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(57) Abstract

A switchable wavelength router switches wavelength division multiplexed (WDM) optical signals between N input ports ( 101, 102)
and M output ports (103, 104, 105). Each WDM signal is spatially decomposed into N pairs of orthogonally polarized beams by a
polarization-dependent routing element, such as a birefringent element (201). A polarization rotator array (204) rotates the polarization of
each beam pair so that both beams in each pair have the same polarization. A wavelength filter (206) then demultiplexes each beam pair to
create N sets of four beams. A second polarization—dependent routing element (202) spatially routes the four beams in each of the N sets
based on their polarizations, and also spatially combines selected beam pairs from different sets to produce M pairs of beams. A second
polarization rotator array (205) restores each beam pair to orthogonal polarization, and a final polarization~dependent routing element (203)

recombines each beam pair to produce M output beams at the output ports (103, 104, 105).
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N x M OPTICAL WAVELENGTH ROUTING SWITCH

BACKGROUND OF THE INVENTION

1. Field of the Invention.

The present invention relates generally to the
field of ©optical communication systems. More
particularly, the present invention provides an N x
M optical wavelength router for wavelength division

multiplex (WDM) optical communications.

2. Statement of the Problem.

Optical wavelength division multiplexing (WDM)
has become the standard technique to fully utilize
the high bandwidth provided by optical fibers. WDM
systems employ signals consisting of a number of
different wavelength optical signals, known as
carrier signals or channels, to transmit information
on an optical fiber. Each carrier signal is
modulated by one or more information signals. As a
result, a significant number of information signals
may be simultaneously transmitted over a single
optical fiber using WDM technology.

Despite the substantially  higher fiber
bandwidth utilization provided by WDM technology, a
number of serious problems must be overcome if these:
systems are to become commercially viable (e.g.,

multiplexing, demultiplexing, and routing optical
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signals) . The addition of the wavelength. domain
increases the complexity for network management
because processing now involves béth filtering and
routing. Multiplexing is the process of combining
multiple channels each defined by its own frequency
spectrum into a single WDM signal. Demultiplexing
is the opposite process in which a single WDM signal
is decomposed into the individual channels. The
individual channels are spatially separated and
coupled to specific output ports. Routing differs
from demultiplexing in that a router spatially
separates the input optical channels into output
ports and permutes these channels according to
control signals to provide a desired coupling
between an input channel and a specified output
port.

One prior approach to wavelength routing has
been to demultiplex the WDM signal into a number of
component signals using a prism or diffraction
grating. The component signals are each coupled to
a plurality of 2x2 optical switches that are usually
implemented using opto-mechanical switches.
Optionally, a signal to be added to the WDM signal
is coupled to one of the 2x2 switches. One output
port of each 2x2 optical switch 1is coupled to a
first multiplexer (the retained output multiplexer)
that combines the retained signals and the added
signal. A second signal from each 2x2 optical
switch is coupled to a second multiplexer (the
dropped signal multiplexer). By proper configuration

of the optical switches, one signal can be coupled
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to the output port of the second multipléxer, while

all the remaining signals pass through the output

port of the first multiplexer. This structure is

also known as an add-drop optical filter. The

5 structure is complicated, relies on opto-mechanical
switches, and interconnections tend to be difficult.

A second type of wavelength-selectable space

switch 1is shown in U.S. Patent No. 5,488,500
(Glance). The Glance filter provides the advantage

10 of arbitrary —channel arrangement but suffers
significant optical coupling loss because of the two
array waveguide grating (AWG) demultiplexers and two
couplers used in the structure. Array waveguide
gratings are one of the most popular technique in

15 processing the WDM signals. This technology is based
on planar waveguide silicon processing and has been
widely adopted by the fiber optics industry.
However, AWG is fundamentally passive, in that the
output wavelength distribution is fixed by the WDM

20 signals that are input at the input port. To
perform the exchange of optical channels (i.e.,
routing), optical switches are needed and the
required cascading of filters and switches makes
this type of wavelength router cumbersome.

25 Another problem with prior approaches and with
optical signal processing in general is high cross-
talk Dbetween channels. Cross-talk occurs when
optical energy from one channel causes a signal or
noise to appear on another channel. Cross-talk must

30 be minimized to provide reliable communication.

Also, filters used in optical routing are often
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polarization dependent. The polarization dependency
usually causes higher cross-talk as optical energy
of particular polarization orienﬁations may leak
between channels or be difficult to spatially orient

5 so that it can be properly launched intc a selected
output port. Similarly, optical filters provide
imperfect pass band performance in that they provide
too much attenuation, or signal compression at side
lobes of the pass band is not high enough.

10 All of these shortcomings lead to imperfect or
inefficient data communication using optical
signals. What is needed is a routing structure that
provides 1low cross-talk to eliminate unnecessary
interference from other channels in a large network,

15 flat pass band response in the optical spectrum of
interest so that the wavelength router can tolerate
small wavelength variations due to laser wavelength
drift, polarization insensitivity, and moderate to
fast switching speed for network routing. Also, a

20 router with low insertion loss is desirable so that
the router will minimally impact the network and

limit the need for optical amplifiers.
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SUMMARY OF THE INVENTION

The present invention provides an NxM
wavelength router switch having a plurality of
cascaded stages in which each stage receives one or
more optical signals carrying a plurality of
wavelength division multiplexed (WDM) channels.
Each stage divides the received optical signals into
two complimentary subsets of the channels and
spatially positions the divided optical signals in

response to a control signal applied to each stage.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. la through 1c¢ are block diagrams
demonstrating the functionality of 1 x 2, 2 x 3 and
2 x 2 optical wavelength router switches in
accordance with the present invention.

FIGS. 2a through 2d are diagrams illustrating
examples of complementary spectra used in accordance
with the present invention.

FIGS. 3a and 3b are block diagrams of a 8 x 9
wavelength router in the “0” and “1” control states,
respectively.

FIGS. 4a through 4d simplified block diagrams
illustrating a cascaded wavelength switch in which 4
X 5 and 5 x 10 wavelength routers are used to create
a 4 x 10 wavelength switch. The corresponding
wavelengths routed to the output ports are
illustrated in FIGS 4a through 4d according to the
control signals applied to each stage.

FIGS. 5a and 5b are simplified block diagrams
of a 2 x 3 wavelength switch in a two-dimensional
design showing the “0” and “1” control states,
respectively. The 1light paths for each wavelength
set and their states of polarization are shown in
the inserts.

FIGS. 6a and 6b are simplified block diagrams
of a 2 x 3 wavelength switch in a three-dimensional
design showing the “0” and “1” control states,
respectively.

FIGS. 7a and 7b are simplified block diagrams

of a 2 x 2 wavelength switch in a two-dimensional
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design showing the “0” and “1” control states,
respectively.
FIGS. 8a and 8b are simplifiéd block diagrams
showing the two control states of an alternative

embodiment of a 2 x 2 optical wavelength router

switch.
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DETAILED DESCRIPTION OF THE INVENTION

1. N x M Wavelength Routing Blocks.

The preferred implementation of the present

invention both demultiplexes (i.e., spectrally
separates) and routes (i.e., spatially switches)
wavelength division multiplexed (WDM) optical
signals. FIGS. 1l1la through 1c are block diagrams

illustrating the general functionality of the
present invention for 1x2, 2x3, and 2x2 wavelength
switches, respectively. A WDM signal typically has
multiple channels, with each channel having its own
range of wavelengths or frequencies. As used
herein, the term "channel" refers to a particular
range of frequencies or wavelengths that define a
unique information signal.

In FIGS. la - 1lc¢, the designation Aij is used
to represent the optical wavelengths where i = 1, 2,
designate the port number of the input WDM signal
and j = «,p, designate the subset wavelengths of the
input spectrum. It should be noted that, Aia and Ai
are complementary to each other as shown in Figure
2. For example, Alo and AlP constitute the entire
WDM signal input at port 1.

In each of the wavelength switches shown in
FIGS la - 1lc, there are two control states for thg
switch, namely, “0” and “1.” For the “0” control
state shown in FIG. 1la, the input spectrum is split
into two sub-spectra Ala and AlP and are directed to

the two output ports. When the control signal is
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switched to the “1” control state, the two spectra
exchange positions and exit at the opposite ports.

Similarly, in Figure 1b, two optical WDM inputs
are fed into the 2 x 3 wavelength switch. For the
“0” control state, Ala and AlP go to output ports 1
and 2, and A2a and A2 go to output ports 2 and 3.
When the control signal is switched to “1”, the
spectra flip. In this case, Ala and AlBf go to
output ports 2 and 1, and A2a and A2 go to output
ports 3 and 2, respectively. Finally, in the case
of Figure 1c, the 2 x 2 wavelength switch splits the
spectra into two complementary subsets that are
routed according to the control bit.

Further expansion of the basic wavelength
switch to a larger scale is shown in FIGS. 3a - 3b
and 4a - 4d, in which an 8 x 9 and a 4 x 10
wavelength switch are shown. In FIGS. 3a and 3b,
eight optical WDM signals are input to the
wavelength router, these eight WDM signals are then
split into two complementary subsets and routed to
the nine output ports. When the control bit switches
from “0” to “1”, the two adjacent ports exchange
optical channels. The results of the wavelength
arrangements are that (Ala, A2a, A3a, Ao, AS5a, Aéa,
A7a, A8a) are routed to output ports 1 through 8 and
(A1B, A2B, A3P, A4P, ASB, A6B, A7B, A8B) are routed
to output ports 2 through 9 for the “0” control
state. (ALP, A2B, A3B, A4P, A5B, A6P, A7Bp, A8B) are

routed to output ports 1 through 8 and (Ala, A2a,
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A3a, Mo, A5a, A6a, A7a, A8a) are routed to output
ports 2 through 9 for the “1” control state.

In the case of FIGS. 4a - 4d, a 4x10 wavelength
switch is created by cascading a 4x5 wavelength
switch and a 5x10 wavelength switch. The four states
of operation with control bits of (0, 0), (o, 1),
(1, 0), and (1, 1) with the corresponding wavelength
outputs are shown in Figure 4a through 4d,
respectively. The versatile design of the wavelength
switches can be seen from these two examples based

on the present invention.

2., 2-D Design of a 2 x 3 Wavelength Router Switch.

Figure 5 is a simplified block diagram for a
2x3 wavelength router. Bold-solid lines indicate the
optical paths carrying the full spectrum of
channels, Alo and AlB, in the WDM signal at the
first input port 101. Bold-intermittent 1lines
indicate the full spectrum of channels (i.e., A2a
and A2B) in the WDM signal at the second input port
102. Bold-dashed lines indicate the mixed channels
from first input port and second input port, i.e.,
(Mo, A2B) or (A2a, Al1P) for the case of Figure 5a
or 5b, respectively. Thin long-dashed lines indicate
the optical paths of signals comprising a first
subset of channels from the dinput port 1 (i.e.,
Ala) . Thin short-dashed lines indicate the opticaln
channels carrying a first subset of channels from
input port 2 (i.e., A2a). Thin-intermittent lines

indicate the optical paths of WDM signals carrying a
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second, complimentary subset of channels from input
port 1 (i.e., AlP). Thin-solid lines indicate the
optical channels comprising a secohd, complimentary
subset of channels from input port 2 (i.e., A2B). It
is important to understand that each of the subsets
may comprise more than one channel and may itself be
a WDM signal although having a smaller bandwidth
than the original WDM signals 101, 102.

Each of the 1lines are labeled with filled or
unfilled circles indicating vertical polarization
for the optical channels. Short lines attached to
the optical paths indicate horizontal polarization
in the optical signal at that point. These lines
and symbols are further explained in the insert in
Figures 5a and 5b.

The WDM signals 101, 102 enter a first
polarization separation element 201 that spatially
separates the horizontally and vertically polarized
components of the WDM signal 101. This element 201
is made of a birefringent material that allows the
vertically polarized portion of the optical signal
to pass through without changing course because they
are ordinary waves in the material. In contrast,
horizontally polarized waves are redirected at an
angle because of the birefringent walk-off effect.
The angle of redirection is a well-known function of
the particular materials chosen. Examples of
materials suitable for construction of the
birefringent elements used in the preferred
embodiments include calcite, rutile, lithium

niobate, YVO4-based crystals, and the like.
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Although a birefringent crystal is used in the
preferred embodiment, a similar function can be
achieved through the use of a pblarization beam
splitter combined with a prism.

Both the horizontally and vertically polarized
components are coupled to a first array of
polarization rotators 204 under control by a control
bit. The first polarization rotator array 204 is
divided into four elements that serve to selectively
rotate the polarization of each of beams by a
predefined amount. 1In the preferred embodiment, the
first rotator array 204 rotates the polarization of
each beam by either 0° (i.e., no rotation) or 90°.

The first polarization rotator array 204 can be
made of one or more types of known elements
including twisted nematic liquid crystal rotators,
parallel aligned nematic 1liquid crystal rotators,
ferroelectric liquid crystal rotators, pi-cell based
liquid crystal rotators, magneto-optic based Faraday
rotators, acousto-optic and electro-optic based
polarization rotators. Commercially available
rotators based on 1liquid crystal technology are
preferred, although other rotator technologies may
be applied to meet the needs of a particular
application. The switching speeds of these elements
ranges from a few milliseconds to nanoseconds, and
therefore can be applied to a wide variety of-
systems to meet the needs of a particular
application. These and similar basic elements are

considered equivalents and may be substituted and
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interchanged without departing from the spirit of
the present invention.
FIG. 5a illustrates the contrdl state in which
the polarizations of the two horizontally-polarized
5 beams are rotated by 90°, so that all four beams
exiting the first rotator array 204 are vertically
polarized. FIG. 5b illustrates the second control
state in which the polarizations of the two
vertically-polarized beams are rotated by 90°, so
10 that all four beams become horizontally polarized.
At this stage, both the horizontal and vertical
components comprise the entire spectrum of the
channels in the input WDM signals 101, 102.
Element 206 is a stacked plurality of
15 birefringent waveplates with their optic axis
oriented at selected angles to create a polarization
interference filter. This type of element is
sometimes referred to as a composite waveplate, or
CWP. The CWP 206 has two eigen states. The first
20 eigen state carries a first sub-spectrum with the
same polarization as the input, and the second eigen
state carries a complementary sub-spectrum at the
orthogonal polarization. The polarization of the
incoming beam and the two output polarizations form a
25 pair of spectral responses, where (H, H) and (V, V)
carry the first part of the input spectrum and (H, V)
and (V, H) carry the complementary (second) part of
the input spectrum, where V and H are vertical and
horizontal polarizations, respectively. Further

30 details of the design and the filtering mechanism of
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the CWP 206 are disclosed in the Applicants’ U.S.
Patent Application Nos. 08/739,424 and 08/780,291.

In the case of this N X M Wavelength routing
switch, the first eigen state carries a first set of
optical frequencies that are coded with vertical
polarization, and the second eigen state carries a
complementary set of frequencies that are coded with
horizontal ©polarization. Ideally, the CwWp 206
functions as a polarization interference filter
having a comb filter ©response curve with a
substantially flat top or square wave spectral
response. CWP is acting as a medium for spectral
filtering and polarization rotation.

In Figure 5a, two complete spectra Ala+Alf and
A20.+A2p are input into the first CWP 206. In this
control state, because (Ala,A2a) and (ALlB,A2B) are
the two eigen states of the first CWP 206, Ala and
A20. are rotated by 900, while A1 and A2B pass
through without changing their polarization. These
two sets of channels are spatially separated by a
second polarization separation element 202 (i.e., a
birefringent element). This element 202 directs the
horizontally-polarized signals upward and allows the
vertically-polarized signals to pass through without
deviation. This is because horizontal and vertical
polarizations are considered extra-ordinary and
ordinary waves in second birefringent element 202.
By selecting the thickness of second polarization
separation element 202 to be twice the thickness of

the first polarization separation element 201, the



WO 98/47254

10

15

20

25

PCT/US98/06982

-15-
horizontally-polarized signal A2a is combined with
the vertically-polarized signal LlB at the exit
plane of the second polarization separation element
202. For the other set of optical channels, Ala
travels upward and exits at the highest level of the
second polarization separation element 202, while
A2B travels straight through element 202.

These three sets of optical signals pass
through a second CWP 207 that has the same structure
as the first CWP 206. The same polarization
modulations occur again for the two eigen sets of
the optical channels. Ala and A2a are rotated by
90°, while Al1B and A2p pass without changing their
polarization. In both cases, the spectra are further
purified by passing through the second CWP 207. At
the output plane of the second CWP 207, all six
beams are vertically polarized, as shown in Figure
5a. These three pairs of beams are intercepted by a
second array of polarization rotators 205 having six
elements. These six element are set to have an
alternating pattern of ON and OFF pixels, so that
one beam in each pair is rotated and the beam pairs
become orthogonal again. These three orthogonally-
polarized beam pairs are recombined by a third
birefringent element 203 and exit to output ports
104, 103, and 105, respectively. In the control
state shown in FIG. 5a, Ala goes into output porf
104, A1B and A2a go to output port 103, and A2B goes

to output port 105.
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In the other control state illustrated in
Figure 5b, the polarization rotator arrays 204 and
205 are switched into their compleméntary states, in
which ON becomes OFF and OFF becomes ON. In this
configuration, the polarizations of the four beams
become horizontal after passing through the first
rotator array 204. This is orthogonal to the
corresponding beams in Figure 5a. When these
horizontally-polarized beams pass through the first
CWP 206, Ala and A2 are rotated by 90°, while A1pB
and A2p pass without changing their polarization.
The second polarization separation element 202 again
separates the four beams into six beams using the
birefringent walk-off effect. Here, the horizontally
polarized optical channels (A1f3,A2B) travel wupward
and (Ala,A20) pass straight through element 202. At
the exit plane of element 202, A2B and Ala are
combined and exit at the center part of the element
202. In contrast, AlP exits at the top and A2a exits
at the bottom of element 202. All six beams pass
again through the second CWP 207 to have their
spectrums further purified and emerge with
horizontal polarization. This is orthogonal to the
result in Figure 5a. These six horizontally-
polarized beams are converted into three
orthogonally-polarized pairs of beams when they pass
through the second polarization rotator array 205,
as previously discussed. These three orthogonal sets
are finally recombined by the third birefringent

element 203 to completes the second control state of
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operation. In this case, AlP goes to dutput port
104, Ala and A2P go to output port 103, and A2 goes
to output port 105.

One feature of the present invention is that
routing is accomplished while conserving
substantially all optical energy available in the
WDM signals 101, 102. That is to say, regardless of
the polarization of the signals in the input WDM
signal 101 and 102, both the horizontal and
vertically ©polarized components are used and
recombined in the output signals 103, 104 and 105.
This feature results in very low loss through the
wavelength switch. It should be noted from FIGS. 2a
- 2d that the output signals 103, 104 and 105 may
comprise more than one channel and so themselves are
WDM signals. Routing groups of channels may be
useful in some circumstances. However, the
preferred embodiment of the present invention can
use a multiple-stage design to further decompose WDM
signals 103, 104, and 105 as shown in FIGS. 3a - 3b
and FIGS. 4a - 4d into smaller channel components

that are spatially separated.

3. 3-D Design of an 2 x 3 Wavelength Switch.

In the two-dimensional wavelength switch
depicted in FIGS. 5a and 5b, all the optical paths
are within the same plane. However, the design
concept of the present invention is not limited to
this structure. An example showing a three-
dimensional design is illustrated in FIG. 6a for the

first control state and FIG. 6b for the second
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control state. Two changes have been made with this
structure as compared to the two-dimensional design
shown in FIGS. 5a and 5b. In thié embodiment, the
second polarization dependent router 208 is oriented
orthogonally to the first and third birefringent
elements 201 and 203. The second change is the
arrangement of the elements (or pixels) in the first

and second polarization rotator arrays 204 and 205.

4., 2 x 2 Wavelength Switch Design.

Figures 7a and 7b illustrate a two-dimensional
embodiment of a 2 x 2 wavelength switch. Compared to
the 2 x 3 wavelength switch shown in FIGS. 5a-5b, a
polarization beam combiner integrated with a right
angle prism 55 are used to deflect the lowest two
beams from the second birefringent element 50 to the
first output port 104. In this configuration, the
input WDM signals (Ala,AlP) and (A2a,A2B) can be
rearranged so that (Ala,A2B) are routed to output
port 104 and (A2w,AlP) are routed to output port 103
in one control state, and (Ala,A2B) are directed to
output port 103 and (A2a,AlP) are directed to output
port 104 in the other control state.

Figures 8a and 8b 1illustrate an alternative
embodiment of a 2x2 wavelength switch incorporating
a series of polarized beamsplitters (PBSs). Figure
8a depicts the first control state in which the WDM
signals (Ala,A1B) and (A2a,A2B) at input ports 101
and 102, respectively, are rearranged so that

(A2a,A1P) are directed to the first output port 103,
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and (Alo,A2p) are directed to the second output port
104. In contrast, Figure 8b depicts the second
control state in which the inﬁut WDM signals
(AMa,A1p) and (A2a,A2P) are rearranged so that
5 (Mo, A2P) are directed to the first output port 103
and (A2a,Al1PB) are directed to the second output port
104.
In this embodiment, the birefringent elements
801 - 804, polarization rotator arrays 811 - 814,

10 and CWPs 821 - 824 function in the same manner as
discussed above. However, the second birefringent
element in the previous embodiments has been
replaced by a set of four polarized beamsplitters
831 - 834 that zroute each WDM channel to the

15 appropriate output port based on the control state
of the switch. For example in Figure 8a, Ala from
the first input port 101 1is <carried by the
vertically-polarized components of the beam pair
exiting CWP 821, while Alp 1is <carried by the

20 horizontally-polarized components of this beam pair.
PBS 831 allows the horizontally-polarized components
carrying Alp to pass straight through, while the
vertically-polarized components carrying Ala are
reflected by 90 degrees to PBS 834.

25 Similarly in Figure 8a, A2a from the second
input port 102 1is carried by the vertically-
polarized components of the beam pair exiting CWP
822, while A2p 1is carried by the horizontally-
polarized components of this beam pair. PBS 832

30 allows the horizontally-polarized components
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carrying A2B to pass straight through,b while the
vertically-polarized components carrying A20  are
reflected by 90 degrees to PBS 833.

The other two PBSs 833 and 834 are used to
recombine the WDM channels for the two output ports
103 and 104. For example in Figure 8a, PBS 834
combines the vertically-polarized beam pair
reflected by PBS 831 carrying Ala with the
horizontally-polarized beam pair transmitted through
PBS 832 carrying A2f. (AMa,A2B) then exit at the
second output port 104. Similarly, PBS 833 combines
the vertically-polarized beam pair reflected by PBS
832 carrying A2a with the horizontally-polarized
beam pair transmitted through PBS 831 carrying Alp.
(A20.,A1B) then exit at the first output port 103.

Figure 8b shows the second control state of the
embodiment in Figure 8a. The states of the pixels
in each of the polarization rotator arrays 811 - 814
have been reversed. As a result, AlB is carried by
the vertically-polarized beam pair reflected by PBS
831, while A2 is carried by the vertically-
polarized beam pair reflected by PBS 832. Alo is
carried by the horizontally-polarized beam pair
transmitted through PBS 831, and A2a is carried by
the horizontally-polarized beam pair transmitted
through PBS 832. Ala and A2 are combined by BPS 833
and exit at the first output port 103. Similarly,
A20. and AlPB are combined by PBS 834 and exit at the

second output port 104.
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The above disclosure sets forth a number of
embodiments of the present invention. Other
arrangements or embodiments, noﬁ precisely set
forth, could be practiced under the teachings of the
present invention and as set forth in the following

claims.
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WE CLAIM:

1. A method of switchably réuting wavelength
division multiplexed (WDM) optical signals according
to an external control state, said method comprising
the steps of:

providing at least one first input/output (I/0)
port receiving a WDM optical signal;

providing a plurality of second I/O ports;

spatially decomposing the WDM signal received
at said first I/O port into first and second beams
having orthogonal polarizations with respect to each
other;

rotating the polarization of at least one of
said first and second beams such that both beams
have substantially the same polarization determined
by the control state;

demultiplexing said first and second beams of
same polarization through a wavelength filter having
a polarization-dependent optical transmission
function such that said first beam decomposes into
third and fourth beams with their polarizations
orthogonal to each other, and said second beam
decomposes into fifth and sixth beams with their
polarizations orthogonal to each other; wherein said
third and fifth beams carry a first predetermined
spectral band at a first polarization, and said
fourth and sixth beams carry a second predetermined
spectral band at a second polarization; wherein said

first and second spectral bands are substantially
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complementary and said first and second
polarizations are substantially orthogonal;

spatially routing said third; fourth, £fifth,
and sixth beams based on their polarizations;

rotating the polarizations of selected ones of
said third, fourth, fifth, and sixth beams, such
that said fifth and sixth beams are orthogonally
polarized with respect to said third and fourth
beams;

spatially recombining said third and fifth
beams containing said first spectral band, and
spatially recombining said fourth and sixth beams
containing said second spectral band; and

coupling said first spectral band to a selected
one of said second I/O ports and said second
spectral band to another selected one of said second

I/0 ports.

2. The method of claim 1 further comprising
the additional step after said spatial routing step
of passing said routed third, £fourth, £fifth, and
sixth beams through a second wavelength filter
having substantially the same transmission function
as said first wavelength filter, such that said
third, fourth, £fifth, and sixth beams exit said
second wavelength filter with substantially the same

polarization.

3. The method of claim 1 wherein the step of
spatially decomposing the WDM optical signal uses a

first birefringent element.



WO 98/47254

PCT/US98/06982

-24 -

4. The method of claim 1 wherein the step of
spatially routing said third, fourth, fifth, and

sixth beams uses a second birefringent element.

5. The method of claim 1 wherein the step of
recombining said third, fourth, fifth, and sixth

beams uses a third birefringent element.

6. The method of claim 1 wherein the step of
rotating the polarization of at least one of said
first and second beams further comprises passing
said first and second beams through a polarization
rotator array having a plurality of pixels for
selectively rotating the polarization of said first

and second beams.

7. The method of claim 1 wherein the step of
rotating the polarizations of said third, fourth,
fifth, and sixth beams further comprises passing
said third, fourth, fifth, and sixth beams through a
polarization rotator array having a plurality of
pixels for selectively rotating the polarizations of

said third, fourth, fifth, and sixth beams.

8. The method of claim 1 wherein said
wavelength filter comprises a stacked plurality of-
birefringent waveplates with each waveplate oriented

in a predetermined direction.
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9. A method of switchably routing'wavelength
division multiplexed (WDM) optical signals according
to an external control state, said ﬁethod comprising
the steps of:

providing an array of N input ports, with each
of said input ports receiving a WDM optical signal;

providing an array of M output ports;

spatially decomposing the WDM signal received
at each of said input ports into N pairs of first
and second beams having orthogonal polarizations
with respect to each other;

rotating the polarization of at least one of
said first and second beams in each pair, such that
both beams have substantially the same polarization
determined by the control state;

demultiplexing each pair of first and second
beams through a wavelength filter to create N sets
of beams, with each set having a third, fourth,
fifth, sixth beam; said wavelength filter having a
polarization-dependent optical transmission function
such that said first beam decomposes into third and
fourth beams with their polarizations orthogonal to
each other, and said second beam decomposes into
fifth and sixth beams with their polarizations
orthogonal to each other; wherein said third and
fifth beams carry a first predetermined spectral
band at a first polarization, and said fourth and
sixth beams carry a second predetermined spectral
band at a second polarization; wherein said first

and second spectral bands are substantially
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complementary and said first and second
polarizations are substantially orthogonal;

spatially routing said third/ fourth, £fifth,
and sixth beams for each of said N sets based on
their polarizations;

spatially combining selected ones of said
third, fourth, fifth, and sixth beams from different
ones of said N sets to produce M pairs of beams;

rotating the polarizations of selected ones of
said M pairs of beams, such that each pair of beams
is orthogonally polarized; and

spatially recombining each of said M pairs of
beams to produce M output beams at said output

ports.

10. The method of claim 9 further comprising
the additional step after said spatial routing step
of passing said N sets of beams through a second
wavelength filter having substantially the same
transmission function as said first wavelength
filter, such that said N sets of beams exit said
second wavelength filter with substantially the same

polarization.

11. The method of claim 9 wherein the step of
spatially decomposing the WDM optical signal uses a

first birefringent element.

12. The method of claim 9 wherein the steps of

spatially routing and spatially combining said
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third, fourth, fifth, and sixth beams use a second

birefringent element.

13. The method of claim 9 wherein the step of
recombining said M pairs of beams wuses a third

birefringent element.

14. The method of claim 9 wherein the step of
rotating the polarization of at least one of said
first and second beams further comprises passing
said first and second beams through a polarization
rotator array having a plurality of pixels for
selectively rotating the polarization of said first

and second beams.

15. The method of claim 9 wherein the step of
rotating the polarizations of said M pairs of beams
further comprises passing said M pairs of beams
through a polarization rotator array having a

plurality of pixels.

16. The method of claim 9 wherein said
wavelength filter comprises a stacked plurality of
birefringent waveplates with each waveplate oriented

in a predetermined direction.

17. A programmable wavelength routing switch-
comprising:

a plurality of cascaded stages wherein each
stage has an array of N input ports and M output

ports, with each input port receiving an optical
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signal comprising a plurality of wavelength division
multiplexed (WDM) channels, wherein said stage
divides said received optical signéls into divided
optical signals comprising a subset of said
channels, and routes said divided optical signals to
selected output ports in response to a control
signal applied to each stage, and wherein at least
one of said stages includes:

(a) means for spatially separating each
received optical signal into a horizontally
polarized component along a first optical path and a
vertically polarized component along a second
optical path;

(b) means for programmably rotating the
polarization of each component of the separated
optical signal;

(c) a wavelength filter coupled to receive the
programmably rotated components, the wavelength
filter having a ©polarization-dependent optical
transmission function such that the filtered first
optical path comprises a first set of channels with
vertical polarization and a second set of channels
with horizontal polarization, and the filtered
second optical path comprises the £first set of
channels with horizontal polarization and the second
set of channels with vertical polarization, wherein
the first and second sets of channels are’
substantially complementary;

(d) means for spatially separating each of the
first and second optical paths into horizontally

polarized and vertically polarized components;
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(e) means for combining the hdrizontally
polarized component of the first optical path with
the vertically polarized componenﬁ of the second
optical path to output said second set of channels
to a selected one of said output ports determined by
said control signal; and

(f) means for combining the vertically
polarized component of the first optical path with
the horizontally polarized component of the second
optical path to output said first set of channels to
a selected one of said output ports determined by

said control signal.

18. The optical wavelength routing switch of
claim 17 wherein the plurality of cascaded stages
comprises:

a first stage for dividing the WDM signal into
a plurality of first stage optical signals at said
output ports of said first stage, wherein each first
stage optical signal comprises at least one and less
than all of the channels in the WDM signal; and

a second stage for dividing each of said first
stage optical signals into a plurality of second
stage optical signals at said output ports of said
second stage, wherein each second stage optical
signal comprises a subset of the channels received

from one of said first stage optical signals.

19. The optical wavelength routing switch of

claim 18 further comprising:
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a third stage for dividing each of said second
stage optical signals into a plurality of third
stage optical signals at said outpﬁt ports of said
third stage, wherein each third stage optical signal
comprises a subset of the channels received from one

of said second stage optical signals.
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