peripheral ports, particularly when a larger

number of output ports are included. This peripheral steering is required to

dynamically allocate each output port to a given input port without sacrificing the

advantage of flexible channel allocation through a fixed array.

[0011]  US Patent Application Publication 2010/0172646 Al to Colbourne, entitled
“Mx N Wavelength Selective Optical Switch” discloses an optical dé_vice for switching
a number (K) of individual wavelength channels from one of an arbitrary number (M)
of input fibers to one of an arbitrary‘ number (N).of output fibers. A diffraction grating
is used to spatially separate the individual wavelength channels of each optical signal.
The wavelength channels are incident onto individual rhirrors of a first MEMS array
having Mx K individual mirrofs before being coupled back through the diffraction |
grating where the channels are spatially recombined but angularly separated. The
recombined channels are transmitted through a switching lens which individually
directs each wavelength ‘signal, depending on angle set by the first MEMS array, to a
particular mirror of a second MEMS array having N mirrors. Each MEMS mirror of

the second MEMS array is associated with a particular output fiber and the particular
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wavelength channel coupled to that fiber is determined by the angle of each MEMS

mirror.

[0012]  The implementation disclosed in Colbourne is not a spectrally flexible
architecture. Specifically, due to the fixed -positions of the MEMS mirrors, this
arrangement is not capable of handling flexible spectral grids. That is, the MEMS
mirrors are each disposed in a predetermined fixed location to route a particuiar
wavelength channel based on a fixed chan'nelkspacing. If the channel spacing or
channel bandwidth is varied, the routing of the Wavelength channels becomes much

less efficient.

[0013]  In Colbourne, individual wavelength channels can be routed from any input
fiber to any output fiber in a colorless and directionless manner by controlling the tilt
angles of two MEMS arrays. However, as seen in Fig. 2A of that document, each
separated wavelength channel is reimaged at an intermediate focal plane before being
coupled to an output fiber. At the intermediate focal plane, each channel of a éommon

| input fiber shares a common spatial spot but has a different trajectory angle. Switching
to a desired output fiber is performed by a switching lens of small focal length to
convert the angle 6 to a displacement. Therefore, the maximum separation of the
wavelength channels is approximately limited to the focal length of this switching léns
multiplied by the angle. Consequently, uSing such a configuration in cases where the
switching matrix is an LCOS device, switching to distant output ports is limited,

thereby practically limiting this device to small numbers of output fibers.

[0014]  Therefore, there is a desire to provide a wavelength selective switch that can
efﬁé_iently and reconfigurably route wavelength channels from a plurality of input pons.

to a plurality of output ports in a spectrally flexible manner.

SUMMARY OF THE INVENTION

[0015] It is an object of the inventioh, in its preferred form to provide an improved
optical switch for switching wavelength channels between a plurality of input ports and

a plurality of output ports. .

[0016]) In accordance with a ﬁrsi aspect, the present disclosure provides an opticai

signal manipulation system including:



WO 2013/016758 PCT/AU2012/000861

5

a plurality of input ports configured for transmitting an optical signal including a
plurality of wavelength channels, said input ports being spatially separated at least in

a switching dimension;

a wavelength dispersion element for simultaneously spatially separating said
wavelength channels from said optical signals in a .dispersion dimension

perpendicular to said switching dimension;

an optical power element for focusing each said spatiélly separated wavelength

channel in said dispersion dimension;

a wavelength manipulation element for separately manipulating each of the
focused spatially separated wavelength channels to’selectiVely steer the wavelength

channels in at least the switching dimension; and

" a steering element for independently selectively directing the wavelength
channels in at least the switching dimension such that said wavelength channels are
coupled to predetermined output ports disposed in predetermined positions spaced at

Jleast along said switching dimension;

wherein said wavelength manipulation element steers said wavelength channels
by an angle in the switching dimension, relative to their respective originating input
port, that is less than or substantially equal to the predetermined position of said

output fiber divided by the focal length of said optical power element.

[0017]  Preferably the angle is approximately half the predetermined position of the
output fiber divided by the focal length of the optical power element. =

[0018] | In fone embodiment, vthe. output ports are preferably also spatially separated in
the dispersion dimension and the wavelength rhanipulation element is also configured
to also independently selectively direct the optical signals in the dispersion dimension.
In further embodiments, the input ports are preferably also spatially séparated in the

dispersion dimension.

[0019] The wavelength manipulation element preferably steers each wavelength
channel by an angle in the switching dimension, relative to a respective originating
~ input port, that is less than an angle directed by the steering element in the switching

dimension, relative to a respective output port.
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[0020] The wavelength channels are preferably incident onto the wavelength

manipulation element at substantially parallel angles in the switching dimension.

[0021]  The steering element préferably includes a micro-electromechanical (MEMS)

mirror array having one mirror for each output port.

[0022]  The wavelength manipulation element preferably includes a liquid crystal on
silicon (LCOS) device having a two-dimensional' array of phase manipulation

elements.

[0023])  The LCOS device preferably includes a plurality of processing regions defined
by a subset of the phase manipulation elements, each processing region being
configured to independently.manipulate the spatially separated wavelength channels
originating from a corresponding input port. Each processing region preferably
includes a plurality of spatially | separated channel directirig regions configured to
independently selectively ‘steer the wavelength channels in the switching dimension.
The channel directing régions are preferably reconfigurable in size to accommodate
wavelength channels of different spectral width and spacing. The channel directing
regioné on adjacent processing regions corresponding to a particular wavelength

channel are preferably offset from one another in the dispersion dimension.

[0024]  The optical signal manipulation system preferably further includes a Fourier
transformer for converting the spatial offset of each optical signal to a predefined angle -

in the switching dimension. The Fourier transformer preferably includes:

a first angled reflector surface for projecting said optical signals in a dimension

perpendicular to their propagation direction;

a spherical mirror for angularly encoding said optical signals with a predefined

angle based on their respective position along the switching dimension; and

a second angled reflector surface for rétuming said signals to their original

. propagation direction.

[0025]  The optical signal manipulation system preferably includes a directional signal
sepaxatof for separating, in space, optical signals propagating from the input ports to
the wavelength manipulation element from optical signals propagating from the

wavelength manipulation element to the steering element. The directional signal
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separator preferably includes an angled mirror having an aperture extending
therethrough.

[0026] In one embodiment, the optical signal manipulation system preferably includes
4 input ports and 16 output ports. In an alternative embodiment, the optical signal

manipulation system preferably includes 8 input ports and 20 output ports.

[0027])  The optical signal manipulation system is preferably symmetric in optical path
| length about the wavelength manipulation element. - Further, the optical signal
manipulation system is preferably reversible in operation such that optical signals
including one wavelength channel are input from the output ports to be coupled to

predetermined input ports.

| [0028] In accordance with a second aspect, the present disclosure provides an optical

signal manipulation system including:

a plurality of input ports conﬁgured\ for transmitting an optical signal including a R
plurality of wavelength channels, said input ports being spatially separated at least in

a switching dimension;

a wavelength dispersion element for simultaneously spatially separating said
wavelength channels from said optical signals in a dispersion dimension

perpendicular to said switching dimension;

an optical power element for focusing each said spatially separated wavelength

channel in said dispersion dimension;

a wavelength manipulation element for separately manipulating each of the
focused spatially separated wavelength channels to selectively steer the wavelength

channels in at least the switching dimension; and

a steering element for independently selectively directing the wavelength
channels in at least the switching dimension such that said wavelength channels are
coupled to predetermined output ports disposed in predetermined positions spaced at

least along said switching dimension;

wherein said wavelength manipulation element steers each said wavelength

channel by an angle in the switching dimension, relative to a respective originating
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input port, which is less than an angle directed by said steering element in the

switching dimension, relative to a respective output port.

[0029] In accordance with a third aspect, the present disclosure provides an optical

signal manipulation system including:

a plurality of input ports configured for transmitting an optical signal including a
plurality of wavelength channels, said input ports being spatially séparatcd at least in

' a switching dimension;

’ \
a wavelength dispersion element for simultaneously spatially separating said
~wavelength channels from said optical signals in a dispersion dimension

perpendicular to said switching dimension;

an optical power element for focusing each said spatially separated wavelength

channel in said dispersion dimension;

a wavelength manipulation element for separately manipulating each of the
focused spatially separated wavelength channels to selectively steer the wavelength

channels in at least the switching dimension; and

a steering element for independently selectively directing the wavelength
channels in at least the switching dimension such that said wavelength channels are
coupled to predetermined output ports disposed in predetermined positions spaced at

least along said switching dimension;

wherein wavelength channels transmitted from different input ports and having a
common wavelength are incident onto said wavelength manipulation element at

positions offset from each other in said dispersion dimension.

[0030] In accordance with a further aspect of the present invention, there is provided an
optical signal manipulation system including: a series of optical input ports for each
projecting a corresponding optical input signal, said signals including a predetermined
séries of wavelength channels; a translation unit for translating the relative spatial
position of the optical input port to a corresponding relative angular projection of the
ports optical input signal; an optical power element for focusing the optical energy of
said optical input signals; and an optical dispersion system for spatially dividing out

wavelength channels of each optical input signal, whereby the system produces an
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intermediate output of a series of spatially spaced columns for each optical input

signal, with each column having its wavelength dispersed along the column.

[0031] In some embodiments, the columns of the intermediate output are offset in
wavelength relative to one another. The intermediate output can be projected onto a
variable response element for providing a variable directional response to the
intermediate output. The variable directional response can then be recombined at a
series of output ports. In some embodiments, the system operates in a directionless
manner. In some embodiments, the variable response element comprises a variable

- diffraction grating. In some embodiments, the optical input ports are offset along an
axis. In some embodiments, the system includes a polarlsatxon alignment unit for

ahgnmg the polarisation of the optlcal input signals.

BRIEF DESCRIPTION OF THE DRAWINGS |
[0032] Preferred embodiments of the disclosure will now be described, by way of

example only, with reference to the accompanying drawings in which:
FIG. 1 is perspective view of a first embodiment multidirectional multiplexer;

"FIG. 2 is a, top view of the Fourier transformer of the first embodiment for

transforming an angle to a displacement;
FIG. 3 is a side view of the Fourier transformer of Fig. 2;

FIG. 4 is a side view of the polarization diversity system implemented in the first

embodiment;
FIG. § is a lateral cross-section of a grism;

FIG. 6 is a front view of an LCOS device divided into four separate wavelength

processing regions;

FIG. 7 is a graph of a first example phase profile set up across a channel direction

region of the LCOS device;

FIG. 8 is a graph of a second éxample phase profile set up across a channel direction

region of the LCOS device;
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FIG. 9 is a front view of an LCOS device configured to steer wavelength channels

having variable spectral width and spacing;

FIG. 10 is a conceptual schematic view of the first embodiment multidirectional

multiplexer in the switching dimension;

FIG. 11 is a conceptual schematic view of the first embodiment multidirectional

multiplexer in the dispersion dimension;

FIG. 12 is a simplified conceptual schematic view of the first embodiment

multidirectional multiplexer in the switching dimension;

FIG. 13 is a block diagram illustrating the different separation characteristics of optical
beams at specific points within the first embodiment multiplexer in the switching

dimension;

FIG. 14 is an expanded end view of an alternative configuration of common-port

fibers;

FIG. 15 is a sectional side view of an alternative embodiment multidirectional
multiplexer showing two common-port fibers spatially separated in the dispersion

dimension;

FIG. 16 is a sectional side view of an alternative embodiment multidirectional
multiplexer showing two add/drop fibers spatially separated in the dispersion

dimension;

FIG. 17 is a front view of an LCOS device with adjacent wavelength processing
regions vertically offset with respect to each other corresponding to an offset of

common-port fibers in the dispersion dimension;

FIG. 18 is a schematic top view of a second embodiment multidirectional multiplexer,
having capability to switch between fibers in both the switching and dispersion

‘dimensions;

FIG. 19 is a schematic top view of the second embodiment multidirectional multipléker
showing a ray trace of optical beams through the system from a common-port fiber to

an array of add/drop fibers;
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FIG. 20 is a perspective view of an angled mirror implemented in the second
embodiment, the mirror having an aperture for transmitting beams incident from

common-port fibers and redirecting beams steered by the LCOS device;

FIG. 21 is a block diagram illustrating the different separation characteristics of optical
beams at specific points within the second embodiment multipleXer in the switching

dimension; and

FIG. 22 is a block diagram illustrating the different separation characteristics of optical
beams at specific points within the second embodiment multiplexer in the switching

dimension.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[0033]  Described herein is an optical signal manipulation system in the form of an
| optical transmission cross-connect device for routing wavelength signals to a bank of
directionless transceivers. The device will priinarily be described in terms of its
demultiplexing operation, which has applications in routing particular channels from an
optical transmission network to transceivers. However, it will be appreciated that the
device is bidirectional and dircctionless in functionality and can similarly operate in a
multiplexing configuration, either simultaneously or separately from the
demultiplexing operation. For ease of refércnce the cross-connect device Will be

hereinafter referred to as a multidirectional multiplexer.

[0034] Throughout , the description and drawings, the x-axis defines a switching
dimension, the y-axis defines a wavelength dispersion dimension and the z-axis defines

the optical axis and general direction of signal propagation.

[0035] Referring initially to Fig. 1, there is illustrated a first embodiment
multidirectional multiplexer 1, including an array of four commdn-port fibers 3 for
transmitting (and feceiving in the multiplexing mode of operation) a multiplexed
optical signal and an array of sixteen add/drop fibers 5 for receiving (and tfansmitting
in the multipleiing mode of operation) demultiplexed signéls including individual
wavelength channels. Both arrays 3 and S are disposed at predetermined positions in
the horizontal switching dimension but the fibers may also be displaced }in other

dimensiqns, as described below. Each input multiplexed signal includes a number of
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~ individual channels having a unique range of wavelengths, such as in a dense

wavelength division multiplexed (DWDM) signal.

[0036] The signals incident from the common-port fibers 3 are transmitted through a
Fourier transformer 17 and polarization diversity system 35 (both described below) and
are reflected off a wavelength dispersion element in the form of a reflective grism 7.
The grism 7 simultaneously spatially separates, in a vertical dispersion dimension, the
wavele_ngth channels contained within each optical signal. An optical power element,
in the form of a cylindrical mirror 9, focuses each spatially separated Wavelength
channel, in the dispersion dimension, onto a wavelength manipulation element in the
form of a liquid crystal on silicon (LCOS) device 11. The optical signals are inc_ident
onto the LCOS device 11 at angles substantially parallel with respect to each other in
the switching dimension. However, in other embodiments, the signals are incident

onto the LCOS device 11 at different angles in the switching dimension.

[0037]  The LCOS device 11 separately manipulates each of the spatially separated
wavelength channeis' to selectively steer them with desired angles in the switching
dimension. Specifically, the LCOS device 11 can steer the wavelength channels by an
angle in the switching dimension relative to their respective originating common-port
fiber that is approximately half the predetermined position of the add/drop fiber
divided by the focal length of the cylindrical mirror 9. The importance of this

- switching angle will be discussed in detail below. -

[0038] The wavelength channels are independently vmanipulated_ by the LCOS
device 11 such that the channels are steered at a desired angle to be incident onto a
_steering ‘element in the form of a 2-dimensional MEMS mirror array 13. The array
includes one independently tiltable mirror corresponding to each add/drop fiber 5 for

coupling the wavelength channels to respective add/drop fibers 5 for downstream use.

[0039]  Referring still to Fig. 1, the multiplexed signals from the common-port fibers 3
are initially transmitted through a respective micro-lens of array 15, which acts to
define a beam waist of the initially diverging beams emerging from the common-port
fibers 3. In alternative embodiments, the functionality of the micro-lenses 15 can be
replaced by suitable piezo/LCOS or collimator steering devices. The micro-lenses

preferably have a focal length in the range 500 pm to 1 mm. However, micro-lenses
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having other specifications can be implemented depending on the system design. The
multiplexed signals are then incident onto a Fourier transformer 17 for transforming
the linear offset of the signals at the parallel common-port fibers 3 into an angular

separation of the signals for propagation through the system.

[0040]  Referring now to Figs 2 and 3, there is illustrated respectively a top view and
side view of the Fourier transformer 17, which includes an inverted V-shaped angled

" reflector 19 situated below a hemisphefical concave mirror 21. Signals are ihitially
incident onto a first face 23 of the angled reflector 19 that is angled at about 45° in the
y-z plane. Face 23 deflects the signals vertically onto the concave mirror. After
reflection downward from mirror 21, the signals are incident onto a second 45° angled
face 25 of the angled reflector 19 and reflected back along the optical z-axis of the
system. The concavity of the mirror 21 angularly converges the signalé to a point in a
focal plane 27 at an optical'path distance of about 15 mm from mirror 21. The angle of
deflection of a signall depends upon its lateral position in the switching dimension. As
shown in Fig. 2, a signal 29 passing through the centre of the Fourier transformer 17

" (such as from a central fiber in array 3) is undeflected in'the lateral dimension by the
concave mirror 21. However, signals 31 and 33 incident onto outer regions of the
Fourier transformer 17 (such as from peripheral fibers in the array 3) are angularly

- converged to focal plane 27. In effect, the linear position of the particular signal at the
‘parallel input ports 3 is encoded as an angle of propagation through the multidirectional
multiplexer 1. At the focal plane 27, where the beams cross, the width of the combined
beam field is substantially equal to the width of a single beam prior to incidence onto

the angled reflector 19.

[0041]  The spherical concavity of the mirror 21 acts to angularly converge the signals
in both the dispersion and switching dimensions. The focal plane 27 defines a first
point of syrhmetry in the multiplexer system. As shown in Fig. 1, a second point of
: sjmmetry is at the MEMS array 13. This symmetry ensures that the optical path length
extending from the focal plane 27 to the LCOS device 11 is the same as the optical
path length extending from the LCOS device to the MEMS array 13. The particular

advantages of this symmetry will be made apparent in the description below.

[0042)  While the ahgled reflector 19 is illustrated as a single unit, it'will be appreciated
that in alternative embodiments the two faces 23 and 25 of the V-shaped angled
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reflector 19 can be realized as two separate elements angled appropriately or a retro
reflective configuration. In further alternative embodiments the Fourier transformer 17
is replaced by a converging lens having optical power in the switching dimension and

optionally in the dispersion dimension.

[0043]  Returning to Fig. 1, the signals are next transmitted through a polarization
diversity system 35 for compensation of polarization dépendent effects of each optical
signal. Turning now to Fig. 4, there is illustrated a side view of the polarization
diversity system 35, which includes a walk-off crystal 37, half-wave plate 39 and a
lens 41 having optical power in a vertical dispersion dimension. The optical signals
propagate twice through the polarization diversity sysiem 35 — once in their
multiplexed form in the forward direction (illustrated by the solid lines) and once in
their wavelength separated form in the return direction (illustrated by the dashed lines)
after traversing the grism 7 and LCOS device 11 of Fig. 1. The polarization diversity
system 35 is configured such that the orthogonal polarization states of a signal are
rotated into a common orientation and made to traverse avsymmctric path through the
multiplexer system. The components are recombined on their return path and rotated
into their orthogonal orientations. The polarization components of the signals
propagating -in the forward direction are shown as solid arrows and the polarization
components of the wavelength channels in the return direction are shown as outlined

arrows.

[0044]  Referring still to Fig. 4, the walk-off crystal 37 acts to spatially separate the two
orthogonal polarization components on the first pass and recombine the components on
the second pass. ‘A preferred form of cryst.al 37 is comprised of Yttrium orthovanadate
(YVOq) and is about 2.5 mm in optical thickness, thereby providing about 250 um of
transverse separation between orthogonal polarization components upon output from
the crystal. In the illustrated embodiment, the vertical horizontal component is walked
vertically and the horizontal component remains undeflected in direction. However, it
will be appreciated that the walk-off crystal can be configured to separate signals into
orthogohal polarization components other than vertical and horizontal components. At
the output of the walk-off crystal 37, the two orthogonal polarization componénts are
separated and propagéte with parallel trajectories. The vertical component traverses

the half-wave plate 39, which flips the vertical component by 90° into the horizontal
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orientation. At this point in the z-axis both polarization components are in the same
horizontal orientation. The lens 41 converges the paths of each polarization component
to a point in a focal plane 43. In the preferred embodiment, lens 41 has a focal length |
- of about 5 mm. This path ensures that, on the return trip (dashed lines), the originally
horizontal component traverses the top path and is rotated into a vertical orientation by
the half wave plate 39 before being recombined with the other component by the walk-
off crystal 37. In this way, the polarization diversity system 35 ensures that both
polarization components propagate through the system in the same state and are

recombined, in orthogonal states, into a sihgle signal for coupling to an add/drop
fiber 5. |

[0045]  The polarization diversity system compensates for polarization dependent
phenomenon such as polarization dependent loss (PDL). This is differential signal
attenuation experienced between different polarization states due to the non-isotropic
nature of various optical media. Such polarization dclﬁendent effects can degrade the

performance of the multidirectional multiplexer.

[0046]  In alternative embodiments, it will be appreciated that equivalent polarization
diversity systems can be implemented using different arrangements of optical elements

and can be situated at different locations within the optical system.

[0047]  Referring again to Fig.v 1, the optical signals are incident onto the cylindrical
mirror 9 having optical power in the vertical dispersion dimension. This mirror 9 has a
focal length of about 5 cm and acts to collimate each optical signal in the dispersion
dimension. The signals are then transmitted through a cylindriéal lens 45 having

: optical power in the horizontal switching dimension. The lens 45 has a focal length of
about 20 cm and is situated several millimeters from the reflective grism 7. Signals
reflected off the grism 7 again pass through lens 45. This double-pass of the lens

- essentially doubles the focusing power, and theréfore halves the effective focal length

. of the lens to about 10 cm.

[0048] The focal lengths of Fourier transformer 17, cylindrical mirror 9 and lens 45 -
define the system dimensions. The Fourier transformer 17 provides a 4F (4 focal
length) optical system utilizing the double-pass of lens 45. With the LCOS device 11
located halfway through the optical 'system, this ensures that the optical beams are
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parallel at the LCOS device 11. That is, the position of lens 45 in the system ensures
that, following the two passes of the lens 45 in the forward direction, the optical signals
are collimated in the switching dimension for parallel incidence onto LCOS device 11.
On the return trip, the lens 45 focuses the signals to predefined spot sizes on respective
MEMS mirrors 13. This focusing system including the cylindrical mirror 9 in the
dispersion dimension and the double-pass of lens 45 in the swftching dimension has an
important advantage for switching to large numbers of fibers, which is described

below. -

[0049]  Referring now to Fig. 5, there is illustrated a lateral cross-section of a gﬁsm 46.
This griém is similar in operation to that of grism 7 but configured in a different
orientation to grism 7 for ease of description. The grism 46 simultaneously and -
independently diffracts each optical signal according to wavelength, thereby spatially
separating the constituent wavelength channels in the dispersion dimension. The grism
46 is a compound element including a first region in the form of a wedge-shaped prism
47 and a second region in the form of a diffraction grating 49. The prism 47 defines
two surfaces of the roughly triangular-shaped grism 46 and initially refracts the -
incoming optical beam onto the grating 49, which deﬁnés the third surface of the grism
46. The diffraction grating 49 then angularly disperses the beam, this time into
separate output diffraction orders. Any directiy reflected beam forms a so-called zero
order and is not wavelength separated. However, each higher order (1st, 2nd etc.)
includes angularly dispersed wavelengths, thereby spatially separating each channel
included in the optical beam. Grism 7 and grism 46 are configured to operate at or
near the Littrow angle in the 1% order mode of operation. However, other diffraction

order configurations are possible.

[0050]  Similar to grism 7 of Fig. 1, the illustrated grism 46 is a reflection type grism
wherein a reflection diffraction grating 49 is used. However, it will be appreciated
that, through the use of a transmission-type diffraction grating, a grism can be operated

in a transmission configuration.

[0051]  Referring back to Fig. 1, folldwing separation of the wavelength channels by
the grism 7 and after a second pass of the lens 45, the signals are again incident onto
the cylindrical mirror 9, which focuses the signals, in the dispersion dimension, onto

the LCOS device 11. As mentioned previously, the LCOS device 11 separately.
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manipulates each of the spatially separated wavelength channels to selectively steer the -
wavelength channels in the switching dimension. This process will now be described

" in greater detail.

[0052] Referring now to Fig_,. 6, there is illustrated a front view of the LCOS device 11.
This device includes a two-dimensional array of phase-manipulating pixels 51 which
are independently controllable to collectively manipulate the local phase-front of the
wavelength channels. The pixels 51 illustrated in Fig. 6 have been enlarged and
reduced in riumber for clarity. In practibe-, the LCOS device 11 includes a large array
of pixels, for example, 640 x 480 or 1400 x 1050 pixels.

[0053]  The pixel array of the LCOS device 11 is programmable to be divided into
horizontally separated wavelehgth processing regions 53, each configured to
independently manipulate each of the spatially separated wavelength éhannels of an
optical signal from a particular common-port fiber 3. The number of processing
regions 53 is equal to the number of common-port fibers 3 iﬁ the multidirectional
multiplexer. Therefore, as the number of common-port fibers 3 increases, more
wavelength processing regions 53 are required from the finite amount of LCOS
pixels 51 and fewer pixels are allocated to each region 53. However, it is possible to
dynamically rescale the size of wavelength processing regions 53 to include more or

| less pixels 51. The number of common-port fibers 3 available for switching can be
approximated by the available switching angle range divided by the numerical aperture
of each optical beam spot. Switching availability is a primary consideration in up-

scaling the multidirectional multiplexer to a larger number of fibers.

[0054] At the LCOS device 11, the wavelength channels are focused in the dispersion
dimension and collimated in the switching dimension, thereby defining intensity
profiles 55 that are highly elongate. Therefore, each channel is incident upon a
significant number of pixels along the switching dimension to optimize beam steefing
and provide high wavelength resolution. The spatial separation of the wavelength
channels by the grism 7 ensures that each channel falls onto spatially separated channel
directing regions 57. Such regions are elongate regions of pixels 51 that are roughly
the shape and size of the channel vihtensity profiles 55 and which can be electrically
driven to indeperidently selectively sieer the wavelength channels in the switching

dimension. By independently driving each of pixels 51 of a channel directing
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region 57 at a predetermined voltage, a desired phase profile can be established to

selectively direct the channel in a predetermined direction.

[0055]  Turning to Fig. 7, there is illustrated an example phase profile 59 set up along a
channel directing region 57. The profile 59 is produced by driving each pixel 51 with a
predetermined voltage to provide a desired phase change. In this simplified case, the
input and output optical beams are treated as having linear wavefronts. In practice,
other phase profiles can be constructed to steer arbitrary wavefronts. As there is a
direct relationship bétwecn voltage and phase, and a direct relationship between phase
and steering angle, a look-up table can be generated which relates the required voltage
drive signal with a desired steering angle. Such a look-up table can be configured

-using software and can be reconfigurable.

[0056)  The periodic nature of phase is utilized to reduce the required drive voltage.
Therefore a periodic voltage signal 6v1 illustrated in Fig. 7 will prodlicé the cumulative
phase profile 59, where phase resets 63 occur at multiples of 2m radians. When acting
on an incident wavelength channel, the phase profile 59 produces a stéeering angle

proportional to 8.

[0057]  Referring now to Fig. 8, another example phase profile 65 is illustrated. This
- profile 65 is produced by a saw tooth voltage signal 67 with steeper voltage increases
than signal 61 of Fig. 7. Phase profile 65 has 'a steeper angle 6 and therefore will steer
incident channels at ,greatér ang‘les. However, more phase resets 63 are present to
construct the steeper profile 65. In practice, phase resets 63 give rise to signal
degradation. Therefore a minimum required loss limits the available beam steering that
the LCOS device 11 can perform. This is an important consideration when the number

of fibers becomes large.

[0058]  Referring back to Fig. 6, each wavelength channel of this embodiment has a
common width and spacing. As will now' be described, this need not be the case.
Referring now to Fig. 9 there is illustrated a front view of the LCOS device 11
configured to manipulate channels having variable spectral width and spacing. This is |
achie.vable as the grism 7 transforms the spectral location to a spatial location and the
pixels 51 of the LCOS device 11 are electrically drivable and software controlled.

Therefore, the channel directing regions 57 can be spatially reconfigured by altering
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the drive signals to each pixel 51 to vary the number of LCOS pixels 51 allocated to
each channel in the dispersion dimension. Such a flexible configuration is
advantageous in routing channels in optical networks implementing a dual channel plan
(50GHz or 100GHz channel spacing), a mixed channel plan (S0GHz and 100GHz
channel spacing) or other flexible channel plans. fn this cpnﬁguration, use of the
| LCOS device 11 permits the dynamic manipulation of flexible channel widths, for
example, 12.5GHz, 25GHz, 50GHz or 100GHz channel widths.

[0059] Turning back to Fig. 1, after reflection from the LCOS device 11, the
wavelength channels are couplcd back through the optical system to a V-shaped angled
reflector 71. The channels are incident onto a first surface 73 of reflector 71, which -
directs them down§vard onto respective MEMS mirrors of array 13. The MEMS

~ mirrors are independently moveable to selectively reflect the wavelength channels in
the switching dimension onto a second surface 75 of angled reflector 71 such that each
- wavelength channel is coupled to respective add/drop fibers 5. The MEMs array 13
includes one independently tiltable mirror corresponding to each add/drop fiber 5 and
each mirror is typically rectangular shaped with dimensions in the order 250 umz by
400 pm’, However,_it will be appreciated that MEMS mirrors having alternate shapes

and sizes can be used. Two-axis arrays with large fill factor can preferably be used.

[0060]  The desired MEMS mirror angle and LCOS device drive signals are electrically
cOntrolle_d by a routing control software system linked with the hardware devices. The
control system uses inputs such as source and destination fiber and signal wavelength
to dynamically set the path through the multidirectional multiplexer 1. Further, in
embodiments permitting flexible Wavelength channel widths and spacing, these
parameters are also fed to the control system for correct configuration of the LCOS
device 11. ”

[0061]  Referring now to Figs 10 and 11, the switching opératioq of the multidirectional
multiplexer 1 will now be described. Fig. 10 schematically and conceptuaily illustrates
the main elements of the multidirectional multiplexer 1 in the switching dimension,
showing each element in a linear, transmission configuration for simplicity. Fig. 11

-schematically and conceptually illustrates the main elements of the multidirectional
multiplexer 1 in the dispersion dimension, again showing each element in a linéar, '

transmission configuration for simplicity. In both'Figs 10 and 11, sample rays are



WO 2013/016758 PCT/AU2012/000861

20

. shown along selected paths from the common-port fibers 3 to the add/drop fibers 5. In
Fig. 10, the grism 7 is shown with a dashed outline to indicéte that it plays no direct
part in the switching of wavelength channels in the switching dimensibn. Similarly, in
Fig. 11, a MEMS mirror 13 is. shown with a dashed outline to indicate that it plays_no

o part in switching in the dispersion plane, at least in the illustrated embodiment. As will"
be described below, in alternative embodiments, the MEMS array 13 can be configured

to also switch wavelength channels in the dispersion dimension.

[0062])  Turning initially to Fig. 10, a first common-port fiber 77 inputs a fusf
multiplexed signal S, (illustrated as a dashed line) including two wavelength channels
A1, A;.  Simultaneously, common fiber 79 inputs a second multiplexed signal S;
(illustrated as a solid line) including two wavelength channels A3, A,. In practice,
signals S’l and S, will typically have a large number of wavelength channels, for

" example, 48 channels. Both signals S; and S, are focused to plane 27 by the spherical
concavé mirror 21 (illustrated here as a lens for simplicity in this conceptual diagram)
and directed by two passes through lens 45 and a single pass through the grism 7 to
corresponding wavelength pfocessing regions 81 and 83 on the LCOS device 11. At
this stage the waizelength‘ channels of each signal S; and S; have been separated in the
dispersion dimension by the grism 7. Wavelength processing regioﬁ 81 selectively
steers channel A; back through lens 45 and grism 7 onto MEMS mirror 85 of array 13
for coupling to add/drop fiber 87. Similarly, channels A,, A; and A, are selectively
steered to respective MEMS mirrors 89, 91 and 93, which respectively direct the
channels to add/drop fibers 95, 97 and 99.

[0063]  Turning now to Fig. 11, signal S; from Fig. 10 is output from common-port
fiber 101 and is focused to plane 27 by the sphérical concave mirror 21 (which, again is
‘illustrated as a lens for simplicity in this conceptual diagram). Beyond plane 27, the
signal S, is diverged and collimated by éylindrical mirror 9 onto grism 7. The two
constituent wavelength channels 1, 1, are spatially scparated by the grism 7 and
directed back onto the cylindrical mirror 9, which focuses both channels onto the
LCOS device 11. At this point, the LOCS device 11 performs channel switching in the
vertical switching dimension and couples the switched channels back through the
system to an add/drop fiber 103 in the switching dimension. As shown in Fig. 11, in

the dispersion dimension, the wavelength separation process is symmetric about the
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LCOS device 11 between focal plane 27 and the MEMS array 13 such that the
multidirectional multiplexer device 1 can operate as both a multiplexer and a
demultiple'xcr. In this manner, the multiplexer can be described as being directionless
in operation. It is noted that Fig. 11 does not differentiate the switching of wavelength

channels between different vertically stacked add/drop fibers S, which are shown in
Fig. 10.

[0064]  In both Figs 10 and 11, the spacing of each optical element is shown in terms of

| the focal length F; of the cylindrical lens 45 and the focal length F, of concave
mirror 21 and F; the focal length of the cylindrical mirror 9. These schematic views
clearly illustrate the symmetric nature of the system between the focal plane 27 and the

MEMS mirrors 13, with the LCOS device 11 situated in the centre of the optical path.

[0065] In optical systems, such as the multidirectional multiplexer 1~of the present
disclosure, it is often commercially desirable to redﬁce the overall séale size of each .
unit. This is generally achieved by minimizing the required path length of the optical
system. Unfortunately, there exists a trade-off between path length and available
switching angle. Generally speaking, a longer path length allows an optical signal to
be switched to greater angle relative to its respective. input fiber. Therefore, a larger

path iength is advantageous for switching to a larger number of fibers.

[0066] To illustrate the geometry and constraints of channel switching in the
multidirectional multiplexer 1, Fig. 12 illustrates conceptually a simplified schematic
view of the multiplexer in the switching dimension. In this drawing, only selected
optical elements are shov\./n for ease of understanding. The switching angle 6 required

| to switch an optical signal from a particular common-port fiber 105 to an add/drop
fiber 107 (or vice-versa) is defined by the relative axial offset AXgyircn b;:twccn the

- corresponding wavelength processing region 109 on the LCOS device 11 and the
distance d,. The lower constraint on d, is the requirement that the grism 7 is able to
adequatély spatially separate each wavelength.channel in the dispersion dimension for
steering by the LCOS device 11. In the embodiment of Fig. 1, this length is .equal to
about 5 cm - the focal length F; of the cylindrical mirror 9. This focal length is
approximately half that of the effective focal length F; of the double-pass of lens 45.
Th;:refdre, ‘th'e distance available for switching wavélength channels in the switching |

dimension is approximately double that of the required distance to separate the
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channels in the dispersion dimension. That is, d, = 2F;. The switching angle 6 can

be represented as:

v . Dxowieen 1 BXswiten
0 =~ tan(6) = P T,

{0067]  where use is made of the small angle approximation. Put another way, the
LCOS device 11 steers the wavelength channels by an angle in the switching
dimension relative to their respective originating common-port fiber that is
approximately half the predetermined position of the add/drop fiber divided by the
focal length of the cylindrical mirror 9. Therefore, for a given available switching
angle, the pr_eseht multidirectional multiplexer architecture significantly increases the
number of add/drop fibers 5 to which the wavelength channels can be efficiently
coupled. This optimization is achievable as the switching angle ranges for all

| common-port fibers 3 are similar due to the parallel beams incident onto the LCOS 11

and the 2F switching arrangement of add/drop ports 5.

[0068] The LCOS device 11 provides wavelength dependent switching while the
MEMS array 13 provides wavelength independent switching. This allows the
switching angles of beams from add/drop fibers 5 to be switched at much greater
angles by the MEMS array 13 than beams incident from the common-port fibers 3.

[0069]) The importance of the parallel common-port fibers 3 and optical layout of the
multiplexer 1 can be understood with reference to Fig. 13, whieh illustrates a block
diagram differentiating the propagation characteristics of optical beams at specific
points within multiplexer 1 in the switching dimension. As indicated by the key, e‘ach'
block indicates a location within the optical system and the corresponding beam
separation characteristic. The beams can be separated in either space or angle.

Locations where beams are separated in space are designated by lightly shaded blocks.

[0070] By placing each element in the focal planes of the Fourier transformer 17
(having a focal length F,, cylindrical mirror 9 (having a focal length F3) and lens 45
(having a focal length F,), the propagation of the optical beams can be translated
between a spatial offset and an angular difference. The beams output from the
common-port fibers 3 and micro-lens array 13 are spatially separated and propagating

parallel to each other. The beams propagate through Fourier transformer 17 where
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they are angularly converged to focal plane 27, which is a di§tence of two focal lengths
Fy from the micro-lens array 15. At this point, each beam is confined to substantially
the same spatial location but are encoded with a unique angle. After propagating a
distance 2F;, the beams (as dispersed wavelength channels) are incident onto the
LCOS device 11 as spatially separated beams. If no switching is performed by the
LCOS device, the beams are reflected back through the system to the MEMS array 13,
where a return through lens 45 translates the spatial separation to an angular separatien.
In this case, each beam would be confined to a point and no differentiation could be

performed by the different MEMS IiITOors.

[0071] In the operational situation where the LCOS device 11 performs switching of
the beams, each beam is angularly encoded. Propagation through lens 45 on the return
trip translates these angles te a corresponding spatial separation at the MEMS array 13.
As each separated beam still has an angular component, the MEMS Mirrors are

required to steer the separated beams into corresponding add/drop fibers 5.

[0072] As mentioned above, the disclosed optical cross-connect device is reversible in
that it can be used equivalently as a multiplexer or demultiplexer. While this
multiplexing operation is essentially the reverse of the demultiplexing: operation
described above, for completeness the primary principles of the multiplexing operation

will now be described with reference to Fig. 10.

[0073]  Referring again to Fig. 10, add/drop fiber 87 inputs an optical signal at a
predetermined wavelength 1,, which, in an example case, is indicative ef a single
channel of information from an individual user to be carried along a long-haul optieal
fiber 1ink. In some embodiments, the add/drop fibers 5 are configured to carry two or
more channels. The channel 4, is transmitted onto MEMS mirror 85 corresponding to
add/drop fiber 87. The MEMS mirror 85 is tilted at a predetermined angle set by the
control system to direct the channel 4, to a desired processing region 81 of the LCOS
device 11. The LCOS device 11 is configured to couple the wavelength channel 4, to

an associated common-port fiber 77.

[0074] A primary difference between the multiplexing and demultiplexing operation is
that, in the multiplexing opcration, the MEMS mirrors 13 are the primary switching

elements that determine the routing direction of each wavelength channel. The LCOS
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device 11 is configured to simply couple the channels to the associated common-port
fibers. In the demultiplexing operation, the LCOS device 11 performs the active

routing and the MEMS mirrors 13 perform the coupling to the add/drop fibers 5.

[0075]  Although the embodiment illustrated in Fig. 1 shows a 4x 16 multidirectional
multiplexer, it will be appreciated that the operating principles described above can be
applied to other configurations having different numbers of common-port fibers 3 and
édd/drop fibers 5. For example, in one particular embodiment an 8x 20
multidirectional. multiplexer is implemented having 8 common-port fibers 3 for
multiplexed signals and 20 add/drop fibers 5 for inputting and outputting individual

channel signals.

Additional Embodiments and Arrangements

[0076]  Referring again to Fig. 6, the wavelength channels are incident onto the LCOS
device 11 at predetermined locations depending upon their wavelength. The spafial
position of each channel is determined by the angle at which the signals are incident
onto the 'grism 7, and the resulting dispersion of the grism 7. Assuming a common
incident angle, each channel having a common wavelength is incident on the LCOS
device 11 at the same vertical position, albeit on different processing regions 53. This
can give rise to regions 111 where.two channels having the same wavelength are
incident onto the same channel directing regions 57 of adjacent processing regions 53.
Despite the spat.ial s'eparatioh of each wavelength processing region 53, such a situation
can give rise to coherent cross-talk between the coherent channels where the electric

fields of one channel couple to the channel directing region 57 of the other channel.

[0077]  Additionally, there is an inherent desire to increase the number of input and
output ports in wavelehgth switching devices to increase network throughput.
However, despite the efficient switching of the embodiment described so far, switching
can be limited by the available steering angles of the LCOS device 11 and the scale

size availability of the end device.

[0078]  To significantly increase the port count of the device, and to avoid regions 111
(to reduce the effects of coherent cross-talk), adjacent common-port fibers 3 can be
offset with respect to each other in the dispersion dimension. Referring now to Fig. 14,

there is illustrated an example common-port fiber ‘configuration including two



WO 2013/016758 PCT/AU2012/000861
25
rows 110 and 112 of common-port fibers 3 displaced from one another in the
dispersion dimension by an amount Ay.omm. Such a configuration can reduce the
occurrence of undesirable channel positions (giving rise to regions 111), and also
allows approximately twice as many common-port fibers 3 to be stacked along the

switching dimension without substantially increasing the cross-talk experienced

_ between the fibers. Similar configurations can be implemented with add/drop fibers 5.

[0079] Referring now to Fig. 15, there is illustrated a cut-away side view of two
common-port fibers 3 and Fourier transformer 17 of an alternative embodiment
multidirectibnal multiplexer 113. In this embodiment, corresponding features are
given the same referénce numerals as in the first embodiment. In Fig. 15, the common-
port fibers 3 are displaced in the dispersion dimension by a distance Ay gmm, such as in
Fig. 14. This displacement translates to an angular- offset through the Fourier
transformer 17, and the two signals are focused to the same focal plane 27 as fibers 3

displaced in the switching dimension due to the-Spherical concavity of mirror 21.

[0080]  Similar offsetting of fibers can be implemented at the add/drop fiber end.
Fig. 16 illustrates a cut-away side view of two add/drop fibers 5 displaced in the
dispersibn dimension. This displacement translates to a beam separation of Ay, 4 at
the focal plane 43. It will ‘bc appreciated vthat, in some embodiments, both the
common-port fibers 3‘ and add/drop fibers 5 can be offset in the dispersion dimension;
In these embodiments, the common-port fiber offset distance Ay,omm is preferably set

different to thé, add/drop fiber offset distance Ay, 4. F(')r example, in one embodiment,

AYcomm = 28Yg/4.

[0081]  Referring to Fig. 17, there is illustrated a front view of the LCOS device 11
wherein adjacent wavelength processing regions are offset vertically with respect to
each other by a distanée of about one wa\}elength channel separation. This separation
results from offsetting adjacent common-port fibers 3 as in Fig. 14. As shown in
Fig. 17, there are‘ now no instances of wavelength channels having common
wavelengths falling on corresponding channel directing regions 57 of adjabent
proéessing regions 53. Accordingly, the electric fields of the coherent channels are less
strongly coupléd and the effects of coherent cross-talk are reduced. While regions 115

can occur where wavelength channels fall on corresponding channel directing
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regions 57 of adjacent processing regions 53, the adjacent channels are no lon.ger‘

coherent. Therefore, coherent cross-talk is significantly reduced.

[0082] In order to switch signals to fibers offset in the dispersion dimension, the
MEMS mirrors 13 must be configured toA also steer the signals in that dimension.
Referring again to Fig. 1, the MEMS mirrors 13 tilt about the z-axis to direct the
optical signals in the switching dimension and to select a desired processing region 53
of the LCOS device 11. In embodiments where common-port fibers 3 are offset in the
dispersion dimension, such as in Fig. 14, the MEMS mirrors 13 can also tilt about the
X-axis to provide directional control in the dispersion dimension. In other
embodiments, different arrangements of common-port fibers 3 and add/drop fibers 5
can be adopted to increase the number of fibers accessible for a given available LCOS
switching angle. In particular, it will be appreciated that, with appropriate control of
‘the MEMS mirrors 13, either or both of the common-port fibers 3 or add/drop fibers 5

" can be offset in the dispersion dimension as well as the switching dimension.

[0083] In an alternative embodiment, the common-port fibers 3 and add/drop fibers 5
can be angled with respect to each other as an alternative means for reducing crbss-
talk. ‘This angular difference causes corresponding wavelengths of different common-
port fibers 3 to be dispersed at different angles by the grism 7 and subsequently
incident on the LCOS device 11 at slightly offset positions- with respect to each other.
In further alternative embodiments, the common-port fibers 3 and add/drop fibers 5 can

be both offset and angled with respect to each other.

[0084] Two-dimensional switching can be difﬁcult to implemént in practice,
particularly in realizing the physical arrangement of optical components. Referring
now to Figs 18 and 19, there is illustrated a schematic view of an alternative
embodiment multidirectional multiplexer 117. Fig. 19 shows the 'multiplexer with rays
indicating the propagation of optical beams through the optical system. This
embodiment performs essentially the same functions as multiplexer 1 but includes an
additional extended optical path 119, which provides more flexibility to perform
sWitching in the dispersion dimension. Multiplexer 117 also includes two arrays 121
and 123 of add/drop fibers 5, for example, in arrays as set out in Fig. 14 for common-
port fibers 3, which are disposed‘ at the end of optical path 119, together with the

MEMS array 13. From a design perspective, multiplexer 117 provides increased



WO 2013/016758 PCT/AU2012/000861

27

flexibility for varying the path length to adjust for aberrations and can be suitable for

inserting optical elements such as a polarization diversity system.

[0085]  As with multiplexer 1 of Fig. 1, multiplexer 117 includes an array of common-
port fibers 3 with corresponding micro-lenses 15, cylindrical lens 9, lens 45, grism 7,

. LCOS device 11 and MEMS array 13. In multiplexer 117, the Fourier transformer
takes the form of a singble lens 125, which performs the same function — to convert a
spatial offset to an angular difference. The polarization diversity system of
multiplexer 117 includes a half-wave plate 127 and birefringent wedge 129.
Wedge 129 two opposing elements tapered in width and having opposite birefringent '
properties. In one embodiment, wedge 129 is formed of Yttrium orthovanadate. As
the function of this polarization diversity system is similar to that of system 35, its

. operation will not be described.

[0086]  Optical path 119 also includes two lens pairs 131 and 133 and may include
other optical elements. The length of optical path 119 is defined by the focal lengths of
each lens pair 1.31 and 133. In alterﬁative embodiments, lens pairs 131 and 133 can be
replaced by single lenses with appropriate optical power. In the illustrated
embodiment, lens pair 131 has a combined focal length F,, which is equal to the
combined focal length of lens pair 133. Further, the optical power of lens pairs 131
and 133 is equal ih both the switching and dispersion dimensions. These lenses
thereby define a 4F system along thé optical path 119 "making the optical paih'
symmetric between focal point 27 and MEMS array 13. This symmetry eRSHrecnsures |
that any ahgular difference or spatial displacement of beams at focal point 27 translates
directly to a corresponding angular difference or displacement at the MEMS array 13.
In alternative embodiments, lens pairs 131 and 133 can be replaced by other optical

elements, including single lenses with appropriate optical properties.

[0087] It will be api)reciated that optical path 119 can be made an arbitrary length
" using arbitrary numbers, types and positioﬁs of optical elements, provided that the
optical beams are spatially separated in the switching dimension at the MEMS array 13
for coupling to add/drop fibers 5. Lens 135 can be placed in the optical path to provide
additional optical power for adjusting the focal point along the z axis in the switching
dimension and/or dispersion dimension. In different embodiments, lens 135 may not

be necessary.
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[0088]  For practical implementation, mirror 136 is provided to orient the opticalb
path 119 parallel to the remaining optical system. This is intended to reduce the scale
sizé of the system for implementation into a device for end-use. It will be appreciated
* that path 119 can be oriented in other directions. Similarly, mirror 137 is uséd to direct
the beams onto MEMS array 13 for practical implerhentation purposes. It will
similarly be appreciated that in alternative embodiments this mirror may not be

required.

[0089]  Referring now to Fig. 20, optical beams are directed along optical path 119 of
multiplexer 117 by .a directional beam separating element in the form of an angled
mirror 138 with an aperture 139. While the mirror 138 and aperture 139 are illustrated
as being rectangular, in alternative embodiments, these can take the form of other
shapes. Mirror 138 is located at focal plane 27 of lens 125 where the beams converge

| thereby reducing the necessary size of aperture 139 and mirror 138. As illustrated in
Fig. 20, ‘2 beam 141 incident from common-port fibers 3 is transmitted through
aperture 139 and directed to the LCOS device 11. Selective switching by the LCOS
device 11 angularly encodes each beam in the switching dimension such that, on the
return trip, beams 143 and 145 are incident onto corresponding regions 147 and 149 of
mirror 138 depending on the angle of switching. Due to a second pass through
grism 7, all wavelength channels are refocused to a plane 151 on mirror 138.
However, if switching in the dispersion dimension has been applied by the LCOS
device 11, at regions 147 and 149, wavelength channels will have an angular
differencé. Therefore, after reflection from mirror 138, beams corresponding to
wavelength channels will angularly separate depehding on the switching applied by the
LCOS device 11. |

[0090]  Mirror 138 is preferably tilted at an angle of about 45° with respect to the
optical z axis such that beams 143 and 145 are directed along path 119, which is in the
dispersion dimension. However, it will be appreciated that optical path 119 can be

disposed in other directions by appropriate orientation of mirror 138.

[0091] To illustraie_ how multiplexer 117 provides switching in the dispersion
dimension, reference is now made to Figs 21 and 22, which illustrate block diagrams of
the different separation characteristics of optical beams at specific points within

multiplexer 117. Fig. 21 indicates the beam separation characteristics in the switching
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dimension and Fig. 22 indicates the beam separation characteristics in the dispersion

dimension.

[0092]  Referring initially to Fig. 21, a number of similarities to Fig. 13 are observed.
In particular, the beams are initially spatially separated at the micro-lens array 15,
based on the layout of the common-port fibers 3. Lens 125 performs a similar function
to Fourier transformer 27 in angularly converging the beams to focal point 27.
Appropriate placement of lens 45 ensures that, at the LCOS device 11, the beams are
again spatially separated in the switching dimension. By applying selective switching
by the LCOS device 11, each wavelength beam is angularly encoded, as well as being
spatially separated. | |

[0093)  The angular separation translates to a spatial separation at mirror 138 such that
"~ each beam strikes regions 147 and 149 of the mirror outside aperture 139. This directs
the beams to path 119 and through the 4F system to the MEMS array 13. Here the
wavelength beams are spatially separated in the switching dimension and are incident
onto respective MEMS mirrors. The MEMS mirrors compensate for the different
angles of the wavelength beams carried through the system from the spatial separation
at the LCOS device 11. Without angular switching by the LCOS device, the beams are
angularly converged to a spot at the MEMS array 13, thereby preventing switching by
the different MEMS mirrors.

[0094]  Therefore, the addition of the optical path 119 does not significantly change the
steering process in the switching dimension. - Referring now to Fig. 22, in the
dispersion dimension, béams are initially confined until they are angularly separated by
the grism 7, which is located a distance 2F; after the focal point 27. This angular
separation translates to a spatial separation at the LCOS device 11. The LCOS
device 11 can be programmed to switch in the dispersion dimension as well as the
switching dimension. If no switching is applied in the dispersion dimension, the
wavelength beams are angularly and spatially recombined by the gfism. This allows
no steer_ing in the dispersion dimension. However, if the LCOS also steers the
wavelength beams in the dispersion dimension, the beams will be incident on the
mirror 138 with different angles. This angular difference at mirror 138 translates to a

corresponding angular difference at the MEMS array 13, which allows the MEMS
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mirrors to steer wavelength beams between one of the two arrays 121, 123 of add/drop
fibers S.

[0095] By performing the procedure described above, individual wavelength channels
can be routed from any common-port fiber 3 to any one of the output fibers 5 in array
121 or 123. It will be appreciated that the particular layout of optical path 119 is only
one way of providing practical switching in the dispersion dimension as well as the

switching dimension.

CONCLUSIONS

- [0096]) It will be appreciated that the above disclosure provides an improved
wavelength selective switch for efficiently and reconfigurably routing wavelength
channels from a plurality of input ports to a plurality of output ports in a spectrally

flexible manner.

[0097)  The multidirectional multiplexer .includes a dynamically reconfigurable LCOS
device 11 for selectively steering individual wavelength channels common-port
fibers 3 and add/drop fibers S, and an array of movable MEMS mirrors 13 for coupling
each channel into a corresponding add/drop fiber in the demultiplexing operation. In
the multiplexing operation, the MEMS mirrors 13 select a desired region of the LCOS
device 11, which, in turn, couples each channel to a desired common-port fiber 3. In
either regime, the unique optical system ensures that, for a given available switching
angle of the LCOS device, optical signals can be routed to a large number of output
fibers.

[0098)  Furthermore, the number of accessible fibers for a given switching angle can be
increased by offsetting common-port fibers 3 and/or add/drop fibers 5 in the dispersion
dimension as well as in the switching dimension. This is achievable driving the LCOS
device 11 appropriately and using MEMS mirrors 13 that accurately_ steer optical
beams in two dimensions. Additionally, this offsetting of fibers reduces cohérent
cross-talk in the multidirectional multiplexer as channels having a common wavelength

are offset from one another on adjacent processing regions 53 of the LCOS device 11.

[0099]  Another ‘major advantage of the presently disclosed multidiréctional
multiplexer is its capability to handle optical channels having variable spectral spacing

and width. This is achieved by varying the number of LCOS pixels allocated to each
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channel in the dispersion dimension. This is advantageous in optical networks
implementing a dual channel plan (S0GHz or 100GHz channel spacing), a mixed
channel plan (S0GHz and 100GHz channél Spacing) or other flexible channel plans.
Further, it is envisaged that additional, more flexible channel plans will be
implemented in the future to manage increased bandwidth usage. The presently‘
disclosed multidirectional multiplexer will be well placed to deal with such future
flexible channel plans. Such flexible channel routing is not possible with fixed array

MEMs devices of the prior art.

[00100] Finally, the embodiments described above are symmetric in operation, thereby

allowing directionless operation as both a multiplexer and a demultiplexer.

Interpretation

[00101] Throughout this specification, use of the term “element” is intended to mean
either a single unitary component or a collection of components that combine to

perform a specific function or purpose.

[00102] Throughout this specification, use of the term “orthogonal” is used to refer to a
90° difference in orientation when expressed in a Jones vector format or in a Cartesian
coordinate system. Similarly, reference to a 90° rotation is interpreted to mean a

rotation into an orthogonal state.

[00103] Reference throughout this specification to the terms “optical beam” are .
" intended to mean, and be used syﬁonymously with the terms “optical signal” té
describe the WDM signal to be monitored by the optical channel monitor. Reference is |
particularly made to “optical beam” as the WDM signal is often described in terms of
spatial characteristics and propagation, which, for ease of understanding, is more
ciearly described by the term “beam” rather than “signal”. However, it will be
bappreciated that such “optical beams” include the wavelength information and

. propagation characteristics indicative of a transmitted optical signal.

[00104] It will also be appreciated that the term “optical” used in this specification is
not intended to restrict the notion of optical beams and beams being in the visual range
of electromagnetic waves. Rather, the term “optical” is used to refer to any range of -

electromagnetic waves that can be controlled and manipulated in the appropriate
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manner by the described optical channel monitor. Such electromagnetic waves

generally include, but are not limited to infrared, visual, and ultra-violet wavelengths.

[00105] Reference throughout this specification to “one . embodiment”, “some
embodiments” or “an embodiment” means thét a particular feature, structure or
characteristic 'described in connection with the embodiment is included in at least one
‘embodiment of the present invention. Thus, appearances of the phrases “in one
| embodiment”, “in some embodiments” or “in an embodiment” in various places
| throughout this specification are not necessarily all referring to the same embodiment.
: Furthermo\re,}the particular features, structures or characteristics may be combined in

any suitable manner, as would be apparent to one of ordinary skill in the art from this

disclosure, in one or more embodiments.

[00106] As used herein, unless otherwise specified the use of the ordinal adjeétives
"first", "second”, "third", etc., to describe a common object, merely indicate that
different instances of like objects are being referred to, and are not intended to imply
that t‘he"objects so described must .be in a given sequence, either temporally, spatially,

in ranking, or in any other manner.

[00107]) In the claims below and the description herein, any one of .the terms
comprising, comprised of or which comprises is an open term that means including at
least the elements/features that follow, but not excluding others. Thus, the térm
comprising, when used in the claims, should not be interpreted as being limitative to
the means or elements or. steps listed thereafter. For example, the scope of the
expression a device comprising A and B should not be limited to devices consisting
only of elements A and B. Any one of the terms including or which includes or that
inciudes as used herein is also an open term that'also means including at least the
‘elements/features that follow the term, but not excluding others. Thus, including is

synonymous with and means comprising.

[00108] It should be appreciated that in the above description of exemplary
‘embodiments of the invention, various features of the invention are sometimes grouped
together in a single embodiment, Fig., or description thereof for the purpose of
streamlinihg the disclosure and aiding in the understanding of one or more of the

various inventive aspects. This method of disclosure, however, is not to be interpreted
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as reflecting an intention that the claimed invention requires more features than are
expressly recited in each claim. Rathér, as the following claims reflect, inventive
aspects lie in less than all features of a single foregoing disclosed embodiment. Thus,
the claims follbwing the Detailed Description are hereby expressly incorporated into
this Detailed Description, with each claim standing on its own as a separate

embodiment of this invention.

~ [00109] Furthermore, while some embodiments described herein include some but not
other features included in other- embodiments, combinations of features of different
cmbodimenté are meant to be within the scope of the invention, and form different
embodiments, as would be understood by those skilled in the art. For example, in the

following claims, any of the claimed embodiments can be used in any combination.

[00110] In the description provided herein, numerous specific details are set forth.
However, it is understood that embodiments of the invention may be practiced without
these specific details. In other instances, well-known methods, structures and

technicjueé have not been shown in detail in order not to obscure an understanding of

this description.

[00111] Similarly, it is to be noticed that the term coupled, when used in the claims,
should not be interpreted as being limited to direct connections only. The terms
"coupled" and "connected," along with their derivatives, may be used. It should be
understood that these terms are not intended as synonyms for each other. Thus, the
scope of the expression a device A coupled to a device B should not be limited to
devices or systems wherein an output of device A is directly connected to an input of
device B. It means that there exists a path between an output of A and an input of B
which may be a path including other devices or means. "Coupled" may mean that two
or more elements are either in direct physical, electrical or optical contact, or that two
or more elements are not in direct contact with each other but yet still co-operate or

interact with each other.

[00112] Thus, while there has been described what are believed to be the preferred
embodiments of the invention, those skilled in the art will recognize that other and
further modifications may be made thereto without departing from the spirit of the

invention, and it is intended to claim all such changes and modifications as fall within
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the scope of the invention. For example, any formulas given above are merely
representative of procedures that may be used. Functionality may be added or deleted
from the block diagrams and operations may be interchanged among functional blocks.
Steps may be added or deleted to methods described within the scope of the present

invention.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1.

An optical signal manipulation system including:

a plurality of input ports configured for transmitting an optical signal including a
plurality of wavelength channels, said input ports being spatially separated at least in

a switching dimension;

a wavelength dispersion element for simultaneously spatially separating said
wavelength channels from said optical signals in a dispersion dimension

perpendicular to said switching dimension;

an optical power element for focusing each said spatially separated wavelength

channel in said dispersion dimension;

a wavélength manipulation element for separately manipulating each of the
focused spatially separated wavelength channels to selectively steer the wavelength

channels in at least the switching dimension; and

a steering element for independently selectively directing the wavelength
channels in at least the switching dimension such that said wavelength channels are
coupled to predetermined output ports disposed in predetermined positions spaced at

least along said switching dimension;

wherein said wavelength manipulation element steers said wavelength channels

by an angle in the switching dimension, relative to their respective originating input

- port, that is less than or substantially equal to the predetermined position of said

output fiber divided by the focal length of said optical power element. .

An optical signal manipulation system according to claim 1 wherein said angle is |
approximately half the predetermined pdsition of said output fiber divided by the

focal length of said optical power element.

An optical signal manipulation system according to claim 1 wherein said output ports
are also spatially separated in said dispersion dimension and wherein said
wavelength manipulation element is also configured to independently selectively

direct the optical signals in the dispersion dimension.
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An optical signal manipulation system according to claim 3 wherein said input ports

are also spatially separated in said dispersion dimension.

An optical signal manipulation system according to claim 1 wherein said wavelength
manipulation element steers each said wavelength channel by an angle in the
switching dimension, relative to a respective originating input port, that is less than
an angle directed by said steering element in the switching dimension, relative to a

respective output port.

An optical signal manipulation system according to claim 1 wherein said wavelength

channels are incident onto said wavelength manipulation element at substantially

parallel angles in the switching dimension.

An optical signal manipulation system according to claim 1 wherein the steering

~ element includes a micro-electromechanical (MEMS) mirror array having one mirror

for each said output port.

An optical signal manipulation system according to claim 1 wherein the wavelength
manipulation element includes a liquid crystal on silicon (LCOS) device having a

two-dimensional array of phase manipulation elements.

An optical signal manipulation system according to claim 8 wherein said LCOS
device includes a plurality of processing regions defined by a subset of the phase

manipulation elements, each said processing region being configured to

“independently manipulate said spatially separated wavelength channels originating

from a corresponding input port.

An optiéal signal manipulation system according to claim 9 wherein each said
processing region includes a plurality of spatially separated channel directing regions
configured to independently selectively steer the wévelength channels in the

switching dimension.

'An optical manipulation system according to claim 10 wherein said channel directing

regions are reconfigurable in size to accommodate wavelength channels of different

spectral width and spacing.
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An optical manipulation system according to claim 10 wherein said channel directing
regions on adjacent processing regions corresponding to a particular wavelength

channel are offset from one another in the dispersion dimension.

An optical signal manipulation system according to claim 1 further including a
Fourier transformer for converting the spatial offset of each said optical signal to a

predefined angle in the switching dimension. |

An optical signal manipulation system according to claim 13 wherein said Fourier

transformer includes;

a first angled reflector surface for projecting said optical signals in a dimension

perpendicular to their propagation direction;

a spherical mirror for angularly encoding said optical signals with a predefined

angle based on their respective position along the switching dimension; and

a second angled reflector surface for returning said signalé.to their original

propagation direction.

An optical signal manipulation system according to claim 1 including a directional
signal séparator for separating, in space, optical signals propagating from said input
ports to said wavelength manipulation element from optical signals propagating from

said Wavelength manipulation element to said steering element. -

An optical signal manipulation system according to claim 15 wherein said directional
signal separator includes an angled mirror having an aperture extending

therethrough.

An optical signal m;mipulation system according to claim 1 including 4 input ports

and 16 output ports.

.An optical signal fnanipulation system according to claim 1 including 8 input ports

and 20 output ports.

An optical signal manipulation system according to claim 1 wherein said system is

symmetric in optical path length about said wavelength manipulation element.
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~ An optical signal manipulation system according to claim 1 being reversible in

6peration such that optical signals including one wavelength channel are input from

said output ports to be coupled to predeterminedlinput ports.

An optical signal manipulation system including:

a plurality of input ports configured for transmitting an optical signal including a
plurality of wavelength channels, said input ports being spatially separated at least in

a switching dimension,

a wavelength dispersion element for simultaneously spatially separating said
wavelength channels from said optical signals in a dispersion dimension

perpendicular to said switching dimension;

an optical power element for focusing each said spatially separated wavelength

channel in said dispersion dimension;

a wavelength manipulation element for separately manipulating each of the
focused spatially separated wavelength channels to selectively steer the Wavélength

channels in at least the switching dimension; and

a steering element for independently sclectively directing the wavelength
channels in at least the switching dimension such that said wavélength channels are
coupled to predetermined output ports disposed in predegermined positions spaced at

least along said switchfng dimension;

- wherein said wavelength manipulation element steers each said wavelength
channel by an angle in the switching dimension, relative to a respective originating
input port, which is less than an angle directed by said steering element in the

switching dimension, relative to a respective output port.

An optical sig'nél manipulation system including:

a plurality of input ports configured for transmitting an optical signal including a
plurality of wavelength channels, said input ports being spatially separated at least in

a switching dimension;
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a wavelength dispersion element for simultaneously spatially separating said

wavelength channels from said optical signals in a dispersion dimension

perpendicular to said switching dimension;.

an optical power element for focusing each said spatially separated wavelength

channel in said dispersion dimension;

a wavelength manipulation element for separately manipulating each of the -
focused spatially separated wavelength channels to selectively steer the wavelength

channels in at least the switching dimension; and

a steering element for independently selectively directirig the wavelength
channels in at least the switching dimension such that said wavelength channels are
coupled to predetermined output ports disposed in predetermined positions spaced at

least along said switching dimension;

wherein wavelength channels transmitted from different input ports and having a
common wavelength are incident onto said wavelength manipulation element at

positions offset from each other in said dispersion dimension.
23. An optical signal manipulation system including:

a series of optical input ports for each projecting a corresponding optical input

signal, said signals including a predetermined series of wavelength channels;

a translation unit for translating the relative spatial position of the optical input

port to a corresponding relative angular projection of the ports optical input signal;

an optical power element for focusihg the optical energy of said 'optical input

signals; and
an optical diSpersion system for spatially dividing out wavelength channels of
each optical input signal;

whereby the system produces an ‘inte'rmediate output of a series of spatially
spaced columns for each optical input signal, with each column having its

wavelength dispersed along the column.

24. An optical signal manipulation system as claimed in claim 23 wherein the

| columns of the intermediate output are offset in wavelength relative to one another.
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25. An optical signal manipulation system as claimed in claim 23 wherein said

intermediate.output is projected onto a variable response element for providing a variable

directional response to the intermediate output.

26. An optical signal ménipulation system as claimed in claim 25 wherein said

variable directional response is recombined at a series of output ports.

27. An optical signal manipulation system as claimed in claim 23 wherein said

system operates in a directionless manner.

28. A system as claimed in claim 25 wherein said variable response element

comprises a variable diffraction grating.

29. A system as claimed in claim 23 wherein said series of optical input ;iorts are

offset along an axis.

30. A system as claimed in claim 23 further including a polarisation alignment unit

for aligning the polarisation of the optical input signals.

31. An optical signal manipulation system substantially as herein described with
reference to any one of the embodiments of the invention illustrated in the accompanying

drawings and/or examples.
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Box No. I1

Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following

reasons:

L[]

2 [X]

. [

Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

Claims Nos.: 31

because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

The claim does not comply with Rule 6.2(a) because it relies on references to the description and/or
drawings. '

Claims Nos:

because they are dependent claims and are'not drafted in accordance with the second and third sentences of Rule 6.4(a)

Box No. III Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

HREIRN

o« [

Remark on Protest

See Supplemental Box for Details

As all required additional search fees were timely paid by the applicant, this international search report covers all .
searchable claims. ‘

As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite
payment of additional fees. ‘

As only some of the required additional search fees were timély paid by the applicant, this international search report
covers only those claims for which fees were paid, specifically claims Nos.:

3

No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

o

The additional search fees were accompanied by the applicant's protest and, where applicable,
the payment of a protest fee.

protest fee was not paid within the time limit specified in the invitation.

D The additional search fees were accompanied by the applicant's protest but the applicable
l:l No protest accompanied the payment of additional search fees.
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Supplemental Box

Continuation of: Box III

This International Application does not comply with the requirements of unity of invention because it does
_not relate to one invention or to a group of inventions so linked as to form a single general inventive concept.

This Authority has found that there are different inventions based on the following features that separate the
claims into distinct groups:

e Claims 1-22 are directed to an optical signal manipulation system. The feature of a wavelength
manipulation element and a steering element as specified by the claims is specific to this group of claims.

¢ Claims 23-30 are directed to an optical signal manipulation system. The feature of the system produces an
intermediate output of a series of spatially spaced columns for each optical input sighal with each column
having its wavelength dispersed along the column, is specific to this group of claims.

PCT Rule 13.2, first sentence, states that unity of invention is only fulfilled when there is a technical
relationship among the claimed inventions involving one or more of the same or corresponding special
t_echriical features. PCT Rule 13.2, second sentence, defines a special technical feature as a feature which
makes a contribution over the prior art.

When there is no special technical feature common to all the claimed inventions there is no unity of invention.

In the above groups of claims, the identified features may have the potential to make a contribution over the
prior art but are not common to all the claimed inventions and therefore cannot provide the required technical
. relationship. Therefore there is no special technical feature common to all the claimed inventions and the
requirements for unity of invention are consequently not satisfied a priori.
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