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(57) ABSTRACT

An optical device for rerouting and modifying an optical
signal that uses a double pass through a liquid crystal

modulator is disclosed. The optical device includes a first
polarizer for providing polarized light, a liquid crystal
modulator for selectively modifying the polarized light, a
second polarizer for analyzing the light passed through the
liquid crystal modulator, and a reflector for reflecting the
analyzed light back through the second polarizer, the liquid
crystal modulator, and the firsl polarizer. This arrangement
provides a double pass through the liquid crystal modulator,
thus significantly improving the attainable extinction ratio.
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DOUBLE PASS ARRANGEMENT FOR A

LIQUID CRYSTAL DEVICE

CROSS-REFERENCE TO RELKFED
APPLICATIONS

This application is a continuation-in-part of U.S. patent
application Ser. No. 09fl29,270 filed on Dec. 5, 2000 now
U.S. Pat. No. 6,498,872 and claiming priority from Provi-
sional Appl. No. 60,083,155 filed on Feb. 17, 2000 now
abandoned.

FIELD OF THE INVENTION

The present invention relates to an optical device for
rerouting and modifying an optical signal, or more
specifically, a liquid crystal device having a double pass
arrangement.

BACKGROUND OF THE INVENTION

In optical wavelength division multiplexed com-
munication systems, an optical waveguide simultaneously
carries many different communication channels in light of
difierent wavelengths. In WDM systems it is desirable to
ensure that all channels have nearly equivalent power. To
help achieve this, gain equalizers are disposed at various
points throughout the system to control the relative power
levels in respective channels.

Dense WDM systems require special addfdrop multiplex-
ers (ADM) to add and drop particular channels (i.e.,
wavelengths). For example, at predetermined nodes in the
system, optical signals of predetermined wavelength are
dropped from the optical waveguide and others are added.

Typically, gain equalizing and addfdrop multiplexer
devices involve some form of multiplexing and demulti-
plexing to modify each individual channel of the telecom-
munication signal. In particular, it is common to provide a
first dilfraction grating for demultiplexing the optical signal
and a second spatially separated diffraction grating for
multiplexing the optical signal after it has been modified. An
example of the latter is disclosed in U.S. Pat. No. 5,414,540,
incorporated herein by reference. However, in such
instances it is necessary to provide and accurately align two
matching dilfraction gratings and at least two matching
lenses. This is a significant limitation of prior art devices.

To overcome this limitation, other prior art devices have
opted to provide a single diffraction grating that is used to
dernultiplex an optical single in a first pass through the
optics and multiplex the optical signal in a second pass
through the optics. For example, U.S. Pat. Nos. 5,233,405,
5,525,155, 5,745,271, 5,936,752 and 5,960,133, which are

incorporated herein by reference, disclose such devices.
However, none of these prior art devices disclose an

optical arrangement suitable for both dynamic gain equalizer
(DGE) and configurable optical addfdrop multiplexer
(COADM) applications. In particular, none of these prior art
devices recognize the advantages of providing a simple,
symmetrical optical arrangement suitable for use with vari-
ous switchingfattenuating meats.

Moreover, none of the prior art devices disclose a
multiplexingidemultiplexing optical arrangement that is
compact and compatible with a plurality of parallel input!
output optical waveguides.

For example, U.S. Pat. No. 5,414,540 to Patel et al.
discloses a liquid crystal optical switch for switching an
input optical signal to selected output channels. The switch
includes a dilfraction grating, a liquid crystal modulator, and

10

15

20

25

30

35

40

45

S0

55

60

65

2

a polarization dispersive element. In one embodiment, Patel
et al. suggest extending the 1x2 switch to a 2x2 drop-add
circuit and using a reflector. However, the disclosed device
is limited in that the addfdrop beams of light are angularly
displaced relative to the inputfoutput beams of light. This
angular displacement is disadvantageous with respect to
coupling the addldrop andfor inputfoutput beams of light
into parallel optical waveguides, in addition to the additional
angular alignment required for the input beam of light.

With respect to compactness, prior art devices have been
limited to an excessively long and linear configurations,
wherein the input beam of light passes through each optical
component sequentially before being reflected in a substan-
tially backwards direction.

US. Pat. No. 6,081,331 discloses an optical device that
uses a concave mirror for multiple reflections as an alter-
native to using two lenses or a double pass through one lens.
However, the device disclosed therein only accommodates a

single pass through the dilfraction grating and does not
realize the advantages of the instant invention.

It is an object of this invention to provide an optical
system inclttding a diffraction grating that is relatively
compact.

It is a further object of the instant invention to provide an
optical configuration for rerouting and modifying an optical
signal that can be used as a dynamic gain equalizer andlor
configurable addfdrop multiplexer.

It is yet a further object of the instant invention to provide
an optical device that uses a liquid crystal array in a double
pass arrangement.

SUMMARY OF THE INVENTION

In accordance with the invention there is provided an
optical device comprising a first optical fibre for providing
an input beam of light, first polarizing means for producing
light having a predetermined polarization state from the
input beam of light, a liquid crystal modulator positioned to
receive the light having a predetermined polarization state
and for selectively altering its polarization, second polariz-
ing means positioned to receive the light transmitted from
the liquid crystal modulator, said second polarization means
designed for passing light having one of the predetermined
polarization and a polarization perpendicular to the prede-
termined polarization and for blocking or diverting the other,
a reflective surface positioned to receive the light passed
through the second polarizing means and refiect it for a
second pass through the liquid crystal modulator, a control-
ler coupled to the liquid crystal modulator to direct the
selective altering of polarization in dependence upon a
desired attenuation setting for light exiting the optical device
through one of the first optical fibre and a second optical
fibre.

In accordance with the invention there is provided an
optical device comprising an optical fibre for launching an
input optical signal, a first polarizer disposed for receiving
the input optical signal and for producing polarized light
therefrom, a liquid crystal modulator disposed for selec-
tively altering the polarization of the polarized light, at least
one region of the liquid crystal modulator operable between
a first state where the polarization of light transmitted
therethrough is not rotated and a second state where the
polarization of light transmitted therethrough is rotated by
about 90 degrees, a second polarizer disposed for passing
light transmitted from the liquid crystal modulator in depen-
dence upon its polarization state, and a reflective element
disposed for reflecting the light transmitted from the second
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polarizer back towards the optical fibre via the second
polarizer, the liquid crystal modulator, and the first polarizer
to provide an improved extinction ratio for one of the first
and second states.

In accordance with the invention there is provided a
variable optical attenuator comprising a birefringent element
positioned to separate the optical signal into two spatially
separated, orthogonally polarized beams, a liquid crystal
modulator positioned to receive the polarized beams of light
and to selectively alter their polarizations, a reflective ele-
ment positioned to reflect the polarized beams back through
the liquid crystal modulator and the birefringent element,
wherein the birefringent element recombines orthogonally
polarized components of the refiected beams to produce an
output optical signal, and a polarizer optically disposed
between the liquid crystal array and the reflective element,
wherein the polarizer is positioned to Contact the beams
during at least one of a first pass from the liquid crystal
modulator to the reflective element and a second pass from
the reflective element back to the modulator.

In accordance with the invention there is further provided
a liquid crystal modulator comprising a first substrate, a
second substrate disposed a fixed distance from the first
substrate, a layer of liquid crystal disposed between the first
and second substrates, a polarizer coupled to the second
substrate, and a reflective surface coupled to the polarizer for
reflecting light transmitted through the first substrate, liquid
crystal, second substrate, and polarizer in a backwards
direction for a second pass therethrough, wherein the reflec-
tive surface is disposed at an angle relative to the second
substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

Exemplary embodiments of the invention will now be
described in conjunction with the drawings in which:

FIG. 1 is a schematic diagram illustrating an embodiment
of an optical configuration that can be used as a dynamic
gain equalizer andfor add-drop multiplexer (DGEJCOADM)
in accordance with the invention;

FIG. 2a is a detailed side view of a front-end module for

use with the DGEJCOADM shown in FIG. 1 having means
for compensating for polarization mode dispersion (PMD);

FIG. 2b is a detailed side view of an alternative front-end

module having means for reducing or substantially elimi-
nating PMD;

FIG. 3a is a top view of one embodiment of modifying
means comprising a liquid crystal array for use with the
DGEICOADM shown in FIG. 1, wherein a liquid crystal
element is switched to an ON state;

FIG. 3b is a top view of the modifying means shown in
FIG. 3a, wherein the liquid crystal element is switched to an
OFF state;

FIG. 3c is a top view of another embodiment of the
modifying means for use with the DGEICOADM shown in
FIG. 1, wherein the liquid crystal element is switched to an
ON state;

FIG. 3d is a top view of the modifying means shown in
FIG. 3c, wherein the liquid crystal element is switched to an
OFF state;

FIG. 4a is a top view of another embodiment of the
modifying means for use with the DGEICOADM shown in
FIG. 1 having a birefringent crystal positioned before the
liquid crystal array, wherein the liquid crystal element is
switched to an OFF state;

FIG. 4b is a top view of the modifying means shown in
FIG. 4a, wherein the liquid crystal element is switched to an
ON state;
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FIG. 5 is a top view of yet another embodiment of the
modifying means for use with the DGE shown in FIG. 1
utilizing a MEMS device;

FIGS. Ga and 6b are schematic diagrams of an embodi-
ment of the invention that is preferred over the one shown
in FIG. 1, wherein the focal plane of a single concave
reflector is used to locate the inputfoutput ports, diflfraction
grating, and modifying means;

FIG. 7 is a schematic diagram of an embodiment of the
invention that is similar to that shown in FIGS. 6a and 6b,
wherein the input/output ports are disposed between the
modifying means and dispersive element;

FIG. 8 is a schematic diagram of a DGE having a
configuration similar to that shown in FIGS. 6:: and 6b
including an optical circulator; and

FIG. 9 is a schematic diagram of a DGEICOADM in
accordance with the instant invention including a lens hav-
ing a single port for launching and receiving light from the
concave reflector;

FIG. 9a is a top view showing a lenslet array coupling
inputfoulput optical waveguides to the lens in accordance
with the instant invention;

FIG. 9b is a top view showing a prior art polarization
diversity arrangement coupling inputloutput optical
waveguides to the lens in accordance with the instant
invention;

FIG. 9c is a side view of the prior art polarization diversity
arrangement shown in FIG. 9b;

FIG. 9:1 is a top view showing an alternative arrangement
to the optical components shown in FIG. 92;;

FIG. 9c is a side view of the alternate arrangement shown
in FIG. 9d;

FIG. 9f is a top view showing an asymmetric offset of the
inputfoutput optical waveguides with respect to the optical
axis of the lens, in accordance with the instant invention;

FIG. 10 is a schematic diagram of another embodiment of
a DGE/COADM in accordance with the invention;

FIG. 11 is a schematic diagram of the preferred embodi-
ment of a COADM in accordance with the instant invention;

FIG. 12 is a schematic diagram of a COADM in accor-
dance with the instant invention, wherein an asymmetric
arrangement of the inputtoutput optical waveguides comple-
ments the angular displacement provided by a MEMS
element;

FIG. 13 is a schematic diagram of a prior art attenuator;

FIG. 14 is a schematic diagram of a variable optical
attenuator including two liquid crystal stages;

FIG. 15 is a schematic diagram of a reflective variable
optical attenuator in accordance with an embodiment of the
invention exhibiting an increase extinction ratio;

FIG. 16a is a schematic diagram of a reflective variable
optical attenuator in accordance with an embodiment of the
invention having a wedged backrefiector;

FIG. 16b is a schematic diagram of a reflective variable
optical attenuator in accordance with another embodiment of
the invention having a wedged backreflector;

FIG. 17 is a schematic diagram of a reflective variable
optical attenuator in accordance with another embodiment of
the invention including a wedged polarizer;

FIG. 18a is a schematic diagram of a reflective variable
optical attenuator in accordance with another embodiment of
the invention including a birefringent wedge;

FIG. 18!) is a schematic diagram of the birefringent wedge
depicted in FIG. 18:: showing the beam defiection;
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FIG. 19:: is a schematic diagram of a reflective variable
optical attenuator in accordance with another embodiment of
the invention including a birefringent wedge, wherein the
device is in an “ON" state;

FIG. 19b is a schematic diagram of a reflective variable
optical attenuator in FIG. 19a, wherein the device is in an
“OFF” state;

FIG. 20 is a schematic diagram of a reflective variable
optical attenuator in accordance with yet another embodi-
ment of the invention; and

FIG. 21 is a schematic diagram of a reflective variable
optical attenuator in accordance with another embodiment of
the invention including a 4-)‘ imaging system.

DETAILED DESCRIPTION

Referring now to FIG. 1, an optical device for rerouting
and modifying an optical signal in accordance with the
instant invention is shown that is capable of operating as a
Dynamic Gain/“Channel Equalizer (DGE) andfor a Config-
urable Optical Add.t’Drop Multiplexer (COADM).

The optical design includes a diffraction element 120
disposed between and at a focal plane of identical elements
110.9 and 1101) having optical power, respectively. Two ports
102a and 102!) are shown at an inputfoutput end with
bi-directional arrows indicating that light launched into port
102a can be transmitted through the optical device and can
be reflected backward to the input port from which it was
launched 102:1, or alternatively, can be switched to port 102!)
or vice versa in a controlled manner. The inputfoutput ports
102:: and 102!) are also disposed about one focal plane away
from the element having optical power 110:: to which they
are optically coupled. Although only two inputfoutput ports
are shown to facilitate an understanding of this device. a
plurality of such pairs of ports is optionally provided. At the
other end of the device, modifying means 150 for modifying
at least a portion of the light incident thereon is provided
about the focal plane of the element having optical power
1105.

Since the modifying means andfor dispersive element are
generally dependent upon polarization of the incident light
beam, light having a known polarization state is provided to
obtain the selected switching andfor attenuation. FIGS. 2::
and 2b illustrate two different embodiments of polarization
diversity arrangements for providing light having a known
polarization state, for use with the DGEICOADM devices
described herein. The polarization diversity arrangement,
which is optionally an array, is optically coupled to the input
and output ports.

Referring to FIG. 2a an embodiment of a front-end
micro-optical component 105 for providing light having a
known polarization is shown having a fibre tube 107, a
microlens 112, and a birefringent element 114 for separating
an input beam into two orthogonal polarized sub-beams. At
an output end, a half waveplate 116 is provided to rotate the
polarization of one of the beams by 90° so as to ensure both
beams have a same polarization state e.g., horizontal. A glass
plate or a second waveplate 118 is added to the fast axis path
of the crystal 114 to lessen the etfects of Polarization Mode
Dispersion (PMD) induced by the difference in optical path
length along the two diverging paths of crystal 114.

FIG. 2b illustrates an alternative embodiment to that of

FIG. 2a, wherein two birefringent elements 114a, 1141!: have
a half waveplate 116a disposed therebetween; here an alter-
nate scheme is used to make the path lengths through the
birefringent materials substantially similar. Optionally, a
third waveplate 119 is provided for further rotating the
polarization state.
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Although, FIGS. 2:: and 2b both illustrate a single input
beam of light for ease of understanding, the front end unit
105 is capable of carrying many more beams of light
therethrough, in accordance with the instant invention (i.e.,
can be designed as an array as described above).

FIGS. 3a—3b, 3c—3d, 4, and 5, each illustrate a different
embodiment of the modifying means for use with the
DGEICOADM devices described herein. Each of these
embodiments is described in more detail below. Note that

the modifying means are generally discussed with reference
to FIG. 1. However, although reference is made to the
dispersive element 120 and elements having optical power
110a and 110b, these optical components have been omitted
from FIGS. 3a—3b, 3c—3d, 4, and 5 for clarity.

Referring to FIGS. 3:: and 3b a schematic diagram of the
modifying means 150 is shown including a liquid crystal
array 130 and a reflector 140. The reflector includes first and
second polarization beam splitters 144 and 146, and reflec-
tive surface 142.

When the device operates as a COADM, each pixel of the
liquid crystal array 130 is switchable between a first state
e.g., an “ON” state shown in FIG. 31:, wherein the polar-
ization of a beam of light passing therethrough is unchanged
(e.g., remains vertical), and a second state e.g., an “OFF"
state shown in FIG. 3b, wherein the liquid crystal cell rotates
the polarization of a beam of light passing therethrough 90°
(e.g., is switched to horizontal). The reflector 140 is
designed to pass light having a first polarization (e.g.,
vertical) such that beam of light launched from port 102a is
reflected back to the same port, and reflect light having
another polarization (e.g., horizontal) such that a beam of
light launched from port 102a is switched to port l|l2b.

When the device operates as a DGE, each liquid crystal
cell is adjusted to provide phaw retardations between 0 to
180°. For a beam of light launched and received from port
102a, 0% attenuation is achieved when liquid crystal cell
provides no phase retardation and 100% attenuation is
achieved when the liquid crystal cell provides 180° phase
retardation. Intermediate attenuation is achieved when the

liquid crystal cells provide a phase retardation greater than
0 and less than 180°. In some DGE applications, the reflector
140 includes only a reflective surface 142 (i.e., no beam
splitter).

Preferably, the liquid crystal array 130 has at least one
row of liquid crystal cells or pixels. For example, arrays
comprising 64 or 128 independently controlled pixels have
been found particularly practical, but more or fewer pixels
are also possible. Preferably, the liquid crystal cells are of
the twisted nematic type cells, since they typically have a
very small residual birefringent in the “ON” state, and
consequently allow a very high contrast ratio (>35 dB) to be
obtained and maintained over the wavelength and tempera-
ture range of interest. Alternatively, the liquid crystal cells
are other than the twisted nematic type. Optionally, the
inter-pixel areas of the liquid crystal array 130 are covered
by a black grid.

FIGS. 3c and 3d are schematic diagrams analogous to
FIGS. 3:! and 3}: illustrating an alternate form of the modi-
fying means 150 discussed above, wherein the reflector 140
includes a double Glan prism. The arrangement shown in
FIGS. 3c and M is preferred over that illustrated in FIGS. 3a
and 3b, since the respective position of the two-sub beams
emerging from the polarization diversity arrangement (not
shown) does not change upon switching.

Note that in FIGS. 3a—3d, the dispersion direction is
perpendicular to the plane of the paper. For exemplary
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purposes a single ray of light is shown passing through the
modifying means 150.

FIGS. 40 and 4b are schematic diagrams showing another
embodiment of the modifying means 150, wherein a bire-
fringent crystal 152 is disposed before the liquid crystal
array 130. A beam of light having a predetermined polar-
ization state launched from port 102:: is dispersed into
sub-beams, which are passed through the birefringent crystal
152. The sub-beams of light passing through the birefringent
crystal 152 remain unchanged with respect to polarization.
The sub-beams of light are transmitted through the liquid
crystal array 130, where they are selectively modified, and
reflected back to the birefringent crystal 152 via reflective
surface 142. If a particular sub—beam of light passes through
a liquid crystal cell in an “OFF” state, as shown in FIG. 413,
then the polarization thereof will be rotated by 90° and the
sub—beam of light will be refracted as it propagates through
the birefringent crystal 152 before being transmitted to port
102b. If the sub-beam of light passes through a liquid crystal
cell in an “ON” state, as shown in FIG. 4b, then the
polarization thereof will not be rotated and the sub-beam of
light will be transmitted directly back to port 10211. A half
wave plate 153 is provided to rotate the polarization of the
refracted sub-beams of light by 90° to ensure that both
reflected beams of light have a same polarization state.

FIG. 5 is a schematic diagram of another embodiment of
the modifying means 150 including a micro electromechani-
cal switch (MEMS) 155, which is particularly useful when
the device is used as a DGE. A beam of light having a
predetermined polarization state launched from port 1020 is
dispersed into sub-beams and is passed through a birefrin-
gent element 156 and quarter waveplate 157. The birefrin-
gent element 156 is arranged not to alfect the polarization of
the sub—beam of light. After passing through the quarter
waveplate 157, the beam of light becomes circularly polar-
ized and is incident on a predetermined reflector of the
MEMS array 155. The reflector reflects the sub—beam of
light incident thereon back to the quarter waveplate. The

degree of attenuation is based on the degree of deflection
provided by the reflector (i.e., the angle of reflection). After
passing through the quarter waveplate 157 for a second time,
the attenuated sub—beam of light will have a polarization
state that has been rotated 90° from the original polarization
state. As a result the attenuated sub—beam is refracted in the

birefringent element 156 and is directed out of the device to
port 102$). A half wave plate 158 is provided to rotate the
polarization of the refracted sub-beams of light by 90°.

Of course, other modifying means 150 including at least
one optical element capable of modifying a property of at
least a portion of a beam of light and reflecting the modified
beam of light back in substantially the same direction from
which it originated are possible.

Advantageously, each of the modifying means discussed
above utilizes an arrangement wherein each spatially dis-
persed beam of light is incident thereon and reflected
therefrom at a 90° angle. The 90° angle is measured with
respect to a plane encompassing the array of modifying
elements (e.g., liquid crystal cells, MEMS reflectors).
Accordingly, each sub-beam of light follows a first optical
path to the modifying means where it is selectively switched
such that it is reflected back along the same optical path, or
alternatively, along a second optical path parallel to the first.
The lateral displacement of the input and modified output
beams of light (i.e., as opposed to angular displacement)
allows for highly efficient coupling between a plurality of
inputfoulput waveguides. For example, the instant invention
is particular useful when the input and output ports are
located on a same multiple bore tube, ribbon, or block.
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In order to maintain the desired simplicity and symmetry,
it is preferred that the element having optical power be
rotationally symmetric, for example a rotationally symmet-
ric lens or spherical reflector. Preferably, the reflector is a
concave minor. Moreover. it is preferred that the diflfraction
element 120 be a high efficiency, high dispersion dilfraction
grating. Optionally, a circulator (not shown) is optically
coupled to each of ports 102a and 102.5 for separating
inputfoutpnt anclfor addfdrop signals.

Referring again to FIG. 1, the operation of the optical
device operating as a COADM is described by way of the
following example. A collimated beam of light having a
predetermined polarization and carrying wavelengths 1.1,
1.2, . . . its is launched through port 102:: to a lower region
of lens lllla an redirected to the diffraction grating 120. The
beam of light is spatially dispersed (i.e., demultiplexed)
according to wavelength in a direction perpendicular to the
plane of the paper. The spatially dispersed beam of light is
transmitted as 8 sub-beams of light corresponding to 8
difierent spectral channels having central wavelengths 1,,
7&1, . . . its through lens 110b, where it is collimated and
incident on the modifying means 150, which for exemplary
purposes, is shown in FIGS. 3a—b. Each sub—beam of light
is passed through an independently controlled pixel in the
liquid crystal array 130. In particular, the sub—beam of light
having central wavelength 7&3 passes through a liquid crystal
cell in an “OFF” state, and each of the other 7 channels
having central wavelengths 11-12 and ?t,,—?t3 pass through
liquid crystal cells in an “ON” state. As the sub—beam of light
having central wavelength 1.3 passes through the liquid
crystal in the “OFF” state, the polarization thereof is rotated
90°, it is reflected by the polarization beam splitter 144
towards a second beam splitter 146, and is reflected back to
port 102b, as shown in FIG. 3!). As the other 7 channels
having central wavelengths 1.1-1.2 and ?\.4—9\.3 pass through
liquid crystal cells is ir1 an “ON” state, the polarizations
thereof remain unchanged, and they are transmitted through
the polarization beam splitter 144 and are reflected off
reflective surface 142 back to port 102a. In summary, the
beam of light originally launched from port 102:: will return
thereto having dropped a channel (i.e., having central wave-
length 13) and the sub—beam of light corresponding to the
channel having central wavelength 13 will be switched to
port 1021).

Simultaneously, a second beam of light having a prede-
termined polarization and carrying another optical signal
having a central wavelength 2&3 is launched from port 102}:
to a lower region of lens 110a. It is reflected from the
difiraction grating 120, and is transmitted through lem; 110b,
where it is collimated and incident on the modifying means
150. The second beam of light passes through the liquid
crystal cell in the “OFF” state, the polarization thereof is
rotated 90°, it is reflected by the second polarization beam
splitter 146 towards the first beam splitter 144, and is
reflected back to port 1023, as shown in FIG. 3b. Notably,
the 7 express channels and the added channel are multi-
plexed when they return via the dispersion grating 120.

Since every spectral channel is passed through an inde-
pendently controlled pixel before being reflected back along
one of the two possible optical paths, a full reconfigurablility
of plurality of channels is obtained.

Notably, the choice of eight channels is arbitrarily chosen
for exemplary purposes. More or fewer channels are also
within the scope of the instant invention.

Referring again to FIG. 1, the operation of the optical
device operating as a DGE is described by way of the
following example. A collimated beam of light having a
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predetermined polarization and carrying channels 1,,
A2, . . . A3 is launched from port 102a through lens 110a,
where it is redirect diffraction grating 120. The beam of light
is spatially dispersed according to wavelength in a direction
perpendicular to the plane of the paper. The spatially dis-
persed beam of light is transmitted as 8 sub-beams of light
corresponding to 8 different spectral channels having central
wavelengths K1, K2, . . . lo, through lens 1102:, where it is
collimated and incident on the modifying means 150 such
that each sub-beam of light is passed through an indepen-
dently controlled pixel in the liquid crystal array 130
wherein the polarization of each sub-beam of light is selec-
tively adjusted. In particular, the sub-beam of light having
central wavelength 7&3 is passed through a liquid crystal cell
in an “ON” state, the polarization thereof is not adjusted, it
passes through the beam splitter 144, and is reflected back
to port 102:: with no attenuation, as illustrated in FIG. 3a.
Simultaneously, a sub-beam of light having central wave-
length L, is passed through a liquid crystal cell in an “OFF"
state, the polarization thereof is rotated by 90°, it is reflected
from beam splitters 144 and 146 and is directed to port 102.’).
100% attenuation is achieved with respect to this sub-beam
of light returning to port 102a. Simultaneously, a sub-beam
of light having central wavelength is is passed through a
liquid crystal cell that provides phase retardation between 0
and 180°, it is partially transmitted through from beam
splitter 144 and returns to port 102:: an attenuated signal.
The degree of attenuation is dependent upon the phase
retardation.

Optionally, a second beam of light is simultaneously
launched from port 1022: into the optical device for appro-
priate attenuation. In fact, this optical arrangement provides
a single optical system that is capable of providing simul-
taneous attenuation for a plurality of input ports, e.g., 102C,
1026!, 102e, etc . . . (not shown).

Alternatively, the attenuated light is received from port
102b, hence obviating the need for a circulator. In this
instance, when the polarization of a beam of light having
central wavelength 1, is rotated by 90° (i.e., the liquid
crystal array provides 180° phase retardation), it is reflected
from the beam splitter 144 to the second beam splitter 146
(shown in FIG. 3a) and is directed to port 102!) with no
attenuation. Similarly. when the polarization of this beam of
light is not adjusted (i.e., the liquid crystal array provides no
phase retardation), it passes through the beam splitter 144
(shown in FIG. 3a) and is reflected back to port 102a. 100%
attenuation with respect to this sub-beam of light reaching
port 1021) is achieved. Variable attenuation is achieved when
the liquid crystal cell selectively provides phase retardation
between 0 and 180°.

Turning now to FIG. 6:: another embodiment of the
DGEICOADM which is preferred over the embodiment
shown in FIG. 1, is shown. For clarity, only one beam is
shown exiting the front-end unit 605, however at least one
other beam (not shown) is disposed behind this beam as is
evident in the isometric view illustrated in FIG. 6b.

In FIG. 6a a single element having optical power in the
form of a concave reflector, such as spherical mirror 610, is
used to receive a collimated beam of light from the front-end
unit 605 and to receive and reflect beams of light to and from
the difiraction grating 620 and the modifying meam; 650.
The front-end unit 605, the dilfraction grating 620, and the
modifying means 650, are similar to parts 105, 120, and 150
described above. However, in this embodiment the front-end

unit 605, the diffraction grating 620, and the modifying
means are each disposed about the single focal plane of the
spherical reflector 610. Preferably, the difliraction grating is
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further disposed about the optical axis of the spherical
reflector 610. In general, two circulators (not shown) are
optically coupled to the front-end unit 605 to separate
inputfout and addfdrop signals in ports 102a and 102.5, as
described above.

Preferably, the diflraction grating 620, the spherical
reflector 640, and the modifying means 650 are each made
of fused silica and mounted together with a beam folding
mirror or prism 660 to a supporting plate 670 made of the
same, as illustrated in FIG. 6b. The beam folding mirror or
prism 660 is provided for space considerations.
Advantageously, this design provides stability with respect
to small temperature fluctuations. Moreover, this design is
defocus free since the radius of curvature of the spherical
reflector 610 changes in proportion to thermal expansion or
contraction of any other linear dimensions. Advantageously,
the spherical minor 610 has substantially no chromatic
aberrations.

When the optical device operates as a DGE, a detector
array 657 is optionally positioned behind the bearn-folding
mirror 660 to intercept part of the wavelength dispersed
beam of light. This design allows the signal to be tapped
while eliminating the need for external feedback.

Preferably, the difiraction grating 620 and the modifying
means 650 are disposed substantially one focal length away
from the spherical mirror 610 or substantially at the focal
plane of the spherical reflector 610, as discussed above. For
example, in COADM applications it is preferred that the
modifying means 650 are substantially at the focal plane to
within 10% of the focal length. For DGE applications, it is
preferred that the modifying means 650 are substantially at
the focal plane to within 10% of the focal length if a higher
spectral resolution is required, however, the same accuracy
is not necessary for lower resolution applications.

In operation, a multiplexed beam of light is launched into
the front-end unit 605. The polarization diversity arrange-
ment 105 provides two substantially collimated sub-beams
of light having the same polarization (e.g., horizontal), as
discussed above. The two beams of light are transmitted to
the spherical reflector 610 and are reflected therefrom
towards the diffraction grating 620. The dilfraction grating
620 separates each of the two sub-beams into a plurality of
sub-beams of light having ditferent central wavelengths. The
plurality of sub-beams of light are transmitted to the spheri-
cal reflector 610 where they are collimated and transmitted
to the modifying means 150 where they are incident thereon
as spatially separated spots corresponding to individual
spectral channels. Each sub-beam of light corresponding to
an individual spectral channel is modified and reflected
backwards either along the same optical path or another
optical path according to its polarization state, as described
above. The sub-beams of light are transmitted back to the
spherical reflector 610 and are redirected to the dispersive
element, where they are recombined and transmitted back to
the spherical element to be transmitted to the predetermined
input./output port.

Optionally, second, third, forth, . . . etc. multiplexed
beams of light are launched into the front-end unit 605. In
fact, this optical arrangement is particularly useful for appli-
cations requiring the manipulation of two bands (e.g., C and
L bands), simultaneously, wherein each band has its own
corresponding infoutiaddldrop ports.

Advantageously, the optical arrangement shown in FIGS.
6a and 6!) provides a symmetrical 4-f optical system with
fewer alignment problems and less loss than prior art
systems. In fact, many of the advantages of this design

24



25

US 6,859,573 B2

11

versus a conventional 4}‘ system using separate lenses is
atforded due to the fact that the critical matching of com-
ponents is obviated. One significant advantage relates to the
fact that the angle of incidence on the grating, in the first and
second pass, is inherently matched with the optical arrange-
ment.

The instant invention further provides an optical device
for rerouting and modifying an optical signal device that is
substantially more compact and that uses substantially fewer
components than similar prior art devices.

FIG. 7 shows an alternate arrangement of FIG. 6:1 and
FIG. 6b that is particularly compact. In this embodiment, the
more bulky dispersive element 620 and modifying means
650 are disposed outwardly from the narrower front-end unit
605.

FIG. 8 illustrates a DGE including a conventional three
port optical circulator and having a particularly symmetrical
design. A beam of light is launched into a first port 882 of
the circulator 880 where it circulates to and exits thnough
port 884. The beam of light exiting port 884 is passed
through the front-end unit 805, which produces two colli-
mated sub-beams having a same polarization that are trans-
mitted to an upper region of the spherical reflector 810 in a
direction parallel to an optical axis OA thereof. The colli-
mated sub-beams of light incident on the spherical reflector
810 are reflected and redirected to the dilfraction grating 820
with an angle of incidence [3. The sub-beams of light are
spatially dispersed according to wavelength and are trans-
mitted to a lower region of the spherical reflector 810. The
spatially dispersed sub-beams of light incident on the lower
region of the spherical reflector 810 are reflected and trans-
mitted to the modifying means 850 in a direction parallel to
the optical axis of the spherical reflector 810. Once
attenuated, the sub-beams of light are reflected back to the
spherical reflector 810, the diffraction grating 820, and the
front-end unit 805 along the same optical path. The diffrac-
tion grating recombines the two spatially dispersed sub-
beams of light. The front-end unit 805 recombines the two
sub-beams of light into a single beam of light, which is
transmitted to the circulator 880 where it is circulated to

output port 886. The front-end unit 805, dilfraction grating
820, and modifying means 850, which are similar to com-
ponents 105, 120, and 150 described above, are each dis-
posed about a focal plane 825 of the spherical reflector 810.
In particular, the diffraction grating 820 is disposed about the
focal point of the spherical reflector 810 and the modifying
means 850 and front-end unit are symmetrically disposed
about the dilfraction grating. Preferably, the modifying
means 850 includes either a liquid crystal array 830 and a
flat reflector 840, or a MEMS array (not shown).

Notably, an important aspect of the optical design
described heretofore relates to the symmetry and placement
of the optical components. In particular, the fact that each of
the front-end unit, the element having optical power, the
dispersive element, and the modifying means are disposed
about one focal length (of the element having optical power)
away from each other is particularly advantageous with
respect to the approximately Gaussian nature of the incident
beam of light.

Referring again to FIG. 8, the input beam of light emerges
from the front-end unit 805 essentially collimated and is
transmitted via the element having optical power 810 to the
diffraction grating 820. Since the diffraction grating 820 is
located at the focus of the element having optical power 810
and the input beams are collimated, the light is essentially
focused on the diffraction grating 820, as discussed above.
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The lie’ spot size at the grating, 20),, and the lie’ diameter
20); at the front-end unit 805, are related by:

0>r‘0>2-?t"fi=t

where ll. is wavelength and f is the focal length of the
element having optical power. Accordingly, one skilled in
the art can tune the spot size on the diflraction grating S20
and the resulting spectral resolution by changing the beam
size at the front-end unit 805.

Moreover, the instant invention allows light beams
launched from the front-end unit 805 to propagate to the
liquid crystal array 830 with little or no spot expansion,
since by symmetry, the spot size at the liquid crystal array
is the same as the spot size at the front-end unit.
Accordingly, the size of a beam of light launched from the
front-end unit 805 can be changed to conform to the cell size
of the liquid crystal array andfor vice versa. Alternatively,
the size of the beam of light can be adjusted to change the
spot size on the grating element 820, as discussed above.
Obviously, the same tuning is achievable with the optical
arrangements shown in both FIG. 1 and FIGS. 6a, 6!).

FIG. 9 illustrates an embodiment in accordance with the

instant invention, wherein a single collimatinglfocttsing lens
990 replaces the optical circulator 884 in the DGE shown in
FIG. 8. Preferably, the lens 990 is a collimatingtfocusing
lens such as a Graded Index or GRIN lens. The GRIN lens

990 is disposed such that an end face 994 thereof is
coincident with the focal plane 925 of the spherical reflector
910. The GRIN lens 990 is oriented such that its optical axis
(OM is parallel to but not coaxial with the optical axis 0A
of the spherical reflector 990. Input 985 and output 98'? ports
are disposed about an opposite end face 993 of the lens 990,
off the optical axis 0A2, and are optically coupled to input
999 and output 998 optical waveguides, respectively.
Preferably, input 999 and output 998 waveguides are optical
fibres supported by a double fibre tube, such as a double bore
tube or a double v-groove tube. A single inputfoutput port
992 is disposed about end face 994 coincident with the
optical axis 0A1. The modifying means 950 are shown
including a liquid crystal array 930 and a flat mirror 940
perpendicular to the 0A of the spherical reflector 910.
Alternatively, the modifying means comprises a MEMS
array (not shown). All other optical components are similar
to those described with reference to FIG. 8.

In operation, a beam of light is launched from input
waveguide 999 into port 985 iii a direction substantially
parallel to the optical axis (OA2) of the lens 990. The beam
of light passes through the GRIN lens 990, and emerges
from port 992 at an angle :1 to the optical axis. The angle (1
is dependent upon the displacement of port 985 from the
optical axis (OA2), d. The beam of light is transmitted to an
upper end of the spherical reflector 910, where it is directed
to the difliraction grating 920 with an angle of incidence
The resulting spatially dispersed beam of light is transmitted
to the spherical reflector, is reflected, and is transmitted to
the modifying means 950. If the dilfraction grating 920 is
parallel to the focal plane 925, as shown in FIG. 9, the beam
of light incident on the modifying means has an angle of
incidence substantially close to ot. Each sub-beam of the
spatially dispersed beam of light isselectively reflected back
to the spherical reflector 910 at a predetermined angle,
generally along a difierent optical path from which it came.
Variable attenuation is provided by the modifying means
950. The spherical reflector 910 redirects the modified
spatially dispersed beam of light back to the dilfraction
grating 920 such that it is recombined to form a single
modified output beam of light, which is incident on the
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single port 992 with an angle of incidence close to -11. The
attenuated output beam of light is passed through the lens
990, and is directed towards output port 987 where it is
transmitted to output optical fibre 998.

Advantageously, this simple device, which allows light to
enter and exit through two different ports disposed at one
end of the device, is simple, compact, and easy to manu-
facture relative to prior art modifying and rerouting devices.

Moreover, the instant design obviates the need for a bulky
and costly optical circulator, while simultaneously providing
an additional degree of freedom to adjust the mode size,
which in part defines the resolution of the device (i.e., can
adjust the focal length of GRIN lens 990).

Preferably, light transmitted to and from the output 998
and input 999 optical waveguides is focussedfcollimated,
eg, through the use of microcollimators, thermally
expanded core fibres, or lens fibres. Optionally, a front-end
unit (e.g., as shown in FIG. 2a or 21:), which is in the form
of an array, couples inputioutput waveguides 999998 to end
face 993. FIGS. 9a—9a‘ illustrate various optical input
arrangements, which for exemplary purposes are illustrated
with the arrangement shown in FIG. 2a.

In FIG. 9a, the input 999 and output 998 optical fibres are
coupled to the GRIN lens 990 via a lenslet array 912. A
spacer 913 is provided in accordance with the preferred
telecentric configuration. This optical arrangement, which
does not provide polarization diversity, is suitable for appli-
cations that do not involve polarization sensitive compo-
nents.

FIGS. 9b and 9c depict top and side views of the embodi-
ment where a front-end unit (i.e., as shown in FIG. 23),
couples the inputfoutput waveguides 999r'998 to the GRIN
lens 990. More specifically, the front-end unit includes
sleeve 996, lenslet array 912, birefringent element 914, half
waveplates 916, glass plates or second waveplates 918, and
GRIN lens 990.

In FIGS. 9a‘ and 9e there is shown top and side views of
an arrangement wherein the birefringent element 914, half
waveplates 916, and glass plates 918, which provide the
polarization diversity, are disposed about end face 994 of
GRIN lens 990 and a spacer 913 the lenslet array 112 are
disposed about end face 993.

FIG. 9f illustrates an embodiment wherein the input 999
and output 998 optical waveguides are not symmetrically
disposed about the optical axis OA2 of the GRIN lens 990.
In these instances, it is more convenient to compare the fixed
distance between the input 999 and output 998 waveguides
(D-2d) to the total angle between the input and output
optical paths (2o.). More specifically, the relationship is
given approximately as:

:26
‘HID

where F is the focal length of the GRIN lens 990.
Of course other variations in the optical arrangement are

possible. For example, in some instances, it is preferred that
the ditfraclion grating 920 is disposed at an angle to the focal
plane 925. In addition, the placement of the fi'ont end
unitflens 990, diffraction grating 920, and modifying means
950 can be selected to minimize aberrations associated with

the periphery of the element having optical power 910. In
FIG. 10, an alternative design of FIG. 9, wherein the element
having optical power is a lens 910 having two focal planes,
925a and 925b is illustrated. The diffraction grating 920 is
coincident with focal plane 925!) and the refiector 940 is
coincident with focal plane 925a. The operation is similar to
that discussed for FIG. 9.
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An advantage of the embodiments including a GRIN lens
990, e.g. as shown in FIG. 9—9d is that they are compatible
with modifying means based on MEMS technology, for both
COADM and DGE applications. This is in contrast to the
prior art optical arrangements described in FIGS. 1 and 6-8,
wherein the MEMS based modifying means 150 are pre-
ferred for DGE applications over COADM applications.

In particular, when the single collimatingffocusing lens
990 provides the input beam of light and receives the
modified output beam of light, the angular displacement
provided by each MEMS refiector complements the angular
displacement resulting from the use of the ofl-axis inputs’
output port(s) on the GRIN lens 990. More specifically, the
angular displacement provided by the lens 990 e.g., 0., is
chosen in dependence upon the angular displacement of the
MEMS device, e.g., 1°.

Apreferred embodiment is illustrated in FIG. 11, wherein
an arrangement similar to that shown in FIG. 9 designed to
operate as a COADM, is shown. Optical circulators SIM and
80b are coupled to each of the optical waveguides 99:3 and
99!), respectively, for separating inlout and add/‘drop optical
signals. Optical waveguides 99a and 99b are optically
coupled to microlenses 12a and 12!) disposed on one side of
the lens 90. The lens 90 is disposed such that an end thereof
lies in the focal plane 25 of the spherical refiector 10. Also
in the focal plane are the dispersive element 20 and the
modifying means 50, as described above. However, in this
embodiment, the modifying means is preferably a MEMS
array 50. Notably, the MEMS array provides a 2x2 bypass
configuration wherein an express signal launched into port 1
of the circulator 80:1 propagates to port 3 of the same
circulator 80a in a first mode of operation and a dropped
signal launched into port one of the circulator 304:1 propa-
gates to port 3 of the second circulator 80b in a second mode
of operation. Similarly, a signal added at port 1 of the second
circulator device propagates to port 3 of the first circulator
in the second mode of operation and is not collected in the
first mode of operation. For exemplary purposes, the beam
of light is assumed to include wavelengths A1 and 12,
however, in practice more wavelengths are typically used.

In operation, the beam of light carrying wavelengths it,
and A1, is launched into port 1 of the first optical circulator
80a and is circulated to optical waveguide 99a supported by
sleeve 96. The beam of light is transmitted through the
microlens 12a to the lens 90, in a direction substantially
parallel to the optical axis (OA2) of the lens 90. The beam
of light enters the lens through port 85 disposed 0E the
optical axis (OA,_) and emerges from port 92 coincident with
the optical axis (OA2) at an angle to the optical axis (OA2).
The emerging beam of light £179, is transmitted to an upper
portion of the spherical refiector 10, is reflected, and is
incident on the diffraction grating 20, where it is spatially
dispersed into two sub-beams of light carrying wavelengths
it, and 1.2, respectively. Each sub-beam of light is transmit-
ted to a lower portion of the spherical refiector 10, is
refiected, and is transmitted to separate refiectors 51 and 52
of the MEMS array 50. Referring to FIG. 11, reflector 51 is
oriented such that the sub-beam of light corresponding to X,
incident thereon, is reflected back along the same optical
path to the lens 90, passes through port 85 again, and
propagates to port 2 of circulator 80a where it is circulated
to port 3. Reflector 52, however, is oriented such that the
sub-beam of light corresponding to h: is refiected back
along a different optical path. Accordingly, the dropped
signal corresponding to wavelength A1 is returned to the lens
90, pames through port 87, propagates to port 2 of the
second circulator 80b, and is circulated to port 3.
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Simultaneously, a second beam of light having central
wavelength K2 is added into port 1 of the second optical
circulator 80b and is circulated to optical waveguide 99!).
The second beam of light 2.2 is transmitted through the
microlens 12b to the lens 90, in a direction substantially
parallel to the optical axis (OA2) of the lens 90. It enters the
lens 90 through port 87 disposed off the optical axis (OAZ)
and emerges from port 92 coincident with the optical axis
(OAQJ at an angle to the optical axis. The emerging beam of
light is transmitted to an upper portion of the spherical
reflector 10, is reflected, and is incident on the dilfraction

grating 20, where it is reflected to reflector 52 of the MEMS
array 50. Reflector 52 is oriented such that the second beam
of light corresponding to 1&2 is reflected back along a
different optical path to the spherical reflector 10, where it
is directed to the diffraction grating. At the dilfraction
grating, the added optical signal corresponding to 2.2 is
combined with the express signal corresponding to 1.1. The
multiplexed signal is returned to the lens 90, passes through
port 85, and returns to port 2 of the first circulator 3011 where
it is circulated out of the device from port 3.

Of course, numerous other embodiments may be
envisaged, without departing from the spirit and scope of the
invention. For example, in practice it is preferred that each
reflector of the MEMS array is deflected between positions
non-parallel to focal plane 25 i.e., the deflection is not
equivalent to the 45° and 0° deflections illustrated hereto-
fore. In these instances, it is preferred that the optical
waveguides coupled to the lens 90 be asymmetrically dis-
posed about the optical axis 0A2, as illustrated in FIG. 9d.
For example, FIG. 12 illustrates how strategic placement of
the optical waveguides 99 and 98 can complement the
angular displacement provided by the MEMS reflector 51.
Moreover, it is also within the scope of the instant invention
for the MEMs array to flip in either a horizontal or vertical
direction, relative to the dispersion plane. Furthermore, any
combination of the above embodiments andfor components
are possible.

Referring again to FIG. 3a, the modifying means 150 is
shown including a liquid crystal array 130, a polarization
beam splitter 144, and a reflector 146 for redirecting an
optical signal transmitted through the liquid crystal array
back to the liquid crystal array. Advantageously, this double
pass system provides a novel arrangement that significantly
improves the extinction ratio andfor reduces cross-talk when
the device is operating as a COADM.

For example, compare the prior art liquid crystal based
light attenuator shown in FIG. 13 to the dual liquid crystal
device shown in FIG. 14. In FIG. 13, the attenuator 18

includes a first polarizer 22, a liquid crystal cell 24, and a
second polarizer (analyzer) 26. The first polarizer 22 and
analyzer 26 are shown having parallel transmission axes.
The liquid crystal cell 24 modifies the polarization state of
the polarized light transmitted from the first polarizer 22 to
achieve variable attenuation at the analyzer 26. For example,
when the liquid crystal cell 24 is in an “ON” state, the
polarized light transmitted from the first polarizer 22 is not
rotated, the analyzer 26 passes all of the light transmitted
from the liquid crystal cell 24, and there is no attenuation of
optical signal. When the liquid crystal cell 24 is in an “0FF"
state, the polarized light transmitted from the first polarizer
22 is rotated by 90 degrees, the analyzer 26 blocks all of the
light transmitted from the liquid crystal cell 24, and full
attenuation of optical signal should be achieved. However,
in practice full attenuation is not achieved due to imperfect
andfor incomplete polarization rotation performed by the
liquid crystal cell 24. For example, imperfections in the
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liquid crystal cell result in some portions of a beam of light
transmitted therethrough being rotated less than 90 degrees.
This results in an unacceptably low extinction ratio (i.e.,
which is a measure of the maximum value in attenuation

attainable in variable optical attenuation) when the liquid
crystal cell is used in a variable attenuator andfor incomplete
channel switching or cross-talk when the liquid crystal cell
is used in a COADM or switch.

In FIG. 14, a variable attenuator having an improved
extinction ratio is provided. The attenuator 34 is similar to
the attenuator shown in FIG. 13, but further includes a

second liquid crystal cell 28 and third polarizer 32. The first
polarizer 22, the second polarizer 26, and the analyzer 32 are
depicted having transmission axes parallel to one another.
When both liquid crystal cells 24, 28 are in an “ON” state,
the attenuator provides substantially no attenuation. For
example, polarized light transmitted from the first polarizer
22 is transmitted through the first liquid crystal cell 24 where
it is not rotated, is passed through the second polarizer 26
where there is no attenuation, is passed through the second
liquid crystal cell 28 where it is not rotated, and is passed
through the third analyzer 32 where there is no attenuation.
In contrast, when both liquid crystal cells 24, 28 are in an
“OFF” state there is substantially full attenuation. For
example, most of the polarized light transmitted from the
first polarizer 22 is rotated by 90 degrees by the first liquid
crystal cell 24 and is blocked by the second polarizer 26. The
small portion of polarized light that was not rotated by 90
degrees by the first liquid crystal cell 24 passes through the
second polarizer 26 and has its polarization rotated by 90
degrees by the second liquid crystal cell 28. The light rotated
by 90 degrees by the second liquid crystal cell is then
blocked by the analyzer 32. Advantageously, in addition
blocking substantially all of the light, and thus increasing the
extinction ratio and dynamic range of the attenuator.

Referring to FIG. 15, there is shown a folded version of
the optical attenuator depicted in FIG. 14. The attenuator 36
includes an input polarizer 38, a liquid crystal cell 42, a
polarizer 44, and a reflector 46. The input polarizerfanalyzer
38 and second polarizer 44 are shown having parallel
transmission axes. The operation of the attenuator 36 shown
in FIG. 15 is similar to the operation of the attenuator shown
in FIG. 14. When the liquid crystal cell 42 is in an “ON”
state the attenuator 36 provides substantially no attenuation.
For example, polarized light transmitted from the first polar-
izer 38 is transmitted through the liquid crystal cell 42 where
it is not rotated, is passed through the second polarizer 44
where there is no attenuation, and is transmitted to the

reflector 46. The reflected light is passed back through the
second polarizer 44, and is transmitted through the liquid
crystal cell 42 where it is not rotated, and is passed through
the first polarizer (analyzer) 32 with substantially no attenu-
ation. In contrast, when the liquid crystal cell 42 is in an
“OFF" state there is substantially full attenuation. For
example, in the first pass most of the polarized light trans-
mitted from the first polarizer 38 is rotated by 90 degrees by
the liquid crystal cell 42 and is blocked by the analyzer 44.
The small portion of light having a component parallel to the
input polarized light is transmitted through the analyzer 44,
and is reflected from the reflector 46 to pass through the
optics a second time. In the second pass, the residual light is
passed back through the polarizer 44 to the liquid crystal cell
42, where its polarization is rotated by 90 degrees, and is
substantially blocked by the input polarizer (analyzer) 38.

Thus, in addition to increasing the total attenuation range
as discussed above, this arrangement advantageously uses a
same liquid crystal cell and a same input polarizer for both

27



28

US 6,859,573 B2

17

passes, thus reducing the number of components.
Furthermore, since the optical signal passes through the
same region of the liquid crystal cell during both passes,
polarization dependent loss (PDL) is minimized.

Notably, the double pass arrangement shown in FIG. 15 is
analogous to the modifying means shown in FIGS. 3a—d,
where the polarized input light is provided by one of the
polarization diversity units l05r"l05b shown in FIGS. 2a—b,
rather than a dichroic polarizer, the liquid crystal cell is part
of an array 130, a polarization beamsplitter 144 is the second
polarizer, and a flat reflector 142 is the reflector, In fact, in
many applications a polarization diversity unit, such as the
one shown in FIGS. 2tt—b, is preferable to a dichroic
polarizer for use as the input polarizer because of a lower
insertion loss. In these applications, each of the two sub-
beams of light having orthogonal polarizations (or the same
polarization if at least one is passed through a half-wave
plate) passes through a same or different liquid crystal cell.

In the double pass optical attenuator shown in FIG. 15, it
is advantageous for the input light to be substantially
focussed on the liquid crystal cell such that a continuous and
compact array of liquid crystal cells is possible. Moreover,
an increased channel bandwidth is observed if the beam

waist is focussed on liquid crystal cell. However, if light is
focussed on the liquid crystal cell for the first pass through
the device, it will diverge when it passes through the liquid
crystal cell during the second pass. In one embodiment, this
divergence is eliminated by providing relay or re-imaging
optics between the liquid crystal cell 42 and the backreflec-
tor 46. In another embodiment, this divergence is reduced by
focussing the light on the backreflector 46 and minimizing
the distance between the liquid crystal cell 42 and the
backreflector 46, thus allowing the light to be almost
focused at the liquid crystal cell 42. Alternatively, the beam
waist is focused at an intermediate position between the
liquid crystal cell 42 and the back reflector 46. However, in
either instance undesirable multi-path interference effects
occur between parallel surfaces of the optical components.
Accordingly, the polarizer 44 is optionally provided with an
anti-reflection coating. In addition, the backreflector 46 is
optionally provided at an angle to the parallel surfaces of the
liquid crystal cell 42 to eliminate the interference effects. For
example, in one embodiment the backreflector 46 is
designed with a wedge shape.

Referring to FIG. 16c, there is shown an optical attenuator
similar to that depicted in FIG. 15 having a wedged back-
reflector. The attenuator 46 includes an input polarizer 48, a
liquid crystal cell 62, a polarizer 64, and the wedged
backreflector 66. In particular, the backreflector is wedged
such that the reflective surface thereof is at a small angle to
a substrate of the liquid crystal cell 62 andfor polarizer 64.
The angle is selected to be large enough to eliminate
unwanted reflections off the liqttid crystal cell 62, and small
enough not to diverge the primary beam to a significant
extent. For example, in one embodiment the angle is in a
range from about 0.1 degrees to about 12 degrees.
Optionally, a glass spacer 68 is provided between the
wedged backreflector 66 and the polarizer 64 to allow
adhesion of the backreflector to the polarizer. Preferably, the
glass spacer has a refractive index andfor a coefficient of
thermal expansion selected to match the respective refrac-
tive index andfor coefficient of thermal expansion of the
substrate in the liquid crystal cell andfor the polarizer 64.
The operation of the attenuator shown in FIG. 16:: is the
same as the operation of the attenuator shown in FIG. 15.

Referring to FIG. 16!), there is shown an optical attenuator
similar to that depicted in FIG. 16:: having a wedged
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backreflector, wherein the second polarizer is substituted
with a polarization beamsplitter 64b. The attenuator 46b
includes an input polarizer 48b, a liquid crystal cell 62b, a
polarization beamsplitter 64b, and the wedged backreflector
66b. In particular, the backreflector 66b is wedged such that
the reflective surface thereof is at a small angle to a substrate
of the liquid crystal cell 62!) andfor polarizer 64b. The angle
is selected to be large enough to eliminate unwanted reflec-
tions off the liquid crystal cell 62!), and small enough not to
diverge the primary beam to a significant extent. For
example, in one embodiment the angle is in a range from
about 0.1 degrees to about 12 degrees. Optionally, a glass
spacer 68b is provided between the wedged backreflector
66b and the polarizer 64!: to allow adhesion of the backre-
flector to the polarizer. Preferably, the glass spacer has a
refractive index andfor a coefficient of thermal expansion
selected to match the respective refractive index andfor
coefficient of thermal expansion of the substrate in the liquid
crystal cell andfor the polarizer 641:. The operation of the
attenuator shown in FIG. 16!: is the same as the operation of
the attenuator shown in FIG. 15, with the exception that the
polarization beamsplitter 64b diverts the light rotated by 90
degrees by the liquid crystal cell 62!) in another direction,
rather than blocking it. For example, the diverted light is
optionally lost or directed to a dilferent output port.

Referring to FIG. 17, there is shown an optical attenuator
similar to that depicted in FIG. 16:1 having a wedged
polarizer. The attenuator 70 includes an input polarizer
(analyzer) 72, a liquid crystal cell 74, a. wedged polarizer 76,
and a backreflector 78. In particular, the polarizer is wedged
such that the reflective surface of the backreflector 78 is at

a small angle to a substrate of the liquid crystal cell 74. For
example, in one embodiment the polarizer 76 is contacted to
the backreflector 78 and the assembly is polished until a
portion of the polarizer is removed, and possibly some of the
backreflector. It is preferred that only the thin wedged part
of the polarizer is used in these instances. In general, the
angle is selected to be large enough to eliminate unwanted
reflectiomt off the liquid crystal cell 74, and small enough
not to diverge the primary beam to a significant extent. For
example, in one embodiment the angle is in a range from
about 0.1 degrees to about 12 degrees. Preferably, the
polarizer 76 is coated with an anti-reflection coating. The
operation of the attenuator shown in FIG. 17 is the same as
the operation of the attenuator shown in FIG. 15.

Referring to FIG. 18:1, there is shown an optical attenuator
in accordance with another embodiment of the instant inven-

tion. The attenuator 79 includes an input polarizer (analyzer)
81, a liquid crystal cell 82, a birefringent wedge 84, and a
reflector 86. The birefringent wedge 84 is oriented and
cutfpolished such that light transmitted from the liquid
crystal cell 82 having a first polarization is reflected by the
reflector 86 back along a predetermined desired path,
whereas light having a polarization orthogonal to the first
polarization is deflected by reflector 86 birefringent wedge
84 along a dilferent path. The operation of the attenuator is
described as follows. When the liquid crystal cell 82 is in an
“ON” state the attenuator 80 provides substantially no
attenuation. For example, polarized light transmitted from
the input polarizer 81 is transmitted through the liquid
crystal cell 82 where it is not rotated, is passed through the
birefringent wedge 84, and is transmitted to the reflector 86.
The reflector 86 reflects the light back through the birefrin-
gent wedge 84, where it is reflected at a predetermined angle
back to the liquid crystal cell 82 and passed back through the
input polarizer 81. In contrast, when the liquid crystal cell 42
is in an “OFF” state there is substantially full attenuation.
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For example, in the first pass most of the polarized light
transmitted from the first polarizer 38 is rotated by 90
degrees by the liquid crystal cell 42, is passed through the
birefringent wedge 84, and is transmitted to the reflector 86.
The reflector 86 reflects the light back through the birefrin-
gent wedge 84, where it deflected at a dilferent predeter-
mined angle, such that it is not received at the inputfoutput
port, thus providing substantially full attenuation. The small
portion of the polarized light that is was not fully rotated by
90 degrees by the liquid crystal cell 82 is passed through the
liquid crystal cell 82, where its polarization is rotated by 90
degrees, and is blocked by the input polarizer (analyzer) 81.
In other words, the birefringent wedge reflects light having
one polarization back along a substantially same optical path
such that it is picked up by the system, and deflects the other
polarization along a different optical path such that it is not
picked up by the system.

Referring to FIG. 18!), a schematic diagram of a single
birefringent wedge having a reflective coating illustrates the
function of the birefringent wedge. In FIG. 18b, the o-beam
(polarized along the ordinary axis of the birefringent wedge)
is reflected exactly backwards, while the e-beam (polarized
along the extra-ordinary axis of the birefringent wedge) is
deflected downwards.

In each of the embodiments shown in FIGS. 15, 160,19, 17,
and 180, the second polarizer (i.e., including the polarization
beamsplitter and birefringent wedge) andlor backreflector is
optionally made to be part of the liquid crystal cell. For
example, in one embodiment one substrate of the liquid
crystal cell is made of a polarizer material. Furthermore, in
each of the embodiments shown in FIGS. 15, 16:1, b, 17, and
180, the input polarizer is optionally replaced with a polar-
ization diversity unit 105fl05b, such as that shown in FIGS.
23-13; or a polarization beamsplitter.

For example, consider the optical attenuator illustrated in
FIGS. 19a—b. The attenuator 2 includes an input optical
waveguide, such as optical fibre 8, a birefringent crystal 3,
half-wave plate 4, a liquid crystal cell 5, a polarizer 6, and
a reflector 7. In operation, an input beam of light launched
from optical fibre 8 is incident on a first end of the birefrin-
gent crystal 3. The birefringent crystal 3 spatially separates
the input beam of light into two sub-beams of light having
orthogonal polarization states. The half-wave plate 4 rotates
the polarization of one sub-beam of light such that both have
the same polarization state. Both sub-beams of light pass
through the liquid crystal cell 5, where their polarizations are
selectively changed. A controller 9, which is coupled to the
liquid crystal cell 5, operates to selectively cause the liquid
crystal cell 5 to switch between an “ON” state, an “OFF”
state, and various intermediate states, in dependence upon a
desired attenuation level. When the liquid crystal cell 5 is in
an “ON” state, as shown in FIG. 19a, both sub-beams of
light are transmitted through the liquid crystal cell with
substantially no change to their polarization states, are
transmitted through the polarizer 6, and are reflected by the
reflector '7 back along a substantially same path to the
birefringent crystal3 where they are combined to produce an
output signal with substantially no attenuation. When the
liquid crystal cell 5 is in an “OFF” state, as shown in FIG.
19b, the liquid crystal rotates the polarization of two sub-
beams of light by 90 degrees, such that they are substantially
blocked by the polarizer 6. A small portion of the optical
signal that is not blocked is retroreflected back through the
liquid crystal cell 5 as two residual sub-beams of light,
where their polarizations are rotated by 90 degrees such that
they impinge the birefringent crystal 3 with polarization
states orthogonal with respect to the polarization states of
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the first pass through the birefringent crystal 3. Accordingly,
they exit at locations not coincident with the inputfoutput
waveguide. Notably, the birefringent crystal 3 and half-wave
plate 4 together function as a polarizer, or as the output
analyser, in that only light having a predetermined polar-
ization is transmitted therefrom to the liquid crystal cell 5,
and only light having the same predetermined polarization is
transmitted therefrom to the inputfoutput fibre 8.

In the embodiment shown in FIGS. 19n—b, each sub-beam
of light is passed through a single liquid crystal cell.
However, it is also within the scope of the instant invention
to pass each sub-beam of light through a diflerent liquid cell.
These liquid crystal cells may be either both in an “ON” or
an “OFF” state, or alternatively, are in opposite states.
Preferably, each cell corresponds to a difierent pixel (e.g.,
independently addressable element) of a liquid crystal array.
FIG. 20 illustrates an embodiment of the instant invention

similar to that shown in FIGS. 19rr—b, wherein the polar-
ization diversity unit shown in FIGS. 19a—b, does not
include a half-wave plate 4, and wherein each of the two
sub-beams of light passes through a different one of a
complementary pair of liquid crystal cells 5:: and 5b, i.e.,
when one is turned off the other is turned on.

FIG. 21 illustrates yet another embodiment of an optical
attenuator in accordance with the instant invention. The

attenuator 21 includes an input polarizer 23, a liquid crystal
modulator 27, a polarizer 29, and a reflector 31. The
attenuator 21 further includes first 33 and second 35 relay,
or re-imagining, lenses that form a 4-f system. In particular,
the front focal point of the first lens 33 is coincident with the
liquid crystal modulator 27m the back focal point of the first
lens 33 is coincident with the front focal point of the second
lens 35, and the back focal point of the second lens 35 is
coincident with the backreflector 31. The description of the
operation of the attenuator shown in FIG. 21 is the same to
the operation of the attenuator shown in FIG. 15, with the
exception that the re-imaging optics 33, 35 provide focus-
sing and oollimating such that all light incident on the liquid
crystal cell 27 and reflector 31 is focussed light, as discussed
above. Notably, the second polarizer 29 is shown between
the first 33 and second 35 lenses for illustration purposes
only. In alternative embodiments, the polarizer 29 is dis-
posed between the liquid crystal cell 27 and the first lens 33,
or between the second lens 35 and the backreflector 31.

In each of the embodiments shown in FIGS. 14, 15, 16:2,
17, and 21 the first polarizerfanalyzer and second polarizer
are described as having parallel transmission axes, such that
the “ON” state of the liquid crystal cell corresponds to
substantially no attenuation. Alternatively, the polarizer and
analyzer are oriented to have perpendicular transmission
axes, such that the “ON” state corresponds to substantially
total attenuation. Notably, in each of the above embodiments
the “ON” state of the liquid crystal cell is defined as when
the liquid crystal cell does not rotate the polarization of light
by 90 degrees for illustrative purposes only. It is also within
the scope of the instant invention to use liquid crystal
cellsfarrays where the “ON” state is defined as when the
liquid crystal cell rotates the polarization of light by 90
degrees.

Of course, each of the embodiments shown in FIGS. 15,
16a,b, 17, 18a, 19, 20 and 21 are suitable for use as

modifying means as described heretofore. Furthermore,
each of the embodiments shown in FIGS. 15, 16a,b, 17, 18c,
19, 20, and 21 is discussed with respect to variable optical
attenuators for illustration purposes only. These embodi-
ments are also suitable for use in DGE and COADM (or
switch) applications.
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Numerous other embodiments may be envisaged, without
departing from the spirit and scope of the invention.

What is claimed is:

1. An optical device comprising:

a first optical fibre for providing an input beam of light;

first polarizing means for producing light having a pre-
determined polarization state from the input beam of
light;

a liquid crystal modulator positioned to receive the light
having a predetermined polarization state and for selec-
tively altering its polarization;

second polarizing means positioned to receive the light
transmitted from the liquid crystal modulator, said
second polarization means designed for passing light
having one of the predetermined polarization and a
polarization perpendicular to the predetermined polar-
ization and for blocking or diverting the other;

a reflective surface positioned to receive the light passed
through the second polarizing means and reflecl it for
a second pass through the liquid crystal modulator; and

a controller coupled to the liquid crystal modulator to
direct the selective altering of polarization in depen-
dence upon a desired attenuation setting for light exit-
ing the optical device through one of the first optical
fibre and a second optical fibre.

2. An optical device according to claim 1, wherein the first
polarizing means comprises one of a polarizer, a dichroic
polarizer, a polarization beamsplitter, and a birefiingent
crystal.

3. An optical device according to claim 1, wherein the
second polarizing means comprises one of a polarizer, a
dichroic polarizer, polarization beam splitter, a birefringent
crystal, a pair of coupled polarization beam splitters, and a
double Glan prism.

4. An optical device according to claim 2, wherein the
second polarizing means comprises one of a polarizer, a
dichroic polarizer, a polarization beam splitter, a birefringent
crystal, a pair of coupled polarization beam splitters, and a
double Glan prism.

5. An optical device according to claim 1, wherein the first
polarizing means comprises a birefringent crystal for sepa-
rating the input beam of light into two sub-beams of light
having orthogonal polarizations.

6. An optical device according to claim 5, wherein the
second polarizing means comprises a dichroic polarizer.

7. An optical device as defined in claim 6, wherein the
polarizer has a dichroic axis aligned either parallel or
orthogonal to a walk-off direction of the birefringent crystal.

8. An optical device as defined in claim 5, wherein the
second polarizing means comprises a polarization beam-
splitter.

9. An optical device as defined in claim 5, wherein the
two-sub beams of light pass through one of a same addres-
sable region of the liquid crystal modulator and dilferent
addressable regions of the liquid crystal modulator.

10. An optical device as defined in claim 5, comprising a
half waveplate disposed between the birefringent element
and the liquid crystal modulator for rotating the polarization
of at least one of the two orthogonally polarized beams such
that both have a same polarization at the liquid crystal
modulator.

11. An optical device according to claim 1, wherein the
reflective surface is angled relative to a surface of the liquid
crystal modulator.

12. An optical device according to claim 11, wherein the
reflective surface comprises a wedged mirror.
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13. An optical device according to claim 11, comprising
a wedged glass spacer disposed between the reflective
surface and the second polarizing means.

14. An optical device according to claim 11, wherein the
second polarizing means comprises one of a dichroic
polarizer, a wedged dichroic polarizer and a birefringent
wedge.

15. An optical device according to claim 13, wherein the
wedged glass spacer is part of the liquid crystal modulator.

16. An optical device according to claim 14, wherein the
second polarizing means is part of the liquid crystal modu-
lator.

17. An optical device according to claim 16, wherein the
reflective surface is part of the liquid crystal modulator.

18. An optical device according to claim 1, where the
liquid crystal modulator comprises a liquid crystal array
having a plurality of independently addressable regions.

19. An optical device according to claim 1, further com-
prising a first lens and a second lens optically disposed
between the liquid crystal modulator and the reflective
surface, the first and second lenses positioned to provide
focussed light on the liquid crystal modulator and the
reflective surface.

20. An optical device as defined in claim 1, wherein the
input beam of light passes through a same overlapping
region in the liquid crystal modulator for both a first and the
second pass therethrough.

21. An optical device according to claim 1, comprising a
plurality of fibres, each fibre for producing an input optical
signal that is transmitted through a separate region of the
liquid crystal modulator.

22. An optical device according to claim 1, wherein the
second polarizing means comprises first and second polar-
ization beamsplitters arranged such that light launched from
the liquid crystal modulator having a first polarization state
is reflected from the first polarization beamsplitter to the
second polarization beam splitter and back to the liquid
crystal modulator, while light having a second orthogonal

polarization state passes through the first polarization beam-
splitter and is reflected olf the reflective surface and back to
the liquid crystal modulator.

23. An optical device according to claim 1, comprising a
dispersive element optically disposed between the first
polarizing means and the liquid crystal modulator for spa-
tially separating the light having a predetermined polariza-
tion state such that individual wavelength channels are
incident on dilferent addressable regions of the liquid crystal
modulator to allow for wavelength selective attenuation or
switching.

24. An optical device according to claim 23, wherein the
dispersive element is a difiraction grating.

25. An optical device according to claim 1, wherein the
liquid crystal modulator comprises twisted nematic liquid
crystal.

26. An optical device according to claim 1, wherein the
device is one of a variable optical attenuator, a DGE, and a
COADM.

27. An optical device comprising:
an optical fibre for launching an input optical signal;
a first polarizer disposed for receiving the input optical

signal and for producing polarized light therefrom;
a liquid crystal modulator disposed for selectively altering

the polarization of the polarized light, at least one
region of the liquid crystal modulator operable between
a first state where the polarization of light transmitted
therethrough is not rotated and a second state where the
polarization of light transmitted therethrough is rotated
by degrees;
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a second polarizer disposed for passing light transmitted
from the liquid crystal modulator in dependence upon
its polarization state; and

a reflective element disposed for reflecting the light
transmitted from the second polarizer back towards the
optical fibre via the second polarizer, the liquid crystal
modulator, and the first polarizer to provide an
improved extinction ratio for one of the first and second
states.

28. A variable optical attenuator comprising:

a birefringent element positioned to separate the optical
signal into two spatially separated, orthogonally polar-
ized beams;

a liquid crystal modulator positioned to receive the polar-
ized beams of light and to selectively alter their polar-
izations;

a reflective element positioned to reflect the polarized
beams back through the liquid crystal modulator and

10
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the birefringent element, wherein the birefringent ele-
ment recombines orthogonally polarized components
of the reflected beams to produce an output optical
signal; and

a polarizer optically disposed between the liquid crystal
array and the reflective element, wherein the polarizer

is positioned to contact the beams during at least one of
a first pass from the liquid crystal modulator to the
reflective element and a second pass from the reflective
element back to the modulator.

29. A variable optical attenuator as defined in claim 28,
wherein the polarizer is positioned to contact the beams

15 during both passes.
30. A variable optical attenuator as defined in claim 29,

wherein the polarizer is a dichroic polarizer.
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