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(57) ABSTRACT 

DEVICE 
A multipleXing/demultipleXing optical device comprises a 

(76) Inventors; Benjamin B, Binge], Painted Post, NY beam distribution element to receive an input optical signal 
(US); Shamino Y. Wang, San Jose, CA comprising one or more Wavelengths and to distribute the 
(US) optical signal into a plurality of beams. The optical device 

also comprises a variable path length element to receive the 
Correspondence Address? distributed optical signal from the ?rst optical element, 
FOLEY AND LARDNER Where the variable path length element comprises a plurality 
SUITE 500 path sections, Where a length of at least one of the path 
3000 K STREET NW sections is variable. The optical device further comprises a 
WASHINGTON’ DC 20007 (Us) beam interaction element to receive the plurality of beams 

_ from the variable path length element, Wherein the plurality 
21 A l. N .. 09 930 722 

( ) pp 0 / ’ of beams are combined and alloWed to interfere, and are 

(22) Filed; Aug 15, 2001 thereby demultiplexed. A controller operatively coupled to 
the variable path length element can be provided to pro 

Publication Classi?cation grammatically vary the length of one or more of the path 
sections. The variable path length element can include an 

(51) Int. Cl.7 ..................................................... .. G02B 6/28 optical sWitch fabric, such as a tWo dimensional sWitch 
(52) US. Cl. .............................................................. .. 385/24 fabric or a three dimensional sWitch fabric. 
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FIG. 1 (PRIOR ART) 
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DEMULTIPLEXER/MULTIPLEXER WITH A 
CONTROLLED VARIABLE PATH LENGTH 

DEVICE 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] This invention generally relates to the ?eld of 
optical devices, and more particularly to a controllable 
demultiplexer/multiplexer. 
[0003] 2. Description of the Related Art 

[0004] Optical devices having phased arrays of 
Waveguides, also referred to as Arrayed Waveguide Grating 
(AWG) devices, are often used for optical multiplexing and 
demultiplexing applications in optical netWorks. AWGs, in 
particular, are suitable for handling inputs having a large 
number of Wavelengths (or channels). AWGs are conven 
tionally planar devices having a plurality of substantially 
parallel Waveguides, each differing in length from its nearest 
neighbors, coupling tWo opposing star couplers. Most con 
ventional AWGs are passive devices, such as shoWn in US. 
Pat. No. 5,002,350. 

[0005] For example, a schematic of a conventional AWG 
is shoWn in FIG. 1. The corresponding spectral output 
response of the conventional AWG is shoWn in FIG. 2. In 
this conventional planar design, the conventional AWG 1 
includes an input slab 30, a Waveguide array 45, and an 
output slab 50. Input slab 30 can operate as a 1><N splitter. 
In FIG. 1, the input signal 10 enters at the entrance plane of 
the slab 30 through one of the input port(s) 20-1, . . . ,20-s. 
The optical signal spreads throughout the “free-space” slab 
30, and is distributed among M number of ports at side 31 
of the slab 30. 

[0006] Waveguide array 45 includes M number of sub 
stantially parallel planar Waveguides 45-1, . . . ,45-m, having 
path lengths l1, . . . ,lm. Adjacent Waveguides have an 
incremental path length difference of Al=lX—lX_1. The 
Waveguides 45-1, . . . ,45-m end With ports 40-1, . . . ,40-m 

on side 51 of output slab 50. The output ports 40-1, . . . ,40-m 
are considered in the art to form a diffraction grating. Output 
slab 50 provides M><N coupler operation in Which the M 
signals coming from M parallel Waveguides 45-1, . . . , 45-m 
are combined and alloWed to interfere, such that each 
Wavelength is directed to converge on a different output port 
65-1 to 65-11 of the device at side 57 of the slab 50. All these 
parts can be formed on a silicon substrate by conventional 
means. See e.g., C. Dragone, IEEE Photonics Technology 
Letters, vol. 3, no. 9, pp. 812-815 (September 1991). Once 
the AWG is fabricated, all the path lengths of the different 
arms are ?xed, Which makes the device’s Wavelength spac 
ing permanent because channel spacing is generally deter 
mined by the incremental path difference Al of the 
Waveguide array 45 of the AWG. 

[0007] As mentioned above, conventional AWGs utiliZe 
substantially parallel Waveguides that are permanently ?xed 
in their respective physical path lengths. The impact of this 
?xed physical path length difference Al on current DWDM 
netWork system When these AWGs are deployed is the 
pre-determination of the overall channel spacing A?» of the 
Whole netWork. This decision affects all netWork compo 
nents and equipment deployed in the netWork such as: 
OADM, WADM, OXC, laser Wavelength channels, etc. 
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Once this optical netWork is deployed, any future upgrade 
(in terms of increasing the number of Wavelength channels 
by reducing the channel spacing) Would require replacing all 
these previously deployed AWGs With neW AWGs having 
narroWer channel spacing. Another approach is to comple 
ment all the deployed AWGs With optical interleaved ?lter 
(OIF) pairs by engineering them in the netWork. These 
upgrade scenarios are necessary When the optical ampli?er’s 
useful spectral range reaches its limit. 

[0008] In both of these approaches, the development and 
implementation of hardWare upgrades are expensive, time 
consuming and could result in a more complicated overall 
netWork. Furthermore during the upgrade, part of the net 
Work operation must be taken off-line or shut doWn in order 
for the deployed AWGs to be replaced. 

SUMMARY OF THE INVENTION 

[0009] According to one embodiment of the present inven 
tion, an optical device comprises a beam distribution ele 
ment to receive an input optical signal comprising one or 
more Wavelengths and to distribute the optical signal into a 
plurality of beams. The optical device also comprises a 
variable path length element to receive the distributed opti 
cal signal from the beam distribution element, Where the 
variable path length element comprises a plurality of path 
sections, Where a length of at least one of the path sections 
is variable. The optical device further comprises a beam 
interaction element to receive the plurality of beams from 
the variable path length element, Wherein the plurality of 
beams interact such that each Wavelength can propagate to 
a different output. The optical device can further include a 
plurality of exit ports to receive the demultiplexed beams, 
Where a ?rst exit port receives a ?rst demultiplexed optical 
signal having a ?rst Wavelength and a second exit port 
receives a second demultiplexed optical signal having a 
second Wavelength different from the ?rst Wavelength. A 
controller operatively coupled to the variable path length 
element can be provided to vary the length of one or more 
of the path sections. The variable path length element can 
include an optical sWitch fabric, such as a tWo dimensional 
sWitch fabric or a three dimensional sWitch fabric. 

[0010] In a preferred aspect of this embodiment, the 
variable path length element can be constructed from an 
optical sWitch fabric based on an array of MEMS mirrors, a 
liquid crystal based sWitching array, or a bubble type sWitch 
ing array. In an alternative aspect of this embodiment, the 
variable path length element can be based on a three 
dimensional sWitch fabric constructed from opposing move 
able mirror arrays. 

[0011] In another preferred aspect of this embodiment, the 
variable path length element comprises a MEMS mirror 
sWitch array, Where at least one of the mirrors is tiltable or 
partially actuatable to provide variable optical attenuation of 
the re?ected optical signal. In other preferred aspects of this 
embodiment, the variable path length element can include a 
liquid crystal based sWitching array, a bubble type sWitching 
array, or a combination of MEMS, liquid crystal and/or 
bubble type sWitching arrays, in Which at least one of the 
sWitching elements is partially actuatable to provide variable 
optical attenuation of the re?ected optical signal. 

[0012] According to another embodiment of the present 
invention, a method of demultiplexing a multiplexed optical 
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signal includes distributing the optical signal into a plurality 
of beams; directing the plurality of beams to a variable path 
length element, Wherein the variable path length element 
comprises a plurality of path sections corresponding to a 
number of distributed beams, Wherein a ?rst beam of the 
plurality of beams propagates along a ?rst path section and 
a second beam of the plurality of beams propagates along a 
second path section, Wherein the ?rst path section is set to 
a ?rst path length in a ?rst state and the ?rst path section is 
set to a second path length in a second state, Wherein the ?rst 
and second path lengths are different, Wherein the second 
path section is set to a third path length in a ?rst state and 
the second path section is set to a fourth path length in a 
second state, Wherein the third and fourth path lengths are 
different; and directing the ?rst and second beams from the 
variable path length element into a beam interaction ele 
ment, Wherein a ?rst exit port receives a ?rst output beam 
having a ?rst Wavelength and a second exit port receives a 
second output beam having a second Wavelength, said ?rst 
and second Wavelengths being different. 

[0013] The devices and methods of the present invention 
results in a number of advantages over prior art devices and 
methods. The channel spacing of the demultiplexer devices 
of the current invention may be changed by the user, 
alloWing greater ?exibility in netWork design and imple 
mentation. 

[0014] It is to be understood that both the foregoing 
general description and the folloWing detailed description 
are merely exemplary of the invention, and are intended to 
provide an overvieW or frameWork to understanding the 
nature and character of the invention as it is claimed. 

[0015] Other advantages and novel features of the present 
invention Will become apparent from the folloWing detailed 
description of the invention When considered in conjunction 
With the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] The accompanying draWings, Which are incorpo 
rated herein and form part of the speci?cation, illustrate 
embodiments of the present invention and, together With the 
description, further serve to explain the principles of the 
invention and to enable a person skilled in the pertinent art 
to make and use the invention. 

[0017] FIG. 1 is a schematic vieW of a conventional prior 
art arrayed Waveguide grating (AWG). 

[0018] FIG. 2 is a plot of relative intensity versus output 
port for a conventional prior art AWG. 

[0019] FIG. 3 is a schematic diagram of a multiplexer/ 
demultiplexer device having a controlled variable path 
length element according to an embodiment of the present 
invention. 

[0020] FIG. 4 is a schematic diagram of a planar multi 
plexer/demultiplexer device having a controlled variable 
path length element operating as a controllable AWG 
according to another embodiment of the present invention. 

[0021] FIG. 5 is a close up vieW of the controlled variable 
path length element of FIG. 4. 

[0022] FIG. 6 is a side vieW of an example construction of 
a MEMS sWitch. 
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[0023] FIG. 7 is another side vieW of an example con 
struction of a MEMS sWitch 

[0024] FIGS. 8 and 9 are schematic vieWs of alternate 
embodiments of controlled variable path length elements. 

[0025] FIGS. 10A and 10B are example graphs of the 
output intensity as a function of frequency difference 
according to another embodiment of the present invention. 

[0026] FIG. 11 is a schematic vieW an example structure 
used in calculating channel spacing requirements according 
to another embodiment of the present invention. 

[0027] FIG. 12 is a schematic diagram of a multiplexer/ 
demultiplexer device having a controlled variable path 
length element having a non-sequential path length arrange 
ment according to another embodiment of the present inven 
tion. 

[0028] FIG. 13 is a schematic vieW of an alternative 
arrangement for a tWo dimensional variable path length 
element using mirror sWitches. 

[0029] FIG. 14 is a side perspective vieW of a multiplexer/ 
demultiplexer device having a controlled variable path 
length element that provides a controlled incremental path 
length difference in free-space using a three dimensional 
sWitching structure according to another embodiment of the 
present invention. 

[0030] FIG. 15 is a side perspective vieW of an alternative 
con?guration of a three dimensional sWitch matrix accord 
ing to another embodiment of the present invention. 

[0031] FIG. 16 is a perspective vieW of another alternative 
con?guration of a three dimensional sWitch matrix accord 
ing to another embodiment of the present invention. 

[0032] FIG. 17 is a schematic diagram of an alternative 
con?guration of an example homogeneous expansion 
medium, a beam splitter With multiple outputs. 

[0033] FIG. 18 is a schematic diagram of a multiplexer/ 
demultiplexer device having a controlled variable path 
length element according to another embodiment of the 
present invention, in particular, providing built-in variable 
optic attenuation. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0034] The present invention is generally related to optical 
multiplexer/demultiplexer devices and is related, in particu 
lar, to a multiplexer/demultiplexer device having a control 
lable variable path length element. The multiplexer/demul 
tiplexer device of the present invention can be designed in 
a planar con?guration, a non-planar con?guration, or a 
combination of the tWo. In a preferred planar design, the 
multiplexer/demultiplexer device acts as an arrayed 
Waveguide grating (AWG) device With arrayed Waveguides 
having controllable variable physical path lengths, as 
opposed to permanent, ?xed path lengths as found in con 
ventional AWGs. By controlling the path lengths of the 
multiplexer/demultiplexer device of the present invention, 
an optical system containing the multiplexer/demultiplexer 
device that includes a controllable variable path length 
element can be upgraded remotely Without the need to 
physically replace the device should the number of commu 
nicated channels or the channel spacing be changed. 
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[0035] FIG. 3 shows a multiplexer/demultiplexer device 
100 having a controllable variable path length element 
according to a ?rst embodiment of the present invention. 
The device 100 can be integrated on a substrate (not shoWn) 
made from a suitable material, such as silica, silicon, glass, 
or a III-V semiconductor, as Would be apparent to one of 
ordinary skill in the art given the present description. 

[0036] A beam distribution element 130 receives an input 
optical signal 105 at an input, such as Waveguide 110. The 
optical signal 105 can comprise one or more Wavelengths, 
such as a multiplexed (WDM or DWDM) optical signal 
having Wavelengths kl-kn. The beam distribution element 
130 can be a planar device or a non-planar device. The beam 
distribution element splits the input optical signal into a 
plurality of m beams, alloWing them to expand spatially to 
multiple outputs. For example, the beam distribution ele 
ment 130 can be a planar device such as, for example, a slab 
Waveguide or a star coupler, or a non-planar device such as, 
for example, a microoptic beam splitter device, a lens, or a 
lens array. 

[0037] Beam distribution element 130 distributes the opti 
cal signal 105 into a plurality of light beams that propagate 
along paths 145-1, . . . ,145-m. Each path 145-1, . . . ,145-m 

travels through variable path length element 120. The con 
nection or bridge betWeen beam distribution element 130 
and the variable path length element 120 can be a coupling 
structure such as a plurality of optical ?bers, a plurality of 
Waveguides or optical lenslet collimators. The coupling 
structure can also comprise a homogeneous medium, such 
as, for example, a volume of air or a piece of glass. 

[0038] The variable path length element 120 receives the 
distributed optical signal from the beam distribution element 
130 in the form of m light beams. Variable path length 
element 120 includes a plurality of m path sections 121-1 to 
121-m, Wherein the physical length of at least one of the path 
sections 121-1 to 121-m is controllably variable. The vari 
able path length element 120 serves to controllably change 
the path length of one or more of the paths 145-1, . . . ,145-m. 
For example, path 145-m has a length of lm=lm)u+igm, Where 
1m)u is the path length of path 145-m When path section 
121-m is in an unactuated state, and Em is the physical length 
added to the path When path section 121-m is in an actuated 
state. Preferably, each path section 121-1, . . . ,121-m of the 
variable path length element 120 can be actuated to add a 
variety of% values to one or more of the lengths of the paths 
145-1, . . . ,145-m. Preferably, the physical lengths of each 
of the path sections 121-1 to 121-m can be controlled so that 
a controlled and variable delay can be imparted to one or 
more of the light beams propagating along the paths 145-1, 
. . . ,145-m. As is described in further detail beloW With 

respect to the various embodiments of the present invention, 
the variable path length element 120 can be a planar device, 
or a non-planar device, such as, for example, a tWo dimen 
sional sWitch fabric (e.g., using MEMS sWitching, liquid 
crystal sWitching, bubble sWitching, and/or Mach Zehnder 
interferometer sWitches), or a three dimensional sWitching 
element or device. 

[0039] In one embodiment of the invention, the unactuated 
path lengths of the paths 145-1, . . . 145-m are chosen such 
that each path has a different unactuated path length. For 
example, adjacent unactuated paths may have a difference in 
path length of Al. Such a device is operative as a demulti 
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plexer/multiplexer in the unactuated state. This alloWs the 
device to be implemented passively initially, With actuation 
required only When a change from the initial channel spac 
ing is desired. 

[0040] Also, in this example, a controller 170 can be 
coupled to the variable path length element 120 in order to 
control one or more of the lengths of the path sections 121-1 
to 121-m. Because system requirements can be subject to 
change, the controller 170 can be designed to further include 
suf?cient programmable memory (e.g., EPROMs and the 
like) to receive and implement additional operating softWare 
and/or commands from a system controller or netWork 
management system. For example, in a ?rst state, the 
controller can set the physical length of the ?rst path section 
to be a ?rst path length. In a second state, the controller can 
set the physical length of the ?rst path section to be a 
different path length. Similarly, each of the lengths of the 
remaining path sections can be set to different path lengths, 
depending on system requirements. 

[0041] With none, some, or all of the light beams having 
undergone a same or different controlled delay Within vari 
able path length element 120, the light beams are directed to 
a beam interaction element 150. Beam interaction element 
150 can be a planar device such as, for example, a slab 
Waveguide or a star coupler, or a non-planar device such as, 
for example, a microoptic beam splitter device, a lens, or a 
lens array. The connection or bridge betWeen the variable 
path length element and the beam interaction element 150 
can be a coupling structure such as a plurality of optical 
?bers, a plurality of Waveguides or optical lenslet collima 
tors, or may include a homogeneous medium, such as, for 
example, a volume of air or a piece of glass. 

[0042] The interaction of the beams in device 150 can be 
a demultiplexing, multiplexing, diffraction or other interac 
tion. In the example of FIG. 3, a demultiplexing interaction 
is provided, Where the paths 145-1, . . . ,145-m are coupled 
to the beam interaction element 150 through ports 140-1, . 
. . ,140-m. In beam interaction element 150, the beams 
entering through ports 140-1, . . . ,140-m are combined and 
alloWed to interfere With one another creating a diffraction 
pattern, Whereby the result is a plurality of demultiplexed 
signals With Wavelengths kl-kn. Alternatively, the variable 
path length element can be in an unactuated state, and thus 
impart no optical transformation to the beams. In such a 
case, the interaction of the beams in device 150 Will be 
negligible and the beams of Wavelengths k1 -7»n emerge from 
the device 150 Will be substantially unchanged from the 
initial signal that entered the system. These individual 
signals can be further communicated to an optical system 
(not shoWn) via output ports 160-1 to 160-n, Which are 
disposed along side 157 of optical element 150. 

[0043] As the beams entering through ports 140-1, . . . 
,140-m may each have propagated along paths of different 
path length, the paths 145-1, . . . ,145-m, in effect form a 
diffraction grating. Since the difference in path length 
betWeen paths is controllable, the effective spacing of the 
diffraction grating formed by ports 140-1, . . . ,140-m is 
controllable. As the person of skill in the art Will appreciate, 
the ability to control the effective grating spacing by control 
of the path length difference betWeen paths alloWs the 
channel spacing of the demultiplexer to be controlled. 

[0044] FIG. 4 shoWs a preferred embodiment of the 
present invention, a controllable planar multiplexer/demul 
















