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(57) ABSTRACT 

A polarization controller includes a first polarization beam 
Splitter operable to receive an input optical Signal having an 
input State of polarization and to Separate the Signal into a 
first and a Second principal mode of polarization. The 
polarization controller further includes at least three Stages 
of phase shifters each operable to introduce a phase shift 
between the first and Second principal modes, at least one 
phase shifter comprising a beam splitter that is shared with 
at least one other of the phase shifters. The at least three 
Stages of phase shifters include a first Stage coupled to the 
first polarization beam splitter and a last Stage coupled to a 
Second polarization beam splitter. The Second polarization 
beam splitter is operable to receive phase shifted copies of 
the first and Second principal modes, and to align the phase 
shifted copies of the principal modes to an output State of 
polarization. 
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APPARATUS AND METHOD FOR CONTROLLING 
POLARIZATION OF AN OPTICAL SIGNAL 

RELATED APPLICATIONS 

0001. This application is a continuation of application 
Ser. No. 10/977,015, entitled “Apparatus and Method for 
Controlling Polarization of an Optical Signal,” filed Oct. 28, 
2004. application Ser. No. 10/977,015 is a continuation of 
application Ser. No. 09/746,125, entitled “Apparatus and 
Method for Controlling Polarization of an Optical Signal.” 
filed Dec. 22, 2000, now U.S. Pat. No. 6,856.459 B1. 
application Ser. No. 09/746,125 is related to application Ser. 
No. 09/746,850, entitled “Apparatus and Method for High 
Speed Optical Signal Processing, filed on Dec. 22, 2000, 
now U.S. Pat. No. 6,493,488 B1; to application Ser. No. 
09/746,822, entitled “Apparatus and Method for Optical 
Add/Drop Multiplexing,” filed on Dec. 22, 2000; and to 
application Ser. No. 09/746,813, entitled “Apparatus and 
Method for Providing Gain Equalization,” filed on Dec. 22, 
2OOO. 

TECHNICAL FIELD OF THE INVENTION 

0002 The present invention relates to the field of com 
munication Systems, and more particularly to an apparatus 
and method operable to facilitate control of the state of 
polarization of one or more optical Signals. 

BACKGROUND OF THE INVENTION 

0003. As optical systems continue to increase the volume 
and Speed of information communicated, polarization con 
trollers are becoming increasingly important optical net 
working elements. For example, polarization controllers are 
essential in polarization multiplexed lightwave transmission 
Systems. These Systems can operate in a number of ways. In 
one embodiment, alternate bits can be polarized orthogonal 
to one another and combined to create a faster overall 
transmission rate. In another embodiment, densely packed 
adjacent wavelengths can be orthogonally polarized to mini 
mize interaction between the adjacent wavelengths. In either 
case, a polarization controller is used to appropriately align 
the Signals' States of polarization. 
0004. As another example, polarization controllers can be 
useful in upgrading the operation of polarization Sensitive 
optical components. Where an optical component's perfor 
mance changes depending on the State of polarization of the 
Signal it processes, a polarization controller can be used to 
align the Signals State of polarization with the State that 
maximizes the device's performance. 
0005 Polarization controllers also find application in 
devices used to mitigate polarization mode dispersion aris 
ing in optical Signals. Most all optical fibers exhibit non 
circular-typically elliptical-core shapes, which result in 
the fiber having two principal axes having different modal 
indices. The orientation of these axes varies randomly with 
position and time. Signals polarized parallel to the two 
principal axes experience differential delay, which-coupled 
with the random variation in polarization modes-leads to 
pulse broadening, interSymbol interference, and bit error 
ratio (BER) impairment. These types of phenomena are 
typically referred to as polarization mode dispersion. Polar 
ization mode dispersion can limit an optical System's trans 
mission range by 1/R, where R represents the system's 
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channel rate. Many communication Systems consider unac 
ceptable any pulse broadening greater than ten percent of the 
bit period. As a result, it has been estimated that polarization 
mode dispersion renders over twenty percent of all currently 
deployed fiber unsuitable for transmission at ten Giga-bits 
per second, and over 75% of all installed fiber unsuitable for 
transmission at forty Giga-bits per Second. Polarization 
controllers can be used in polarization mode dispersion 
compensators, for example, to help align the principal States 
of polarization with appropriate axes of a polarization delay 
line. 

0006 Various techniques have been devised to attempt to 
control or modify the State of polarization of optical Signals. 
For example, butterfly polarization controllers exist consist 
ing of multiple rings of fiber that are physically rotated with 
respect to each other. This approach, however, is too slow to 
be effective for most applications. Another approach is to 
mechanically Squeeze the fiber at Strategic locations and 
times. This technique is also typically to slow to be of 
practical use. Lithium niobate based polarization controllers 
have been produced that exhibit acceptable speeds. How 
ever, these devices can be prohibitively expensive, even in 
a single wavelength application. 
0007 Another approach uses polarization rotators con 
Structed from micro-machined movable mirrors to help 
rotate the State of polarization of an incoming Signal. This 
approach Suffers, however, because it requires either physi 
cal rotation of the polarization rotators, or requires insertion 
of bulk wave plates between each of the polarization rota 
tors. These limitations make it difficult, if not impossible, to 
package arrays of the polarization controllers, and can result 
in high fabrication costs. The design and fabrication cost of 
these devices generally renders them unsuitable for multiple 
wavelength applications. 

0008 Another device that is somewhat related to a polar 
ization controller, which is designed for integrated 
waveguide implementation, uses two phase shift Stages 
coupled to a variable delay line. This approach Suffers 
because requiring a variable delay line typically results in 
greater expense than a fixed delay element, and generally 
requires more complex and expensive control circuitry. 

SUMMARY OF THE INVENTION 

0009. The present invention recognizes a need for a 
method and apparatus operable to economically facilitate 
control of an optical Signal's State of polarization. In accor 
dance with the present invention, an apparatus and method 
operable to assist in polarization control are provided that 
Substantially reduce or eliminate at least Some of the short 
comings associated with prior approaches. 
0010. In one aspect of the invention, a polarization con 
troller comprises a first polarization beam splitter operable 
to receive an input optical Signal having an input State of 
polarization and to Separate the Signal into a first and a 
Second principal mode of polarization. The polarization 
controller further comprises at least three Stages of phase 
shifters each operable to introduce a phase shift between the 
first and Second principal modes, at least one phase shifter 
comprising a beam Splitter that is shared with at least one 
other of the phase shifters. The at least three Stages of phase 
shifters include a first stage coupled to the first polarization 
beam splitter and a last Stage coupled to a Second polariza 
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tion beam splitter. The Second polarization beam splitter is 
operable to receive phase shifted copies of the first and 
Second principal modes, and to align the phase shifted copies 
of the principal modes to an output State of polarization. 
0011. In another aspect of the invention, a polarization 
controller comprises a polarization beam splitter operable to 
Separate an optical Signal into a first and a Second principal 
mode of polarization, and at least two stages of phase 
shifters each operable to introduce a phase shift between the 
first and Second principal modes. At least one phase shifter 
comprises a beam Splitter that is shared with at least one 
other of the phase shifters, and at least one of the phase 
shifters comprises a micro-electro-optic system (MEMS) 
device comprising a moveable mirror layer operable to 
receive one of the principal modes of polarization and to 
change its position to contribute to a relative phase differ 
ence between the first and Second principal modes. 
0012. In still another aspect of the invention, a polariza 
tion controller comprises at least two stages of phase shifters 
each operable to receive a first and a Second principal mode 
of polarization of an optical Signal, and to introduce a phase 
shift between the first and Second principal modes. At least 
one phase shifter includes a beam splitter that is shared with 
at least one other of the phase shifters, and each of the phase 
shift Stages is operable to introduce a phase shift between the 
first and Second principal modes in less than one milli 
Second. 

0013. One other aspect of the invention comprises an 
endlessly rotatable polarization controller including at least 
two stages of phase shifters each operable to receive a first 
and a Second principal mode of polarization of an optical 
Signal, and to introduce a phase shift between the first and 
Second principal modes, at least one phase shifter compris 
ing a beam Splitter that is shared with at least one other of 
the phase shifters. Each of the phase shift Stages comprises 
a micro-electro-mechanical system (MEMS) device includ 
ing a moveable mirror layer operable to change its position 
to contribute to a relative phase shift between the first and 
Second modes, the moveable mirror layer operable to change 
positions at a faster rate than a rate of change of the 
polarization of the optical signal. 
0.014. In another aspect of the invention, a polarization 
mode dispersion (PMD) compensator comprises a first 
polarization beam Splitter operable to receive an input 
optical Signal and to Separate the Signal into a first and a 
Second principal mode of polarization and at least three 
Stages of phase shifters each operable to introduce a phase 
shift between the first and Second principal modes. At least 
one phase shifter comprises a beam splitter that is shared 
with at least one other of the phase shifters. The at least three 
Stages of phase shifters comprising a first stage coupled to 
the first polarization beam splitter and a last Stage coupled to 
a Second polarization beam splitter wherein the Second 
polarization beam Splitter is operable to receive phase 
shifted copies of the first and Second principal modes, and to 
align the phase shifted copies of the principal modes to 
principal axes of a fixed delay element coupled to the Second 
polarization beam splitter. 

0015. In yet another aspect of the invention, a PMD 
compensator comprises a variable delay line and a polar 
ization controller coupled to the variable delay line. The 
polarization controller is operable to receive an optical 
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Signal having an input State of polarization and to align an 
output State of polarization of the optical Signal to the 
variable delay line. The polarization controller comprises a 
polarization beam Splitter operable to Separate the optical 
Signal into a first and a Second principal mode of polariza 
tion, and at least two stages of phase shifters each operable 
to introduce a phase shift between the first and Second 
principal modes. At least one phase shifter includes a beam 
Splitter that is shared with at least one other of the phase 
shifters. At least one of the phase shifters comprises a 
micro-electro-optic System (MEMS) device comprising a 
moveable mirror layer operable to receive one of the prin 
cipal modes of polarization and to change its position to 
contribute to a relative phase difference between the first and 
Second principal modes. 
0016. Another aspect of the invention comprises a vari 
able delay line including a first polarization maintaining 
fiber coupled to a first polarization beam splitter, the first 
polarization beam Splitter operable to receive an input 
optical Signal and to Separate the Signal into a first and a 
Second principal mode of polarization. The variable delay 
line further includes at least three Stages of phase shifters 
each operable to introduce a phase shift between the first and 
Second principal modes, at least one phase shifter compris 
ing a beam splitter that is shared with at least one other of 
the phase shifters. The at least three Stages of phase shifters 
comprise a first Stage coupled to the first polarization beam 
Splitter and a last Stage coupled to a Second polarization 
beam splitter, wherein the second polarization beam splitter 
is operable to receive phase shifted copies of the first and 
Second principal modes, and to align the phase shifted copies 
of the principal modes to principal axes of a Second polar 
ization maintaining fiber coupled to the Second polarization 
beam splitter. 
0017. In another aspect of the invention, a system oper 
able to facilitate mitigation of polarization mode dispersion 
in optical Signals carrying multiple wavelengths of light 
comprises a wavelength division demultiplexer operable to 
receive the optical Signal and to Separate the optical Signal 
into a plurality of wavelengths. The System further com 
prises an array of phase shift based polarization controllers 
coupled to the wavelength division demultiplexer. Each 
polarization controller is operable to receive one wavelength 
and to introduce a phase shift between two principal modes 
of polarization of the wavelength to align the wavelength 
with two principal axes of a delay element, the principal 
axes of the delay element comprising a fast principal axis 
and a slow principal axis. The delay element is operable to 
receive the phase shifted wavelengths and to communicate 
a leading mode of polarization parallel with the slow axis 
and a lagging mode of polarization parallel with the fast 
XS. 

0018. In another aspect of the invention, an optical com 
munication System comprises an optical Source operable to 
communicate an optical Signal, an optical receiver operable 
to receive the optical signal, and a plurality of fiber spans 
coupling the optical Source to the optical receiver. The 
System further comprises a plurality of in-line optical ampli 
fiers each coupled between two of the plurality of fiber 
spans, and a polarization mode dispersion (PMD) compen 
Sator coupled between the receiver and the in-line optical 
amplifier closest to the receiver. The system still further 
includes a margin enhancing element coupled to one of the 
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fiber spans and operable to increase the margin of the optical 
Signal relative to noise associated with the optical Signal. 
0019. In still another aspect of the invention, a system 
operable to facilitate polarization multiplexing of multiple 
Signal wavelengths comprises a wavelength division demul 
tiplexer operable to receive an optical signal carrying Sub 
Stantially orthogonally polarized neighboring wavelength 
Signals and to Substantially Separate the neighboring wave 
length signals from one another. The System further com 
prises an array of phase shift based polarization controllers 
coupled to the wavelength division demultiplexer, each 
operable to receive one wavelength and adjust the State of 
polarization of the wavelength to facilitate Separation of the 
wavelength from its neighboring wavelengths. Each of the 
phase shift-based polarization controllers comprises a first 
polarization beam Splitter operable to receive an input 
wavelength Signal having an input State of polarization and 
to Separate the Signal into a first and a Second principal mode 
of polarization, and at least three Stages of phase shifters. 
Each phase shifter Stage is operable to introduce a phase 
shift between the first and Second principal modes, at least 
one phase shifter comprising a beam Splitter that is shared 
with at least one other of the phase shifters. The at least three 
Stages of phase shifters include a first Stage coupled to the 
first polarization beam splitter and a last Stage coupled to a 
Second polarization beam splitter. The Second polarization 
beam splitter is operable to receive phase shifted copies of 
the first and Second principal modes, and to align the phase 
shifted copies of the principal modes to an output state of 
polarization. 

0020. In another aspect of the invention, a system oper 
able to facilitate coherent optical communication comprises 
a local oscillator operable to generate a local optical signal 
and an optical mixer operable to receive an incident optical 
Signal and the local optical Signal and to combine the 
incident optical Signal with the local optical Signal to gen 
erate a combined signal. The System further includes a 
polarization controller operable to receive either the local 
optical Signal or the incident optical Signal and to adjust the 
State of polarization of the received signal to ensure that the 
received Signal is not polarized orthogonally to the other 
Signal when the Signals are combined at the optical mixer. 
The polarization controller comprises a first polarization 
beam Splitter operable to receive an input wavelength signal 
having an input State of polarization and to Separate the 
Signal into a first and a Second principal mode of polarization 
and at least three Stages of phase shifters. Each phase shifter 
Stage is operable to introduce a phase shift between the first 
and Second principal modes, at least one phase shifter 
comprising a beam Splitter that is shared with at least one 
other of the phase shifters. The at least three Stages of phase 
shifters include a first stage coupled to the first polarization 
beam splitter and a last Stage coupled to a Second polariza 
tion beam splitter. The Second polarization beam splitter is 
operable to receive phase shifted copies of the first and 
Second principal modes, and to align the phase shifted copies 
of the principal modes to an output State of polarization. 

0021. In yet another aspect of the invention, a method of 
controlling the State of polarization of an optical Signal 
compriseS receiving an optical Signal having an input State 
of polarization and Separating the optical Signal into a first 
principal mode of polarization and a Second principal mode 
of polarization. The method further comprises introducing at 
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least three Stages of phase shift between the first and Second 
modes of polarization to align the first and Second modes of 
polarization with a desired output State of polarization. Each 
of the at least three Stages of phase shift are introduced by 
one of at least three phase shift Stages, at least one phase 
shift Stage sharing a beam Splitter with at least one other 
phase shift Stage. 

0022. According to yet another aspect of the invention, a 
method of controlling the State of polarization of an optical 
Signal compriseS receiving an optical Signal having an input 
State of polarization and Separating the optical Signal into a 
first principal mode of polarization and a Second principal 
mode of polarization. The method further comprises intro 
ducing at least two stages of phase shift between the first and 
Second modes of polarization to align the first and Second 
modes of polarization with a desired output State of polar 
ization. Each of the at least two stages of phase shift are 
introduced by one of at least two phase shift Stages, at least 
one phase shift Stage sharing a beam Splitter with at least one 
other phase shift Stage, at least one phase shift Stage com 
prising a micro-electro-optic System (MEMS) device oper 
able to change its position to alter the phase of the first 
principal mode relative to the phase of the Second principal 
mode. 

0023. In another aspect of the invention, a method of 
mitigating polarization mode dispersion comprises Separat 
ing an optical Signal into a first principal mode of polariza 
tion and a Second principal mode of polarization, one of the 
first and Second modes comprising a leading mode and one 
of the first and Second modes comprising a lagging mode. 
The method further comprises introducing at least three 
Stages of phase shift between the leading and lagging modes 
of polarization to align the leading mode with a slow 
principal axis of a fixed delay element and the lagging mode 
with a fast principal axis of the fixed delay element. The 
method also includes communicating the leading mode 
parallel to the slow axis and the lagging mode parallel to the 
fast axis. Each of the at least three Stages of phase shift are 
introduced by one of at least three phase shift Stages, at least 
one phase shift Stage sharing a beam Splitter with at least one 
other phase shift Stage. 

0024. In yet another aspect of the invention, a method of 
mitigating polarization mode dispersion comprises Separat 
ing an optical Signal into a first principal mode of polariza 
tion and a Second principal mode of polarization, one of the 
first and Second modes comprising a leading mode and one 
of the first and Second modes comprising a lagging mode. 
The method further includes introducing at least two stages 
of phase shift between the leading and lagging modes of 
polarization to align the leading mode with a slow principal 
polarization axis of a variable delay element and the lagging 
mode with a fast principal polarization axis of the variable 
delay element. In addition, the method includes communi 
cating the leading mode parallel to the slow axis and the 
lagging mode parallel to the fast axis. Each of the at least 
two stages of phase shift are introduced by one of the at least 
two phase shift Stages, at least one phase shift Stage sharing 
a beam splitter with at least one other phase shift Stage. At 
least one phase shift Stage comprises a micro-electro-optic 
system (MEMS) device operable to change its position to 
alter the phase of the first principal mode relative to the 
phase of the Second principal mode. 
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0.025 Instill another aspect of the invention, a method of 
providing variable delay between modes of polarization in 
an optical Signal compriseS receiving an optical Signal from 
a first polarization maintaining fiber and Separating the 
optical Signal into a first principal mode of polarization and 
a Second principal mode of polarization, one of the first and 
Second modes comprising a leading mode and one of the first 
and Second modes comprising a lagging mode. The method 
further includes introducing at least three Stages of phase 
shift between the leading and lagging modes of polarization 
to align the leading mode with a slow principal axis of a 
Second polarization maintaining fiber and the lagging mode 
with a fast principal axis of the Second polarization main 
taining fiber. The method also comprises communicating the 
leading mode parallel to the Slow axis and the lagging mode 
parallel to the fast axis. Each of the at least three Stages of 
phase shift are introduced by one of at least three phase shift 
Stages, at least one phase shift Stage sharing a beam splitter 
with at least one other phase shift Stage. 

0026. In another aspect of the invention, a method of 
mitigating polarization mode dispersion in multiple wave 
lengths of an optical Signal comprises Separating an optical 
Signal into a plurality of wavelengths and communicating at 
least Some of the wavelengths to an array of polarization 
controllers, each polarization controller operable to receive 
one wavelength. At each polarization controller, the method 
comprises Separating the wavelength into a first principal 
mode of polarization and a Second principal mode of polar 
ization, introducing phase shift between the first and Second 
modes of polarization to align the principal modes of 
polarization with principal axes of a delay element, and 
communicating one principal mode parallel to one principal 
axis of the delay element and the other principal mode 
parallel to the other principal axis of the delay element. 
0.027 Depending on the specific features implemented, 
particular embodiments of the present invention may exhibit 
Some, none, or all of the following technical advantages. 
One aspect of the present invention provides an effective and 
cost efficient mechanism for controlling the polarization of 
one or more optical Signals. The invention provides signifi 
cant advantages over other polarization controller designs, 
by facilitating alignment of an optical Signal's State of 
polarization without requiring the use of physical rotation of 
the compensator, physical Squeezing of the fiber communi 
cation line, the use of expensive lithium niobate waveguide 
devices, the use of bulk wave plates between Stages of phase 
shifters, or the use of variable delay elements. The novel 
polarization controller may be implemented, for example, in 
a PMD compensator, in a polarization multiplexed light 
wave transmission System, in a coherent optical communi 
cation System, or in conjunction with one or more polariza 
tion Sensitive optical components. 

0028. In a particular embodiment where the polarization 
controller is implemented into a PMD compensator, the 
controller facilitates mitigation of polarization mode disper 
sion with either a fixed or a variable delay line, but does not 
require the use of more expensive variable delay elements. 
0029 Implementing phase shifter based polarization con 
trollers using MEMs devices that do not require intermediate 
bulk waveguide devices allows for fabrication of arrays of 
these devices at an incremental additional cost to fabricating 
a single compensator. This aspect of the invention provides 
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Significant advantages in facilitating rapid, effective, and 
economical polarization control, particularly in a multiple 
wavelength environment. 
0030. Other technical advantages are readily apparent to 
one of skill in the art from the attached figures, description, 
and claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0031. For a more complete understanding of the present 
invention, and for further features and advantages thereof, 
reference is now made to the following description taken in 
conjunction with the accompanying drawings, in which: 
0032 FIG. 1a is a block diagram of an exemplary 
embodiment of an apparatus operable to provide high Speed 
optical Signal processing according to the teachings of the 
present invention; 
0033 FIG. 1b is a block diagram showing an exemplary 
geometry associated with one embodiment of an apparatus 
operable to provide high Speed optical Signal processing 
according to the teachings of the present invention; 
0034 FIGS. 1c-1d are block diagrams showing other 
exemplary embodiments of apparatus operable to provide 
high Speed optical signal processing according to the teach 
ings of the present invention; 
0035 FIGS. 2a-2c are block diagrams of various 
embodiments of apparatus operable to provide high speed 
optical Signal processing according to the teachings of the 
present invention; 
0036 FIGS. 3a-3c are block diagrams showing a plural 
ity of views of various embodiments of moveable mirrors 
operable for use with the apparatus described in FIGS. 1 
and 2 and constructed according to the teachings of the 
present invention; 
0037 FIG. 4 is a block diagram of one embodiment of a 
variable attenuator constructed according to the teachings of 
the present invention; 
0038 FIG. 5a is a block diagram of one embodiment of 
a one-by-two Switch constructed according to the teachings 
of the present invention; 
0039 FIG. 5b is a block diagram of one embodiment of 
a two-by-two Switch constructed according to the teachings 
of the present invention; 
0040 FIG. 5c is a block diagram of one embodiment of 
an n-by-n Switch constructed according to the teachings of 
the present invention; 
0041 FIG. 6 is a flowchart showing one example of a 
method of facilitating optical Signal processing according to 
the teachings of the present invention; 
0042 FIGS. 7a-c are block diagrams showing various 
embodiments of polarization controllers constructed accord 
ing to the teachings of the present invention; 
0043 FIG. 7d is a graph showing example Switching 
Speeds associated with one particular embodiment of the 
invention; 
0044 FIGS. 8a–8h are block diagrams showing various 
embodiments of Systems implementing polarization mode 
dispersion (PMD) compensators, PMD compensator 
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designs, and components Suitable for use in PMD compen 
Sators constructed according to the teachings of the present 
invention; 
004.5 FIG. 9 is a flowchart showing one example of a 
method of controlling the polarization of an optical Signal 
and of mitigating polarization mode dispersion according to 
the teachings of the present invention; 
0046 FIGS. 10a–10b are block diagrams showing a 
System and components thereof operable to mitigate polar 
ization mode dispersion in optical Signals having multiple 
wavelengths according to the teachings of the present inven 
tion; 
0047 FIG. 11 is a flowchart showing one example of a 
method of mitigating polarization mode dispersion of optical 
Signals having multiple wavelengths according to the teach 
ings of the present invention; 
0.048 FIG. 12 is a block diagram showing an exemplary 
embodiment of a polarization multiplexing System con 
Structed according to the teachings of the present invention; 
0049 FIG. 13 is a block diagram of an exemplary system 
operable to facilitate coherent optical communication 
according to the present invention; 
0050 FIG. 14a is a block diagram of an exemplary 
embodiment of a multiple channel communication System 
having gain equalization capabilities constructed according 
to the teachings of the present invention; 
0051 FIG. 14b is a block diagram of another exemplary 
embodiment of a multiple channel communication System 
having gain equalization capabilities constructed according 
to the teachings of the present invention; 
0.052 FIG. 14c is a block diagram of an exemplary gain 
equalizer Suitable for use in a Single or multiple band 
communication System and constructed according to the 
teachings of the present invention; 
0053 FIG. 15 is a flowchart showing one example of a 
method of facilitating gain equalization of a plurality of 
wavelengths according to the teachings of the present inven 
tion; 
0.054 FIG. 16a is a block diagram showing one embodi 
ment of an exemplary wave division add/drop multiplexer 
architecture constructed according to the teachings of the 
present invention; 
0055 FIGS. 16b-16c are block diagrams showing vari 
ous example embodiments of add/drop multiplexers con 
Structed according to the teachings of the present invention; 
0056 FIG.16d is a block diagram showing a plurality of 
add/drop multiplexers as shown in FIG. 10b arranged to 
collectively form a wave division add/drop multiplexer 
according to the teachings of the present invention; and 
0057 FIG. 17 is a flowchart showing one example of a 
method of facilitating add/drop multiplexing of optical Sig 
nals according to the teachings of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0.058 I. Building Blocks for High Speed Optical Signal 
Processing 
0059 FIG. 1a is a block diagram of one exemplary 
embodiment of an apparatuS 10a operable to provide high 
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Speed optical Signal processing. Throughout this document, 
the term “signal processing includes attenuation, Switching, 
phase shifting, polarization control, mitigation of polariza 
tion mode dispersion, or any other manipulation of one or 
more optical Signals. 

0060 Apparatus 10a includes a beam splitter 20a, which 
communicates with mirrors 30a and 40a. Beam splitter 20a 
may comprise any Structure or combination of Structures 
operable to pass a first copy of an optical Signal in one 
direction and a Second copy of the optical Signal in another 
direction. For example, in a particular embodiment, beam 
Splitter 20a may comprise a partially Silvered mirror. AS 
another example, beam splitter 20a may comprise a mirror 
having one or more layers of a dielectric coating. AS Still 
another example, beam Splitter 20a may comprise a fiber 
coupler. 

0061 Throughout this document, the terms “copy' and 
“signal copy' are used to describe optical signals that are at 
least Substantial copies of the input optical Signal, each 
having at least Substantially equal quantities of wavelengths 
as the other. Depending on the type of beam splitter used to 
create the multiple signal copies, the two copies may or may 
not have equal intensities. For example, a 50/50 beam 
Splitter will generate two Substantially identical copies of the 
input Signal-Substantially equal in content and intensity. 
Other types of beam splitters, however, may create uneven 
distributions of intensities in the resulting Signal “copies.” 
Beam splitters having various ratios other than 50/50 could 
be used consistent with the present Invention. However, an 
approximately 50/50 beam splitter typically provides a good 
contrast ratio by maintaining the optical Symmetry of a 
physically Symmetrical device. 

0062) Apparatus 10a includes a plurality of mirrors, in 
this case a first mirror 30a and a second mirror 40a. 
Throughout this document, the term “mirror” refers to an at 
least Substantially reflective Surface or collection of Sur 
faces. At least one of mirrors 30a and 4.0a comprises a 
moveable at least Substantially reflective Surface or collec 
tion of Surfaces. In this example, Second mirror 4.0a com 
prises a fixed mirror Structure. The location of Second mirror 
4.0a relative to beam splitter 20a does not change during 
operation of the device. In this embodiment, first mirror 30a, 
however, comprises a moveable mirror layer of a micro 
electro-optic system (MEMS) device operable to be dis 
placed anywhere between positions 32a and 34a. Movement 
of first mirror 30a can be, for example, in response to a 
control Signal, Such as a control Voltage. Although this 
embodiment includes just one moveable mirror, apparatus 
10a could alternatively comprise additional moving mirrors. 
Some embodiments of apparatus using multiple moving 
mirrors will be described below. 

0063. In the illustrated embodiment, first copy 62a of 
input optical Signal 60a meets first mirror 30a at a grazing 
angle THETA. In a similar manner, second copy 64a of 
Signal 60a meets Second mirror 4.0a at approximately angle 
THETA. In the example shown in FIG. 1, angle THETA 
comprises approximately forty-five degrees. Other grazing 
angles could be used without departing from the Scope of the 
invention. In addition, mirrors 30a and 4.0a could receive 
first and Second Signal copies 62a and 64a at different angles 
from one another without departing from the present inven 
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tion. Maintaining Symmetry between the arms of the device, 
however, provides an advantage of increasing the contrast 
ratio at the device's output. 
0064. In this particular embodiment, apparatus 10a fur 
ther includes a beam splitter 50a operable to receive first 
copy 62a and Second copy 64a of input Signal 60a, after 
those signals have been reflected off of mirrors 30a and 40a, 
respectively. Beam splitter 50a combines components of 
first copy 62a and Second copy 64a of input Signal 60a to 
result in first output signal 72a and Second output Signal 74a. 
Beam splitter 50a can be similar in structure and function to 
beam splitter 20a described above. In some embodiments 
(described more fully below), beam splitters 20a and 50a 
could comprise locations on a Single beam Splitting device. 
0065. In the illustrated embodiment, first and second 
mirrors 30a and 4.0a are separated from beam splitter 20a by 
a distance (d). Apparatus 10a can introduce a difference 
(DELTA d) in signal path (d) by moving first mirror 30a in 
an at least Substantially piston-like motion by a distance 
DELTAL. Throughout this document, the term “piston-like” 
motion refers to a motion in which the moveable mirror is 
intended to be displaced in an approximately parallel plane 
to the previous mirror position. In other words, a "piston 
like' motion is intended to Substantially maintain the graz 
ing angle THETA between at least a portion of the moveable 
surface of first mirror 30a and first signal copy 62a. Moving 
the mirror layer 30a in a substantially piston-like motion to 
Substantially maintain the grazing angle THETA results in an 
advantage of reducing Signal dispersion when the Signal 
copies are combined. 
0.066. In practice, for various reasons, physical embodi 
ments of the invention may not exhibit true “piston-like” 
motion, although Such embodiments are intended to be 
within the Scope of the invention. For example, the move 
able mirror layer may be anchored at its ends and may 
exhibit Some curvature between the anchor points as it 
moves from one position to another. In addition, variances in 
resistance across the moveable mirror layer may result in 
one portion of the moveable mirror layer experiencing more 
movement than another portion. The invention is intended to 
encompass these embodiments within the definition of "pis 
ton-like' motion. 

0067 FIG. 1b is a block diagram showing an exemplary 
geometry associated with one embodiment of an apparatus 
operable to provide high Speed optical Signal processing 
according to the present invention. Line 32' in FIG. 1b 
represents a position of first mirror 30a that would provide 
a distance (d) between beam splitter 20a and first mirror 30a 
residing at a first position 32". Line 32a shows a modified 
position of first mirror 30a after a piston-like movement 
resulting in a displacement of DELTAL from position 32a'. 
0068. As shown in FIG. 1b, moving first mirror 30a from 
position 32a" to position 32a by distance DELTAL creates 
a difference of DELTA d in the length of the signal path of 
first signal copy 62a. This difference in Signal path translates 
to a difference in phase between first Signal copy 62a and 
Second Signal copy 64a of input Signal 60a. The phase 
difference between first and second copies 62a and 64a 
results in an interference, which alters the amplitude of 
output signal 72a relative to that of input signal 60a. 
0069. In operation, because first copy 62a of input signal 
60a travels a different signal path length than Second copy 
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64a of input signal 60a, a phase difference between the two 
Signal copies results in interference between the two signals 
when they are combined. For a given change in the Signal 
path length, the amplitude of first output 72a is proportional 
to cos of one half of the phase difference PHI between 
Signal copies 62a and 64a. In a similar manner, for a given 
change in the Signal path length, the amplitude of Second 
output 74a is proportional to sin of one half of the phase 
difference PHI between signal copies 62a and 64a. 
0070 FIGS. 1c and 1d show additional exemplary 
embodiments of apparatus operable to provide high Speed 
optical Signal processing. FIG. 1c is a block diagram of an 
apparatus 10b, which operates in a similar manner to appa 
ratus 10a, but uses a single beam splitting device 20b to 
comprise a first beam splitter operable to Separate the input 
signal 60b into signal copies 62b and 64b, and a second 
beam splitter operable to combine components of the 
reflected signal copies to form output signals 72b and 74b. 

0071 Beam splitter 20b communicates with a plurality of 
at least Substantially reflective Surfaces including mirrors 
30b and 40b. Beam splitter 20b is similar in structure and 
function to beam splitters 20a and 50a discussed with 
respect to FIG. 1a. As in apparatus 10a described with 
respect to FIG. 1a, apparatus 10b includes at least one 
moveable mirror, in this case first mirror 30b. In this 
example, moving mirror 30b is similar in Structure and 
function to first mirror 30a in FIG. 1a. Apparatus 10b could 
include additional and/or other moving mirrors without 
departing from the Scope of the invention. 
0072) Apparatus 10b also includes mirrors 90b and 80b 
operable to reflect signal copies 62b and 64b back toward 
beam splitter 20b, where components of the reflected signals 
can be combined to form output signals 72b and 74b. 
0073. In operation, apparatus 10b receives optical input 
signal 60b at beam splitter 20b. Beam splitter 20b commu 
nicates a first signal copy 62b toward first mirror 30b, and 
communicates a Second Signal copy 64b toward Second 
mirror 40b. First mirror 30b is operable to be displaced by 
a distance DELTA L to create a path length difference 
DELTAd between the Signal path lengths of first Signal copy 
64a and second signal copy 64b. The difference in path 
length creates a phase difference between the Signal copies, 
which results in a change in amplitude of the Signal relative 
to input signal 60b. By selectively varying the position of, 
for example, first mirror 30b, apparatus 10b can control the 
intensity of output signals 72b and 74b. 

0074 FIG. 1d is a block diagram of another example 
configuration of an apparatus 10C operable to facilitate high 
Speed optical Signal processing. Apparatus 10C operates in a 
Similar manner to apparatus 10a and 10b, but uses a Single 
beam splitter 20c, and orients first and second mirrors 30c 
and 40c at ninety-degree grazing angles THETA. 

0075. Apparatus 10c includes a beam splitter 20c, which 
communicates with a plurality of at least Substantially 
reflective surfaces including mirrors 30c and 40c. Beam 
splitter 20c is similar in structure and function to beam 
splitters 20a and 50a discussed with respect to FIG. 1a. As 
in apparatus 10a described with respect to FIG. 1a, appa 
ratus 10c includes at least one moveable mirror, in this case 
first mirror 30c. In this example, moving mirror 30c is 
similar in structure and function to first mirror 30c in FIG. 
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1a. Apparatus 10c could include additional and/or other 
moving mirrors without departing from the Scope of the 
invention. 

0.076 Apparatus 10c also includes a circulator 65c oper 
able to receive input signal 60c and to communicate that 
Signal to beam splitter 20c, while also receiving output 
Signal 72c and communicating that Signal away from the 
Source of input signal 60c. 
0077. In operation, apparatus 10c receives optical input 
signal 60c at beam splitter 20c. Beam splitter 20c commu 
nicates a first signal copy 62c toward first mirror 30c, and 
communicates a Second Signal copy 64c toward Second 
mirror 40c. First mirror 30c is operable to be displaced by 
a distance DELTA L to create a path length difference 
DELTAd between the Signal path lengths of first signal copy 
64a and second signal copy 64b. The difference in path 
length creates a phase difference between the Signal copies, 
which results in a change in amplitude of the Signal relative 
to input Signal 60c. By Selectively varying the position of, 
for example, first mirror 30c, apparatus 10c can control the 
intensity of output signals 72c and 74c. 
0078. The aggregate difference in signal path length 
(DELTA d) achieved for a given mirror displacement 
DELTAL can be improved in a variety of ways. FIGS. 2a-2c 
are block diagrams of various embodiments of apparatus 
operable to provide additional phase shift between Signal 
copies for a given per-mirror displacement. 
0079 Apparatus 100 shown in FIG. 2a is similar in 
structure and function to apparatus 10a shown in FIG. 1a, 
but includes moveable mirror elements in each arm of the 
device. Apparatus 100 includes a first beam splitter 120, 
which receives an input signal 160 and Sends a first signal 
copy 162 toward a first mirror 130, and a Second Signal copy 
164 toward a second mirror 140. First and second mirrors 
130 and 140 reflect first and second signal copies 162 and 
164 toward a second beam splitter 150. Second beam splitter 
150 combines components of the reflected first and second 
signal copies 162 and 164 to form first output 172 and 
second output 174. 
0080. In this example, both first mirror 130 and second 
mirror 140 comprise moveable mirror structures. Each of 
mirrors 130 and 140 is operable to move relative to the other 
to contribute to a difference in path length of the Signals 
received and reflected toward second beam splitter 150. 
Using multiple moving mirrorS facilitates the same overall 
path difference with each mirror moving only a fraction of 
the distance DELTA L. For example, where the angle 
THETA is forty five degrees, for a desired total path differ 
ence of DELTA d, each of first and second mirrors 130 and 
140 moves a distance DELTA L/2, each creating a path 
difference of DELTA d/2, combining for a total path differ 
ence of DELTA d. 

0081. As a particular example, first mirror 130 may move 
away from first beam splitter 120 from position 132 to 
position 134 to increase the path length of first Signal copy 
162 by DELTA d/2. Second mirror 140 may move toward 
first beam splitter 120 from position 144 to position 142 to 
decrease the path length of Second Signal copy 164 by 
DELTA d/2. The combined effect of the movement of first 
and second mirrors 130 and 140 is to create a total path 
difference of DELTA d, resulting in a desired phase differ 
ence and output intensity. 
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0082 Implementing multiple moving mirrors provides an 
advantage of decreasing the displacement of each moving 
mirror. This, in turn, decreases the drive Voltage necessary to 
operate each moving mirror, and increases the Speed at 
which the position of the mirrors, and hence the intensity of 
the output Signal, can be manipulated. Although apparatus 
100 is described with respect to the configuration shown in 
FIG. 1a, multiple moving mirrors could be similarly be 
implemented in other embodiments, Such as those shown in 
FIGS. 1C-1d. 

0083. Another way to reduce the amount of displacement 
experienced by each moving mirror for a given level of 
phase difference is to implement additional moving mirrors 
in each arm of the device. For example, FIG. 2b shows an 
apparatus 110 having multiple moveable mirrors on each 
arm between the first beam splitter 120 and the second beam 
splitter 150. 

0084) Apparatus 110 shown in FIG. 2b is similar in 
structure and function to apparatus 100 shown in FIG. 2a 
and apparatus 105 shown in FIG. 2a. Apparatus 110 
includes a first beam splitter 120, which receives an input 
signal 160 and sends a first signal copy 162 toward a first 
mirror 130a, and a Second Signal copy 164 toward a Second 
mirror 140a. First mirror 130a reflects first signal copy 162 
toward a third mirror 130b that, in turn, reflects first signal 
copy 162 toward a fixed mirror 180 and on to second beam 
splitter 150. Similarly, second mirror 14.0a reflects second 
signal copy 164 toward a fourth mirror 140b that, in turn, 
reflects second signal copy 164 toward a fixed mirror 190 
and on to second beam splitter 150. Second beam splitter 
150 combines components of the reflected first and second 
signal copies 162 and 164 to form first output 172 and 
second output 174. 
0085. In this example, each of mirrors 130a-130b and 
mirrors 140a-140b comprises a moveable mirror structure. 
Each of mirrors 130a-130b and 140a-140b is operable to 
move to contribute to a difference in path length of the 
Signals received and reflected toward Second beam splitter 
150. In addition, although mirrors 180 and 190 are shown as 
fixed mirrors, one or more of those mirrors could alterna 
tively comprise moveable mirror Structures. 
0086. Using multiple moving mirrors in each arm of 
device 100 facilitates an overall path difference L with each 
mirror moving only a fraction of the distance DELTAL. For 
example, where the angle THETA is forty five degrees, for 
a desired total path difference of DELTA d, each of first and 
Second mirrors 130 and 140 moves a distance DELTA L/4, 
each creating a path difference of DELTAd/4, combining for 
a total path difference of DELTA d. 
0087. In a particular example, mirrors 130a-b may move 
from positions 132 to positions 134 to increase the path 
length of first signal copy 162 by DELTA d/2. Second 
mirrors 140a-b may move from positions 144 to positions 
142 to decrease the path length of Second Signal copy 164 by 
DELTA d/2. The combined effect of the movement of first 
and second mirrors 130a-b and 140a-b is to create a total 
path difference of DELTA d, resulting in a desired phase 
difference and output intensity. 

0088. The embodiment shown in FIG. 2b provides an 
advantage of further decreasing the necessary displacement 
of moveable mirrors 130 and 140. This decreases the drive 
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Voltage needed to move each mirror and increases the Speed 
of the device. This concept also applies to other embodi 
ments of the invention, including those shown in FIGS. 
1c-1d. 

0089. Still another way to reduce the amount of displace 
ment experienced by each moving mirror while Still attain 
ing a given level of phase difference is to reduce the grazing 
angle (THETA) between signals 162 and 164 on first and 
second mirrors 130 and 140, respectively. In a particular 
embodiment, first and second beam splitters 120 and 150 
form a rhombus with first and second mirrors 130 and 140. 
Referring to FIG.1b to illustrate, the path difference DELTA 
d can be calculated as DELTA d=DELTA L/sin(THETA). 
Reducing the grazing angle THETA reduces the term Sin 
(THETA), resulting in a greater path difference DELTAd for 
a given change in mirror location represented by the distance 
DELTAL 

0090. Apparatus 115 shown in FIG. 2c is similar in 
structure and function to apparatus 100 shown in FIG. 2a, 
and apparatus 110 shown in FIG. 2b. Apparatus 115 
includes a first beam splitter 120, which receives an input 
signal 160 and sends a first signal copy 162 toward a first 
mirror 130, and a Second Signal copy 164 toward a Second 
mirror 140. First and second mirrors 130 and 140 reflect first 
and Second Signal copies 162 and 164 toward a Second beam 
splitter 150. Second beam splitter 150 combines components 
of the reflected first and second signal copies 162 and 164 to 
form first output 172 and second output 174. 
0091. In this example, both first mirror 130 and second 
mirror 140 comprise moveable mirror structures. Each of 
mirrors 130 and 140 is operable to move relative to the other 
to contribute to a difference in path length of the Signals 
received and reflected toward second beam splitter 150. In 
the illustrated embodiment, for a desired total path differ 
ence of DELTA d, each of first and second mirrors 130 and 
140 may move a distance DELTAL, each creating a path 
difference of DELTA L/sin(THETA), combining for a total 
path difference of DELTA d. The smaller the angle THETA, 
the larger the path difference created for a given mirror 
displacement. Said another way, using mirrors at Small 
grazing angles to Signals 162 and 164, desired path differ 
ences can be created with Smaller mirror displacements. This 
results in Smaller drive Voltages needed to move the mirrors, 
and faster device operation. 
0092. Efficiency and speed advantages can be com 
pounded by implementing combinations of the embodi 
ments shown in FIGS. 2a-2c. For example, a desired phase 
difference can be introduced between Signal copies 162 and 
164 using minimal mirror displacement by implementing 
multiple moving mirrors in each arm of the device, where 
one or more of the mirrors has grazing angle with the 
incoming Signal that is less than forty five degrees. 
0.093 FIGS. 3a-3c are block diagrams showing a plural 
ity of views of various embodiments of moveable mirrors 
suitable for use with the apparatus described in FIGS. 1 and 
2. FIG. 3a is a block diagram showing a movable mirror 
130, which can be used in devices shown in FIGS. 2a-2d 
and describe above. In the particular example shown in FIG. 
3a, movable mirror device 130a comprises a micro-me 
chanical electro-optical switching (“MEMS) device. 
MEMS device 130a includes a reflective conducting layer 
135a disposed outwardly from an inner conductive layer 
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131a or 133a. Reflective conducting layer 135a comprises 
one or more at least Substantially reflective Structures that 
are operable to at least Substantially conduct electricity. 
Reflective conducting layer 135a, in this embodiment, com 
prises a layer of metal, Such as aluminum, that is Substan 
tially reflective of optical Signals 162 incident thereon and 
Substantially conductive of electricity. Reflective conducting 
layer 135a and inner conductive layer 133a may comprise 
Single layers of one material, or may alternatively comprise 
multiple layers of one or more materials. 
0094) Reflective conducting layer 133a resides outwardly 
from inner conductive layer 131a and/or 133a. Throughout 
this document, the term "inner conductive layer is used to 
refer to material disposed inwardly from a moveable mirror 
layer, which is operable to at least Substantially conduct 
electricity. Inner conductive layer 133a may comprise, for 
example, Semiconductor Substrate 131a, which has been 
doped Sufficiently to render it at least Substantially conduc 
tive. In another embodiment, a layer 133a of metal or a layer 
of doped polysilicon can be formed outwardly from Semi 
conductor Substrate 131a, and that layer 133a can comprise 
the "inner conductive layer.' It is not necessary that the inner 
conductive layer comprise a continuous structure. Inner 
conductive layer 133 could, for example, comprise a Series 
of adjacent electrically coupled Strips (or other discontinu 
ous structures) of material. 
0.095 MEMS device 130a is formed so that a space 137 
resides between reflective conducting layer 135a and inner 
conductive layer 131a (or 133a if used). Various layers 
interstitial to layers 135 and substrate 131 may be formed for 
various purposes. Regardless of any other Structures formed, 
however, some amount of space 137 resides between reflec 
tive conducting layer 135 and substrate 131, to facilitate 
reflective conducting layer 135a moving inwardly toward 
Substrate 131a. 

0096) MEMS device 130 receives optical signals 162 at 
a grazing angle THETA to reflective conducting layer 135a. 
Reflecting conducting layer 135a reflects a Substantial copy 
of signal 162 away from MEMS device 130a. 
0097. Movement of reflective conducting layer 135a 
toward substrate 131a is accomplished by establishing a 
Voltage differential between reflective conducting layer 
135a and substrate 131a or, if used, conductive layer 133a. 
This Voltage differential creates an electrostatic force 
between the two at least Substantially conductive layers, 
which tends to pull reflective conducting layer 135a toward 
Substrate 131a. 

0098. In the illustrated embodiment, reflective conduct 
ing layer 135a is biased with a voltage 136, while inner 
conductive layer 133a is coupled to ground 138. Other 
Voltage biasing techniques may be used. For example, 
voltage 136 may be applied to inner conductive layer 133a, 
and reflective conducting layer 135a may be grounded. AS 
another example, a first Voltage may be applied to reflective 
conducting layer 135a, while a Second Voltage, which is 
different from the first voltage, is applied to inner conductive 
layer 133a. Any biasing Scheme operable to establish a 
voltage differential between layers 135a and Substrate 131a, 
or layer 135a and layer 133a (if used), is within the scope 
of the invention. Of course, semiconductor Substrate 131a 
may itself comprise the "inner conductive layer.' 
0099 FIG.3b is a block diagram of another embodiment 
of a moving mirror 130b useful, for example, in devices 
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shown in FIG. 2a-2d. Moving mirror device 130b also 
comprises a MEMS device. MEMS device 130b includes a 
Substrate 131b, and may also include a conductive layer 
133b. Conductive layer 133b is similar in structure and 
function to conductive layer 133a shown in FIG. 3a. Sub 
strate 131b is similar in structure and function to Substrate 
131a shown in FIG. 3a. 

0100 MEMS device 130b also includes a plurality of 
reflective conducting strips 135b. Reflective conducting 
Strips may comprise any material operable to Substantially 
reflect an incident optical Signal 162 and to Substantially 
conduct electricity. Reflective conducting strips 135b may 
comprise, for example, doped polysilicon or a metal, Such as 
aluminum. In addition, inner conductive layer 133b and/or 
reflective conductive strips 135b may comprise multiple 
layered Structures. 

0101 Various structures may be formed interstitial to 
reflective conducting layer 135b and substrate 131b for 
accomplishing various functions and results. Regardless of 
what structures are formed interstitial to layers 135b and 
substrate 131b, a space 137 is formed between reflective 
conducting strips 135b and substrate 131b to facilitate 
movement of reflecting conductive strips 135b toward Sub 
Strate 131b. 

0102) Movement of reflective conducting strips 135b 
toward Substrate 131b is accomplished by establishing a 
voltage differential between strips 135b and substrate 131b 
(or conductive layer 133b, if used). As a particular example, 
strips 135b may be coupled to ground 138, while substrate 
131b (or conductive layer 133b) is coupled to a voltage 
Source 136. Again, other methods of creating a Voltage 
differential could be used. For example, strips 135b could be 
coupled to a voltage Source, while Substrate 131b (or con 
ductive layer 133b) are coupled to a ground, or differential 
Voltage Sources could be coupled to each of these layers. 

0103 FIG. 3c shows another view of MEMS device 
130b. As shown in FIG. 3, each end of each of strips 135b 
is anchored to, for example, Substrate 131b. In this embodi 
ment, all StripS 135b are coupled to the same Voltage 
potential. When a voltage differential is created between 
strips 135b and conductive layer 133b, all strips 135b move 
toward substrate 131b. The embodiment depicted in FIGS. 
3b and 3c provides an advantage of controlling air damping 
during movement of strips 135b toward substrate 131b. In 
particular, air gaps 139 between strips 135b allow air in 
space 137 to escape when strips 135b move toward substrate 
131b. Air gaps 139 can be optimally sized to provide 
adequate control of air damping, while minimizing loSS 
asSociated with optical Signals 162 impinging on Strips 
135b. 

0104. Although the illustrated embodiment shows strips 
135b as being elongated rectangular Strips, other shapes and 
configurations could be used without departing from the 
present invention. In addition, although the illustrated 
embodiment shows each of strips 135b as being substan 
tially identical to other strips 135b, various of strips 135b 
could have different dimensions than others without depart 
ing from the present invention. 
0105. As a particular example of a biasing technique, 
moveable mirror devices 130a and/or 130b could be imple 
mented in a configuration such as device 105 shown in FIG. 

Dec. 8, 2005 

2b. Device 105 could be biased to Switch between a state 
where moveable mirror elements of mirrors 130 and 140 
reside at positions 132 and 144, respectively, to a State where 
those mirror elements Switch to positions 134 and 142, 
respectively. This Switching action would create a longer 
path length (DELTA d/2) for first signal copy 162 and a 
shorter path length (DELTAd/2) for second signal copy 164, 
resulting in a total path difference of DELTA d. 
0106 Mirrors 130 and 140 could be biased to accomplish 
this Switching, for example, by applying a control Voltage to 
mirror 140 and no voltage to mirror 130 while device 105 
remains in the first state. This would cause mirror 140 to 
remain in position 144 and mirror 130 to remain in position 
132. When switching is desired, device 105 can terminate 
the control Voltage applied to mirror 140, causing the 
moveable mirror element to return to position 142, and apply 
a control voltage to mirror 130, causing the moveable mirror 
element to be drawn to position 134. Other biasing tech 
niques could be used consistent with the present invention. 

0107 II. Variable Attenuation 
0108. One particular aspect of the invention involves a 
novel variable attenuator and method for providing variable 
attenuation. FIG. 4 shows a block diagram of one embodi 
ment of a variable attenuator 200. Variable attenuator 200 is 
described with reference to a configuration Similar to that of 
apparatus 100 shown in FIG. 1a. Attenuator 200 could 
alternatively be constructed using other configurations, Such 
as those shown in FIGS. 1c-1d. 

0109. In this example, variable attenuator 200 includes a 
first beam splitter 220, which receives an input signal 260 
and sends a first signal copy 262 toward a first mirror 230, 
and a Second Signal copy 264 toward a Second mirror 240. 
First and second mirrors 230 and 240 reflect first and second 
Signal copies 262 and 264 toward a Second beam splitter 
250. Second beam splitter 250 combines components of the 
reflected first and second signal copies 262 and 264 to form 
output signal 272. 

0110. One or both of mirrors 230 and 240 can comprise 
a moveable mirror Structure operable to vary its location 
anywhere between position 232 and position 234 to result in 
a change in the length of the path of first and/or Second 
signal copies 262 and 264 through attenuator 200. In opera 
tion, control signals 236 and/or 239 are selectively applied 
to moveable mirrors 230 and/or 240, respectively, to cause 
one or more of those mirrors to move relative to first and/or 
second beam splitters 220 and 250. The further mirrors 230 
and/or 240 are moved, the higher the degree of phase shift 
between first and second signal copies 262 and 264. The 
intensity of output signal 272 is proportional to cost of one 
half of the phase difference PHI between first and second 
signal copies 262 and 264. Therefore, by controlling the 
amount of movement each mirror 230 and/or 240 experi 
ences, the intensity or attenuation of output signal 272 can 
be regulated. 

0111 Although variable attenuator 200 is shown as hav 
ing only one mirror 230/240 in each arm of the device, 
additional mirrors could be implemented in each arm with 
out departing from the Scope of the invention. In addition, 
although grazing angle THETA in FIG. 4 is shown as 
approximately forty-five degrees, other grazing angles could 
be implemented consistent with the invention. 
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0112 
0113. In another aspect of the invention, a novel digital 
Switching architecture and methodology is presented. FIG. 
5a shows a block diagram of a one-by-two optical Switch 
300. In this example, optical Switch 300 is similar in 
structure to variable attenuator 200, which bears similarity 
to the configuration shown in FIG. 1a. Optical Switch 300 
could, however, alternatively be constructed using other 
configurations, such as those shown in FIGS. 1c-1d. 

0114. In the illustrated embodiment, optical Switch 300 
includes a first beam splitter 320, which receives an input 
signal 360 and sends a first signal copy 362 toward a first 
mirror 330, and a second signal copy 364 toward a second 
mirror 340. First and Second mirrors 330 and 340 reflect first 
and Second Signal copies 362 and 364 toward a Second beam 
splitter 350. Second beam splitter 350 combines components 
of the reflected first and second signal copies 362 and 364 to 
form output signals 372 and 374. 

0115 One or both of mirrors 330 and 340 can comprise 
a moveable mirror Structure operable to vary its position to 
result in a change in the length of the path of and phase 
difference between first and/or Second Signal copies 362 and 
364. The intensity of first output signal 372 is proportional 
to cost of one half of the phase difference PHI between first 
and second signal copies 362 and 364. The intensity of 
second output signal 374 is proportional to sin of one half 
the phase difference PHI between first and second signal 
copies 362 and 364. Therefore, when there is no phase 
difference (or a phase difference of 2-Pi, or an even multiple 
thereof), first output 372 is at a maximum, while second 
output 374 is Zero, or near Zero. When the phase difference 
equals an odd multiple of Pi, Second output 374 is at a 
maximum, while first output 372 is zero, or near Zero. By 
varying the positions of mirrors 330 and/or 340 to Switch 
between a phase difference of, for example, approximately 
Zero and Pi, optical Switch 300 facilitates Switching between 
first output 372 and second output 374. 
0116 FIG. 5b is a block diagram showing one embodi 
ment of a two-by-two Switch 310. Two-by-two Switch 310 is 
similar in structure and function to one-by-two switch 300 
described with respect to FIG.5a, except two-by-two Switch 
310 receives both a first input 360a (labeled “A1”) and a 
second input 360b (labeled “A2”) at beam splitter 320. Of 
course, optical Switch 310 could also be constructed using 
elements having other configurations, Such as those depicted 
in FIGS. 1C-1d. 

0117. In this example, beam splitter 320 sends a copy of 
each input signal 360a and 360b toward first and second 
mirrors 330 and 340, which reflect those signal copies 
toward beam splitter 350. Depending on the position of 
mirrors 330 and/or 340, Switch 310 provides pass through or 
cross over operation to outputs 372 and 374. 
0118 For example, mirrors 330 and/or 340 could be 
positioned to provide no phase shift between the Signal 
copies of each arm, resulting in pass through operation 
where input 360a passes through to output 372 and input 
360b passes through to output 374. Alternatively, mirrors 
330 and/or 340 could move to provide a phase shift resulting 
in croSS-Over operation, where input 360a crosses over to 
output 374 and input 360b crosses over to output 372. Of 
course, mirrors 330 and 340 could also be initially posi 
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tioned to provide croSS-Over operation in a first State, and 
pass-through operation when one or more of the mirrors are 
moved. 

0119 FIG. 5c is a block diagram showing another 
example of a two-by-two optical Switch 400, and optionally 
added components to enable further Switching Stages. Ele 
ments represented in dashed lines comprise optional ele 
ments that can be added to provide additional Switching 
Stages. AS previously discussed, although optical Switch 400 
uses a elements similar in configuration to those shown in 
FIG. 1a, optical Switch 400 could implement elements 
having alternative configurations, Such as those shown in 
FIGS. 1C-1d. 

0120 In a basic two-by-two embodiment (ignoring the 
elements shown as coupled by dashed lines), Switch 400 
includes a first optical Switch element 405, which receives a 
first optical signal 460a. Switch 400 further includes a 
Second optical Switch element 410, which receives a Second 
optical signal 460b. Each of first and second optical Switch 
elements 405 and 410 includes a first beam splitter 420, 
which receives input signals 460a and 460b, respectively, 
and sends a first signal copy 462 toward a first mirror 430, 
and a Second Signal copy 464 toward a Second mirror 440. 
First and second mirrors 430 and 440 reflect first and second 
Signal copies 462 and 464 toward a Second beam Splitters 
450. Second beam splitters 450 combine the reflected first 
and Second Signal copies 462 and 464 to form output signals 
472a-b and 474a–b. 

0121. In the illustrated embodiment, output signals 472b 
and 474a are communicated toward a beam combiner 456, 
which combines those Signals to create output signal 480. 
Also in this embodiment, output signals 472a and 474b 
reflect off of mirror 452 and 454, respectively, toward a 
beam combiner 458, which combines those signals to create 
output signal 490. Beam combiners 456 and 458 may 
comprise any Structure or combination of Structures operable 
to receive a plurality of Signals and combine those signals 
into one or more output Signals. For example, beam com 
biners 456 and 458 may each comprise a 50/50 beam splitter. 
0122) Some or all of mirrors 430a-b and 440a-b can 
comprise moveable mirror Structures operable to vary their 
positions to result in changes in the length of the path of and 
phase difference between first and/or Second signal copies 
462 and 464. By varying the positions of mirrors 430 and/or 
440 to Switch between a phase difference of, for example, 
approximately zero and Pi, each of optical Switches 400 
facilitates Switching between first output 472 and second 
output 474. 
0123 Through appropriate combinations of mirror move 
ments, Switch 400 can operate in either pass-through or 
cross-over mode. For example, mirrors 430a and/or 440a 
can be operated to create no phase shift between first and 
second signal copies 462a and 464a, while mirrors 430b and 
440b can be manipulated to create no phase difference 
between first and second signal copies 262b and 264b. This 
operation would result in a pass-though mode of operation, 
allowing signals 460a and 460b to pass through to outputs 
480 and 490, respectively. In particular, in this mode of 
operation, a Zero phase difference between first and Second 
signal copies 462b and 464b results in output 474b being 
near Zero, while output 472b is near a maximum. An 
approximately Pi phase difference between first Signal copy 
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462a and second signal copy 464a results in output 472a 
being near a maximum, while output 474a is near Zero. 
Output 480, which is a combination of outputs 472b (maxi 
mum) and 474a (Zero), therefore, equals output 472b, which 
corresponds to signal 460b. Output 490, which is a combi 
nation of outputs 472a (maximum) and 474b (zero), there 
fore, equals output 472a, which corresponds to input Signal 
460a. 

0.124. As another example, mirrors 430a and/or 44.0a can 
be manipulated to create approximately a Pi phase difference 
between first and Second Signal copies 462a and 464a, while 
mirrors 430b and 440b can be operated to create an approxi 
mately Pi phase difference between first and Second Signal 
copies 262b and 264b. This operation would result in a 
croSS-Over mode of operation, causing Signal 460a to croSS 
over to output 480, while signal 460b crosses over to output 
490. 

0.125. Although FIG. 5c is a block diagram showing one 
embodiment of a two-by-two switch, additional Switching 
elements could be combined in a similar manner to create an 
n-by-n optical Switch. For example, by implementing com 
ponents shown in dashed lines in FIG. 5c and substituting 
2x2 Switches for beam combiners 456 and 458, Switch 400 
becomes a four-by-four Switch. In that embodiment, beam 
splitter 420a receives input signals 460a and 460d, while 
beam splitter 420b receives input signals 460b and 460c. In 
this embodiment, each Switch 405 and 410 comprises a 
two-by-two Switch operable to provide either pass through 
or croSS over operation of its input Signals 460. 

0.126 For example, where mirrors 430 and 440 are posi 
tioned to create a Pi phase shift facilitating pass through 
operation, inputs 460a and 460b pass through to outputs 490 
and 480, respectively. Likewise, inputs 460c and 460d pass 
through to outputs 495 and 485, respectively. Where, how 
ever, mirrors 430 and/or 440 introduce no phase shift, inputs 
460a and 460b cross over to outputs 480 and 490, respec 
tively; while inputs 460c and 460d cross over to outputs 485 
and 495, respectively. 
0127. Although this example shows examples of two-by 
two and a four-by-four Switches, an n-by-n Switch can 
similarly be constructed from additional combinations of 
two-by-two Switches in a Similar manner. 
0128. Although switches 300,310, and 400 are shown as 
having only one mirror in each arm of the devices, additional 
mirrors could be implemented in each arm without departing 
from the Scope of the invention. Moreover, although grazing 
angle THETA in FIGS. 5a-5c is shown as approximately 
forty-five degrees, other grazing angles could be imple 
mented consistent with the invention. 

0129 FIG. 6 is a flowchart showing one example of a 
method 500 of facilitating optical signal processing. Method 
500 begins at step 510 where beam splitter 120 (e.g., FIG. 
2b) receives optical signal 160. Beam splitter 120 commu 
nicates copies of input signal 160 toward a first mirror and 
a second mirror at step 515. This may include, for example, 
a partially Silvered mirror receiving input signal 160 and 
communicating a first signal copy 162 toward first movable 
mirror 130, and a second signal copy 164 toward second 
movable mirror 140. First and second mirrors 130 and 140 
receive signal copies 162 and 164 at grazing angles other 
than 90 degrees. In a particular embodiment, mirrors 130 

Dec. 8, 2005 

and 140 may receive Signal copies 162 and 164 at grazing 
angles less than 45 degrees. This configuration provides an 
advantage of minimizing displacement of mirrorS 130 and/or 
140 to achieve a given Signal path difference. 
0130. One or more mirrors 130 and/or 140 comprises a 
MEMS device having a moveable mirror layer that changes 
its position in a substantially piston-like motion at step 520 
to result in a difference in phase between Signal copies 162 
and 164. This may include, for example, first mirror layer 
130 Switching from position 132 to position 134, and/or 
mirror layer 140 switching from position 144 to position 
142. First and second mirrors 130 and 140 reflect signal 
copies 162 and 164, respectively, toward an output at Step 
525. This may include, for example, first and second mirrors 
130 and 140 reflecting signal copies 162 and 164 toward a 
second beam splitter 150. Alternatively, first and second 
mirrors 130 and 140 may reflect signal copies to additional 
moveable mirror elements (see, e.g. FIG.2c). Implementing 
additional moving mirrors in each arm of device 105 pro 
vides an advantage of minimizing the displacement of any 
one of the movable mirrors while attaining a given Signal 
path difference. 
0131 Phase shifted components of first and second signal 
copies 162 and 164 are combined at step 530 to produce one 
or more output signals 172 and/or 174. Depending on the 
level of displacement of mirrors 130 and/or 140, device 105 
can operate to provide, for example, phase shifting, variable 
attenuation, and/or Switching functionality on input signal 
160. 

0132) 
0.133 FIG. 7a is a block diagram showing an exemplary 
embodiment of a polarization controller 610. In this particu 
lar embodiment, polarization controller 610 comprises a 
phase shift-based polarization controller. Rather than requir 
ing physical rotation of the polarization controller, polariza 
tion controller 610 uses phase shifts between the principal 
modes of input signal 616 to orient the output States of 
polarization. 
0.134. In the particular example shown in FIG. 7a, polar 
ization controller 610 includes three stages of phase shifters 
620, 622, and 624, each operable assist in translating the 
input State of polarization to a desired output State of 
polarization. In this embodiment, first phase shifter 620 
couples to a polarization beam Splitter 618, which receives 
input optical Signal 616 and Separates the two principal 
modes of polarization. Each of phase shifters 620-624 
introduces a phase shift between these two principal modes 
of polarization. 

0.135 Each phase shifter 620-624 comprises a device or 
collection of devices operable to introduce a phase shift into 
an optical signal it receives. Phase shifters 620-624 may 
comprise, for example, micro-electro-mechanical Systems 
(MEMS) comprising moveable mirror elements in each arm 
facilitating a phase shift between Signal copies communi 
cated through each arm. Any device operable to introduce a 
phase shift into an optical Signal, however, may be used. 
0.136. In this example, beam splitters 626 and 628 couple 
second phase shifter 622 to first phase shifter 620 and third 
phase shifter 624, respectively. In one embodiment, at least 
two phase shift Stages share a common beam splitter. The 
example shown in FIG. 7a depicts phase shifters 620-624 
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sharing two common beam splitters 626 and 628. In another 
embodiment, phase shifters 620-624 could, for example, all 
share one common beam splitter. 
0.137 In any case, each of beam splitters 626-628 may 
comprise, for example, a partially Silvered mirror, a mirror 
having one or more layers of a dielectric coating, or a fiber 
coupler. In a particular embodiment, each of beam Splitters 
620-624 comprises an approximately 50/50 beam splitter. 
While other beam splitter ratios can be used consistent with 
the scope of the invention, an approximately 50/50 beam 
Splitter maintains the Symmetry of the device to provide a 
good contrast ratio. 
0.138. In one particular embodiment, beam splitters 626 
and 628 may each comprise a mode coupling beam splitter. 
For example, beam splitters 626 and 628 may include or be 
coupled to a polarization converter to render beam Splitters 
626 and 628 mode coupling. This embodiment ensures that 
polarization controller 610 can convert any arbitrary state of 
polarization (including eigen modes) into any other State of 
polarization. In addition, this embodiment produces a single 
output from polarization beam splitter 619, which reduces 
polarization dependent losses that might otherwise be asso 
ciated with Systems having multiple outputs. 
013:9) The embodiment of polarization controller 610 
shown in FIG. 7a also includes a polarization beam splitter 
619, which receives a phase shifted signal from third phase 
shifter 624, and aligns the two principal modes of polariza 
tion of that signal as desired. 
0140. The embodiment shown in FIG. 7a provides sig 
nificant advantages over other polarization controller 
designs, by facilitating reorientation of the principal modes 
of polarization without requiring the use of physical rotation 
of the compensator, physical Squeezing of the fiber commu 
nication line, the use of expensive lithium niobate 
waveguide devices, or the use of additional beam splitter 
elements due to the presence of bulk wave plates between 
Stages of phase shifters. 
0141 FIG. 7b is a block diagram of one particular 
configuration of a polarization controller 610a. Polarization 
controller 610a as shown in FIG.7b includes a plurality of 
phase shifter stages 620-624 each comprising a MEMS 
based device, Such as the device described above with 
respect to FIG. 4. Although each of phase shifter stages 
620-640 has a similar configuration to apparatus 100 shown 
in FIG. 2a, phase shifter stages 620-640 could implement 
other configurations, such as those shown in FIGS. 1c-1d. 
0142. In the illustrated example, each phase shifter 620 
624 includes two arms 662 and 664, at least one of which 
comprises a moveable mirror structure 630 and/or 640. 
Mirrors 630 and/or 640 are operable to move in response to 
one or more control Signals to result in a change in the length 
of the Signal path and, therefore, a phase shift between Signal 
copies communicated through the arms of phase shifters 
620-624. Phase shifter stages 620-624 are coupled together 
by beam splitters 626 and 628. In this example, phase shifter 
stages 620 and 622 share beam splitter 626, while phase 
shifter stages 622 and 624 share beam splitter 628. 
0143. In this example, polarization beam splitter 618 
receives optical input Signal 616 and Separates the two 
principal modes of polarization onto a first Signal path 662 
and a Second Signal path 664. A polarization beam Splitter 
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619 receives phase shifted signals from third phase shifter 
Stage 624 and aligns the principal modes of polarization with 
the principal axes of delay line 612. 
0144. The heretofore described embodiment of polariza 
tion controller 610a Succeeds in transforming any input 
States of polarization that are not eigen modes of the System. 
For example, S-polarized and p-polarized waves are not 
transformed into any other State using that configuration. To 
facilitate transforming any arbitrary State of polarization 
(including eigen modes) into any other state of polarization, 
FIG. 7b also shows the optional use of polarization con 
verter 635 to the first phase shift stage (630a/640a) of 
polarization controller 610a. 
0145 As a particular example, assume that polarization 
beam splitter 618 operates to reflect the s-polarized waves 
and to transmit the p-polarized waves. Polarization con 
verter 635 receives the p-polarized waves and converts them 
to S-polarized waves, So that beam splitter 628 can combine 
S-polarized waves coming from first and Second arms 662 
and 664 and communicate the combined signals toward the 
Second phase shift Stage. Although this example shows 
polarization converter 635 coupled between MEMS device 
640a and beam splitter 626, polarization converter 635 
could alternatively reside between polarization beam splitter 
618 and MEMS device 640a. In addition, polarization 
converter 635 could alternatively reside in first arm 662 of 
polarization controller 610a. 
0146 The polarization controller of FIG. 7b also shows 
the optional use of a polarization converter 637 coupled to 
the last phase shift stage (630c/640c). Polarization converter 
637 operates to convert the polarization of the received 
Signal to match that of the Signal in the opposing arm of the 
phase shift stage, so that polarization beam splitter 619 will 
concentrate the output into one output signal. Polarization 
converter 637, can reduce or eliminate polarization depen 
dent losses otherwise associated with the output signal. 
Although this example shows polarization converter 637 
coupled between MEMS device 640c and beam splitter 619, 
polarization converter 637 could alternatively reside 
between polarization beam splitter 619 and MEMS device 
630c. In addition, polarization converter 635 could alterna 
tively reside in first arm 662 of polarization controller 610a. 
0147 Polarization converters 635 and 637 may comprise 
any device or combination of devices operable to flip the 
polarization of an incoming Signal to an Orthogonal mode of 
polarization. Wave plates, Transverse Electrical Transverse 
Magnetic (TETM) converters, Faraday converters, and mir 
rors positioned So as to flip the polarization of an incoming 
Signal to a polarization orthogonal to the input State of 
polarization provide just a few examples of polarization 
converts suitable for use with this system. 
0.148 Although FIG. 7b shows the optional use of a 
Single polarization converter in the first and last phase shift 
Stages, alternatively, a polarization converter could reside in 
each arm of the first and/or last phase shift Stages. In this 
manner, the physical Symmetry of the device can be main 
tained, So as to increase the contrast ratio of the device. AS 
one particular non-limiting example, where polarization 
converters are used in each arm of the first and/or last phase 
shift Stage, each polarization converter can comprise a half 
wave plate-one oriented at forty-five degrees to the mode 
axis, the other oriented parallel to the mode axis. Multiple 
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polarization converters in a single phase shift Stage may, but 
need not, be formed from like materials. 

014.9 FIG. 7c shows an alternate embodiment of a polar 
ization controller 610b operable to transform any linear 
input State of polarization to any arbitrary output State of 
polarization. In this example, polarization controller 610b 
includes a polarization beam splitter 658 coupled to at least 
two substantially reflective surfaces 660 and 670. In a 
particular embodiment, at least one of the Substantially 
reflective surfaces 660, 670 comprises a MEMS based 
device operable to undergo a Substantially piston like move 
ment to introduce a difference in Signal path length and a 
corresponding difference in phase between a first Signal 
copy 661 and Second Signal copy 662. 

0150 Reflective surfaces 660 and 670 are further coupled 
to a beam splitter 668, which is still further coupled to at 
least Substantially reflective surfaces 680 and 690. In a 
particular embodiment, at least one of the Substantially 
reflective surfaces 680, 690 comprises a MEMS based 
device operable to undergo a Substantially piston like move 
ment to introduce a difference in Signal path length and a 
corresponding difference in phase between Signal copies 
received. 

0151. In operation, polarization beam splitter 658 
receives input optical Signal 656 and generates two at least 
Substantial copies of that Signal. Polarization beam splitter 
658 communicates one copy toward first substantially 
reflective surface 660 and the other copy toward second 
substantially reflective surface 67 At least one of reflective 
surfaces 660 and 670, in response to a control signal, 
changes its position to create a phase difference between the 
signal copies received at beam splitter 668. Beam splitter 
668 receives first and second signal copies 661 and 663, 
combines components of those signals, and communicates 
the combined components toward reflective surfaces 680 
and 690. At least one of reflective surfaces 680 and/or 690, 
in response to a control Signal, changes its position to create 
a further phase difference between the Signal copies received 
from beam splitter 668. Reflective surfaces 680 and 690 
reflect the further phase shifted Signal copies toward beam 
Splitter 668, which receives the Signal copies and combines 
components of those signals. 

0152 Beam splitter 668 then communicates the com 
bined components toward reflective surfaces 660 and 670, 
which introduce yet a further phase shift between the 
principal modes, and communicate the further phase shifted 
modes toward polarization beam splitter 658. Polarization 
beam splitter 658 communicates a phase shifted output 673 
toward a circulator 675, which directs the phase shifted 
output signal from polarization controller 610b. 
0153. As with polarization controller 610a, polarization 
controller 610b may optionally include a polarization con 
verter 636. Polarization converter 636 operates to facilitate 
polarization control of eigen modes and operates to reduce 
polarization dependent losses. 

0154 Polarization controller 610b includes three stages 
of phase shift. Reflective surfaces 660 and 670 comprise the 
first and third phase shift Stages, while reflective Surfaces 
680 and 690 comprise the second phase shift stage. In this 
example, all phase shift Stages share a Single beam splitter 
668. By sharing one beam splitter between multiple phase 

Dec. 8, 2005 

shift Stages, this embodiment of the invention advanta 
geously reduces the number of components required to 
provide polarization control. For example, this embodiment 
reduces the number of beam splitters needed, and also 
reduces the number of polarization converters necessary to 
both process eigen modes and reduce or eliminate polariza 
tion dependent losses. In addition, this embodiment facili 
tates implementing a Single polarization beam splitting 
device to serve as both the first (input) polarization beam 
splitter and the Second (output) polarization beam splitter. 
0155 Polarization controllers 610a and 610b can be used 
in a variety of Signal processing applications. For example, 
use in conjunction with polarization Sensitive optical com 
ponents, use in polarization multiplexed lightwave transmis 
Sion Systems, use in coherent communication Systems, and 
use in polarization mode dispersion compensators are just a 
few examples of applications for polarization controllers 
610a and 610b. 

0156 If the characteristic for which the polarization 
controller is being used changes at a rate that is slower than 
the reset Speed of the polarization controller and, ideally, if 
the polarization controller can Switch at a rate faster than the 
bit rate of the information being processed, the polarization 
controller can be made infinitely rotatable (also known as 
“reset free” or “endless polarization rotation”). In other 
words, the polarization controller can be used to provide one 
phase adjustment along the Poincare Sphere, reset, and 
provide a second phase adjustment modulo 2Pi from the first 
phase adjustment. In this manner, phase shifters 620-624 can 
emulate a single large phase shift using numerous Smaller 
phase shifts between changes in polarization. Through this 
technique, polarization controller 610a can Simulate an 
ability to provide a number of rotations on the Poincare 
Sphere, without actually having the physical range that 
would otherwise be necessary to perform the transformation. 
O157. One example of a device that is capable of Switch 
ing at Speeds faster than most signals polarization changes 
is a MEMS-based phase shifter stage-in particular those 
operable to undergo Substantially piston-like motion and 
using multiple moving mirror Strips to control air damping. 
For example, in mitigating polarization mode dispersion, 
polarization controller 610a can Switch at Speeds faster than 
once each milli-Second, the approximate time Scale on 
which polarization mode dispersion varies. Therefore, 
MEMS-based phase shifter stages 620-624 capable of 
Switching at Speeds significantly greater than, for example, 
once each milli-Second can be implemented to provide an 
endlessly rotatable polarization controller in a PMD com 
pensator 
0158 FIG. 7D is a graph showing realized Switching 
Speeds using one particular embodiment of polarization 
controller 610, which implements MEMS based phase shift 
stages similar to the device depicted in FIG. 3a. In this 
example, trace 152 shows a Switching of the phase shift 
Stages in response to a control Voltage 150. AS shown in this 
example, rise times of Seven hundred micro-Seconds have 
been obtained. Other Switching Speeds may be ascertainable, 
depending on the processing demands and particular device 
characteristics utilized. For example, faster Switching Speeds 
can be obtained using an embodiment Similar to that shown 
in FIG. 3b. 

0159. Another technique for producing an infinitely rotat 
able polarization controller is to implement at least four 
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Stages of phase shifters. For example, although the embodi 
ments shown in FIGS. 7b and 7c include three stages of 
phase shifters, one or more additional phase shift Stages 
could be cascaded with the illustrated Stages to render the 
controllers endlessly rotatable based on the number of phase 
shift Stages being used. Using four or more Stages of phase 
shifters, for example, allows for resetting one Stage of phase 
shifters, while one or more other Stages is processing the 
Signal. This facilitates endless polarization rotation while 
maintaining lower Switching Speeds. 

0160 FIGS. 8-13 provide various examples of methods 
and apparatus employing polarization controllers of the 
present invention. For ease of description, FIGS. 8-13 
illustrate various examples using details of polarization 
controller 610a shown in FIG. 7b. It should be noted that 
other embodiments, such as polarization controller 610b 
shown in FIG. 7c (or various derivatives thereof) could also 
be used in the examples given in FIGS. 8-13 without 
departing from the Scope of the invention. 

0.161. One aspect of the invention provides novel meth 
ods and apparatus useful in mitigating polarization mode 
dispersion (PMD). FIGS. 8a–8h are block diagrams showing 
various embodiments of systems implementing PMD com 
pensators, PMD compensator designs, and components Suit 
able for use in PMD compensators. FIG. 8a is a block 
diagram of an optical communication System 550 imple 
menting a PMD compensator along with one or more margin 
enhancing elements. AS optical communication Systems 
communicate information at higher and higher rates, the 
need for mitigating polarization mode dispersion increases. 
In addition, as the bit rate increases, So does the need for 
more System margin. Conventional Systems operating at, for 
example, ten Giga-bits per Second have implemented margin 
enhancing techniques, Such as distributed Raman amplifi 
cation, forward-error-correction, and dispersion manage 
ment. To date, however, no System has emerged which 
optimizes the location and/or operation of one or more of 
these margin enhancement techniques in conjunction with 
mitigation of polarization mode dispersion. 

0162. In one aspect of the invention, an optical commu 
nication system is presented that optimizes the use of PMD 
compensators in conjunction with one or more margin 
enhancing devices. System 550 shown in FIG. 8a shows an 
example of one such system. System 550 includes a plurality 
of fiber spans 551a-551n coupled between an optical source 
552 and an optical receiver 568. In-line amplifiers 558a 
558n reside between fiber spans 551 to provide amplification 
of the optical signals traversing those spans. These ampli 
fiers may comprise, for example, erbium doped amplifiers, 
Raman amplifiers, or any other Suitable optical amplifying 
device. 

0163 System 564 also includes a PMD compensator 564 
operable to reduce polarization mode dispersion in the 
optical Signals being communicated. In this embodiment, 
PMD compensator 564 resides somewhere along the fiber 
span coupling the last in-line filter 558n and receiver 568. 
System 550 also includes one or more pre-amplifiers 554 
coupled to or integral with optical Source 552, and one or 
more post-amplifiers 566 coupled to or integral with optical 
receiver 568. One or more post-amplifiers 566 could reside 
either before the input or after the output of PMD compen 
Sator 564. 
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0.164 Coupling PMD compensator 564 at or near the 
final fiber Span provides an advantage of optimizing the 
optical Signal to nose ratio. Placing PMD compensator close 
to the end of the transmission System results in attenuating 
both the Signal and the noise equally, allowing the System to 
maintain a good Signal-to-noise ratio. 
0.165. In this embodiment, system 550 implements a 
plurality of margin enhancing techniques. For example, 
system 550 includes a dispersion compensator 556 near the 
optical Source and a dispersion compensator 562 close to the 
optical receiver. This embodiment facilitates pre-amplifica 
tion, in line amplification, and post-amplification dispersion 
compensation. For example, dispersion compensators could 
reside prior to the first amplification Stage, between various 
amplifications Stages, and/or after the last amplification 
Stage. 

0166 This example also implements distributed Raman 
amplification to enhance the System margin. In particular, 
system 550 implements counter-propagating pumps 560a 
560n, which help prevent coupling of pump fluctuations to 
the optical signals being communicated by system 550. Also 
in this example, system 550 utilizes forward-error-correc 
tion circuitry 570 at or accessible to receiver 568. 
0.167 Although this particular example shows the use of 
three margin enhancing techniques, the invention does not 
require each of these techniques. Rather, by implementing a 
polarization mode dispersion compensator and at least one 
margin enhancing technique, this aspect of the invention 
provides Significant advantages in facilitating optical Signal 
transmission at Speeds of, for example, forty Giga-bits per 
second or more. In addition, by locating the PMD compen 
Sator near the optical receiver, System 550 maintains a good 
Signal-to-noise ratio. 

0168 FIG. 8b is a block diagram showing one embodi 
ment of a PMD compensator 600 including a polarization 
controller (PC) coupled to a delay element controlled 
through control circuitry 614. In a particular embodiment, 
polarization controller 610 may be similar in structure and 
function to polarization controller 610 shown in FIG. 7a. 
PMD compensator 600 operates to reestablish a linear 
polarization between the various modes of an incoming 
optical Signal 616, by delaying the mode associated with the 
faster axis of the fiber to result in an equalization in 
communication Speeds of both principal axes. 
0169. In operation, PMD compensator 600 receives an 
optical signal 616 at polarization controller 610. In one 
embodiment, polarization controller 610 is operable to 
receive an optical Signal having any arbitrary State of 
polarization and to convert the Signal to one having a linear 
State of polarization. In another embodiment, polarization 
controller 610 operates to receive an optical Signal having 
any arbitrary State of polarization and to convert that Signal 
to one having any other State of polarization. Polarization 
controller 610 adjusts the state of polarization of each of the 
principal modes of input signal 616, and passes the adjusted 
Signal to a delay element 612, which delays the leading 
mode and/or Speeds up the lagging mode of polarization. 
The output from delay element 612, or an electrical version 
thereof, is then fed back to control block 614, which 
generates control Signals for use by polarization controller 
610 in continually adjusting the State of polarization of each 
principal mode. 
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0170 FIG. 8c is a block diagram showing one possible 
embodiment of a polarization controller 610 coupled to a 
delay element 612. In this particular embodiment, polariza 
tion controller 610 comprises a phase shift-based polariza 
tion controller comprising at least three Stages of phase 
shifters 620, 622, and 624, each operable to provide one 
degree of freedom in translating the input State of polariza 
tion to a desired output State of polarization. In this embodi 
ment, first phase shifter 620 couples to a polarization beam 
splitter 618, which receives input optical signal 616 and 
Separates the two principal modes of polarization. Phase 
shifters 620-624 introduce phase shifts between these two 
principal modes of polarization. In the illustrated embodi 
ment, beam splitters 626 and 628 couple second phase 
shifter 622 to first phase shifter 620 and third phase shifter 
624, respectively. In this example, each of phase shifters 
620-624 shares a common beam splitter 626 or 628. Phase 
shifters 620-624 may comprise, for example, micro-electro 
mechanical systems (MEMS) comprising moveable mirror 
elements in each arm facilitating a phase shift between 
Signal copies communicated through each arm of the phase 
shifter, as shown in FIGS. 7b and 7c. Sharing beam splitters 
between phase shifter Stages provides an advantage of 
reducing the number of components necessary by eliminat 
ing the need for bulk wave plates between each phase shift 
Stage. This reduces the cost and complexity of device 
fabrication, particularly in multiple wavelength applications. 
The embodiment of polarization controller 610b shown in 
FIG. 7c facilitates sharing a single beam splitter between 
three Stages of phase shifters. The embodiment of polariza 
tion controller 610 shown in FIG. 8c also includes a 
polarization beam splitter 619, which receives a phase 
shifted signal from third phase shifter 624, separates the two 
principal modes of polarization of that Signal to ultimately 
facilitate transmission of the lagging mode of polarization 
parallel to a faster principal axis of delay element 612, and 
transmission of the leading mode of polarization parallel to 
a slower principal axis of delay element 612. The embodi 
ment shown in FIG. 7c facilitates implementing the first and 
Second polarization beam splitters as a Single beam splitting 
device 658. 

0171 Delay element 612 can comprise any device 
hardware, Software, firmware, or combination thereof oper 
able to provide a delay to one component of an optical Signal 
with respect to another component of that Signal. In a 
particular embodiment, delay element may comprise, for 
example, a length of polarization maintaining fiber (PMF) 
that has been intentionally formed So that one of its principal 
axes is faster than the other. Where delay element 612 
comprises a fixed delay element, polarization controller 610 
should comprise at least three Stages of phase shifters 
620-624 to ensure adequate flexibility in aligning the prin 
cipal modes of polarization of input signal 616 to the fast 
and slow axes of fixed delay element 612. Polarization 
controller 610 could alternatively, however, comprise addi 
tional phase shift stages beyond the three shown in FIG.7b. 
Where PMD compensator 600 comprises a fixed delay 
element 612, polarization controller 610 can comprise any 
number of phase shift Stages greater than two. Additional 
Stages of phase shifters provide an advantage of allowing the 
use of more simple control algorithms in control block 614. 
0172 Other typed of delay elements could be used con 
sistent with the invention. For example, delay element 612 
could comprise one or more retardation plates, or other 
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Suitable birefringent material. In another embodiment, delay 
element 612 could comprise a variable delay line compris 
ing, for example, a polarization controller coupled between 
lengths of polarization maintaining fiber. In Still another 
embodiment, delay element 612 could comprise an elec 
tronic delay circuit. Chirped HiBi fiber gratings provide still 
another example of a delay element applicable to the present 
invention. For ease of description, the following examples 
will assume use of polarization maintaining fiber as a delay 
element. Other delay elements could be used consistent with 
the invention. 

0173 The embodiment shown in FIG. 8c provides sig 
nificant advantages over other PMD compensator designs, 
by mitigating the effects of polarization mode dispersion 
without requiring the use of physical rotation of the com 
pensator, physical Squeezing of the fiber communication 
line, the use of expensive lithium niobate waveguide 
devices, or the use of bulk wave plates between each Stage 
of phase shifters. Moreover, while this embodiment can be 
used with a variable delay line, it does not require the use of 
more expensive variable delay elements. Instead, it facili 
tates the use of an inexpensive fixed delay element, Such as 
a length of polarization maintaining fiber. 
0.174. Where polarization controller 610 implements a 
polarization converter coupled to the last phase shift Stage, 
the polarization controller generates a single output. In that 
case, a delay element can be coupled directly to the output 
of the polarization controller. 
0175 FIGS. 8d-8e are block diagrams showing illustra 
tive examples of coupling delay elements 612a and 612b, 
respectively, to a polarization controller that does not use a 
polarization converter to result in a single output. In FIG. 
8d, delay element 612a comprises a fixed delay element 
including a polarization beam Splitter 613 coupled to a 
length of polarization maintaining fiber 615. In this example, 
mirrors 607 and 609 reflect the two phase shifted outputs of 
polarization beam splitter 619 toward polarization beam 
splitter 613. Polarization beam slitter 613 acts as a signal 
combiner to form output 617, which is communicated to 
polarization maintaining fiber 615. 
0176) Delay element 612b shown in FIG. 8e includes a 
first delay line 621 and a second delay line 623, each coupled 
to polarization beam Splitter 619. In this particular example, 
each of delay lines 612 and 623 comprises a length of 
polarization maintaining fiber. In the illustrated embodi 
ment, polarization beam splitter 619 directs a first phase 
shifted principal mode of polarization toward first delay line 
621, and directs a Second phase shifted principal mode of 
polarization toward a mirror 631, which reflects the second 
principal mode toward second delay line 623. A mirror 633 
receives a delayed phase shifted principal mode from Second 
delay line 623, and directs that Signal toward a polarization 
beam splitter 625. Polarization beam splitter 625 receives 
the delayed phase shifted principal modes of polarization 
from delay lines 621 and 623, and combines those signals 
into a compensated output 627. 
0177. The embodiments of delay elements 612a and 612b 
shown in FIGS. 8d and 8e are intended for illustrative 
purposes only. Other delay elements and/or configurations 
of elements could be used without departing from the Scope 
of the invention. 

0.178 A related aspect of the invention comprises a 
method and apparatus for facilitating variable delay for use, 
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for example, in a PMD compensator. FIG. 8f is a block 
diagram of one embodiment of a variable delay line 700. 
Variable delay line 700 comprises at least one polarization 
controller 710 coupled between a pair of polarization main 
taining fibers (PMF) 712a-712b. Polarization maintaining 
fibers 712 are similar instructure and function to fixed delay 
element 612 described with respect to FIG. 8b. Polarization 
controller 710 is similar in structure and function to polar 
ization controller 610 described with respect to FIGS. 7a 
and 8a. 

0179. In operation, first polarization maintaining fiber 
712 receives an optical signal 705 having its two principal 
modes of polarization oriented for transmission Substantially 
parallel with the principal axes of first polarization main 
taining fiber 712a. First polarization maintaining fiber 712a 
communicates the lagging mode of polarization of Signal 
705 parallel to its faster axis, and communicates the leading 
mode of polarization of signal 705 parallel to its slower axis 
to generate a partially compensated Signal 706. 
0180 Polarization controller 710 receives partially com 
pensated Signal 708 and performs a phase shift on that Signal 
to align the principal modes with the principal axes of 
Second polarization maintaining fiber 712b. Second polar 
ization maintaining fiber 712b then communicates the lead 
ing mode of polarization of signal 708 on its slower principal 
axis, and communicates the lagging mode of polarization of 
Signal 708 on its slower principal axis. In this example, a 
polarization beam splitter 713b receives the phase shifted 
signal from polarization beam splitter 719 of polarization 
controller 710, and facilitates transmission of the leading 
principal mode parallel to the slow axis and the lagging 
principal mode parallel to the fast axis of polarization 
maintaining fiber 712b. 
0181. By implementing multiple stages of polarization 
maintaining fiber coupled to a polarization controller, Vari 
able delay line 700 facilitates more granular control over 
compensation than a fixed delay element. To add still more 
granularity of control, additional Stages of polarization 
maintaining fiber Separated by additional polarization con 
trollers can be cascaded Serially. 
0182 FIG. 8g is a block diagram showing one embodi 
ment of a PMD compensator 750 implementing variable 
delay line 700. PMD compensator 750 includes a polariza 
tion controller 760 coupled to variable delay line 700 and a 
control block 714. Polarization controller 760 comprises a 
first polarization beam splitter 762 operable to receive 
optical Signal 716 and to Separate the principal modes of 
polarization of that signal, and a beam Splitter 764 operable 
to align the principal modes of polarization of the phase 
shifted Signal with the principal axes of variable delay line 
780. In the illustrated embodiment, polarization controller 
760 includes just two phase shifters 770 and 772 separated 
by a beam splitter 766. In a particular embodiment, beam 
splitter 766 may comprise an approximately 50/50 beam 
Splitter. Implementing a variable delay line, Such as variable 
delay line 700, allows PMD compensator to utilize a two 
stage phase-shift based polarization controller 760. While 
additional Stages of phase shifters in polarization controller 
760 could be used without departing from the scope of the 
invention, using variable delay line 700 facilitates similar 
PMD compensation to a three or more stage phase shift 
polarization controller, while eliminating a stage of phase 
shifters. 
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0183 FIG. 8h is a block diagram showing one possible 
embodiment of a two-stage phase shift based polarization 
controller 755 coupled to a variable delay element 780. In 
this example, each phase shifter stage 770-772 of polariza 
tion controller 755 comprises a MEMS-based device, such 
as the device described above with respect to FIG. 4. 
Although phase shifter stages 770-772 have a similar con 
figurations to apparatus 100 shown in FIG.2a, phase shifter 
stages 770-772 could implement other configurations, such 
as those shown in FIGS. 1c-1d. 

0184. In this example, each phase shifter 770-772 
includes two arms, at least one of which comprises a 
moveable mirror structure 730 and/or 740. Mirrors 730 
and/or 740 are operable to move in response to one or more 
control Signals to result in a change in the length of the Signal 
path and, therefore, a phase shift between Signal copies 
communicated through the arms of phase shifters 770-772. 
Phase shifter stages 720 and 722 share a beam splitter 766 
coupled between those Stages. 
0185. Polarization beam splitter 762 receives optical 
input signal 716 and Separates the two principal modes of 
polarization onto a first Signal path directed toward mirror 
730a, and a second signal path directed toward mirror 740a. 
Each phase shift stage 770 and 772 introduces a phase shift 
between the principal modes of polarization of Signal 716. A 
beam splitter 764 receives phase shifted signals from second 
phase shifter Stage 772 and aligns the principal modes of 
polarization with the principal axes of variable delay line 
780. Variable delay line 780 may comprise any device or 
combination of devices operable to provide a tunable delay 
line. 

0186. Using the configuration shown in FIG. 8h, two 
Stage polarization controller 755 can receive an input Signal 
having any arbitrary State of polarization, and can generate 
an output Signal having a linear State of polarization. Vari 
able delay line 780 can then complete the PMD compensa 
tion by introducing variable levels of delay into one or more 
modes of polarization of the phase shifted Signal from 
polarization controller 755. Consequently, the PMD com 
pensator of FIG. 8h provides efficient and cost effective 
PMD compensation for Signals having any State of polar 
ization. 

0187 FIG. 9 is a flowchart showing one example of a 
method 900 of controlling the polarization of a signal and 
ultimately mitigating polarization mode dispersion. Method 
900 begins at step 902 where polarization controller 610 
receives optical signal 616 at step 902. Polarization control 
ler 610 Separates optical signal 616 into a leading principal 
mode of polarization and a lagging principal mode of 
polarization at step 904. This may include, for example, 
polarization beam splitter 618 receiving optical Signal 616, 
and communicating first mode 662 toward first mirror 630 
and communicating Second mode 664 toward Second mirror 
640). 

0188 Polarization controller 610 introduces phase shift 
between the leading and lagging modes of polarization at 
step 920. This may include, for example, first phase shift 
stage 620 introducing a first phase shift at step 906, and 
communicating phase shifted modes 662 and 664 to first 
beam splitter 626 at step 908. In a particular embodiment, 
beam splitter 626 may comprise a mode coupling beam 
Splitter operable to flip the polarization of one of the Signal 
copies to facilitate processing of eigen modes. 
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0189 First beam splitter 626 communicates substantial 
copies of phase shifted modes toward first and Second 
mirrors 630b and 640b, where a second phase shift is 
introduced at step 912. First and second mirror 630b and 
640b communicate the twice phase shifted modes 662 and 
664 to second beam splitter 628 at step 914. Second beam 
splitter 628 receives the twice phase shifted modes and 
communicates copies of those signals to first and Second 
mirrors 630c and 640c, where a third phase shift is intro 
duced at step 918. In a particular embodiment, second beam 
Splitter 628 may comprise a mode coupling beam splitter 
operable to flip the polarization of one of the modes, to 
facilitate communication of a single output signal and 
reduce polarization dependent losses. 

0190. Polarization beam splitter 619 receives phase 
shifted principal modes of polarization 662 and 664 and 
Separates the principal modes of polarization at Step 922. 
Steps 902 through 922 have described one example of a 
method of controlling polarization in an optical Signal. This 
method may find application, for example, in a PMD com 
pensator as discussed below, or in a polarization multiplexed 
lightwave transmission System, in a coherent communica 
tion System, or in conjunction with polarization Sensitive 
optical components. 

0191) One particular method of mitigating polarization 
mode dispersion continues at Step 924 where polarization 
controller 610 communicates the phase shifted principal 
modes of polarization to delay element 612. Although delay 
element 612 may comprise any of a variety of devices 
operable to introduce delay, in a particular embodiment, 
polarization controller 610 aligns the leading mode of polar 
ization with a slow axis of a polarization maintaining fiber 
612a at Step 926, and aligns the lagging mode of polarization 
parallel to a fast axis of the polarization maintaining fiber 
612a at step 928. Using a phase shift based polarization 
controller, PMD compensator 600 operates to align any 
arbitrary State of polarization with any other arbitrary State 
of polarization to result in mitigation of polarization mode 
dispersion. 

0192 FIGS. 10a–10b are block diagrams showing vari 
ous embodiments of a System and components thereof 
operable to mitigate polarization mode dispersion in mul 
tiple-wavelength optical Signals. Where optical Signals com 
prise multiple wavelengths, each wavelength will rotate in 
polarization differently as it traverses the optical fiber. 
Consequently, compensating for polarization mode disper 
Sion must be done on a wavelength-by-wavelength basis. 
Conventional solutions to PMD compensation that offer 
endlessly rotatable operation-Such as those using lithium 
niobate based polarization controllers-are very expensive, 
even on a single wavelength application. AS optical Systems 
implement more and more communication channels (using 
more and more wavelengths), the cost of PMD compensa 
tion using conventional equipment quickly becomes pro 
hibitive. 

0.193) One aspect of the invention provides an architec 
ture that is easily and inexpensively replicated to facilitate 
arrays of PMD compensators capable of processing any 
number of wavelengths of light. System 800 as shown in 
FIG. 10a includes an array of polarization controllers 810. 
Each polarization controller in array 810 comprises a 
MEMS-based phase shift polarization controller. System 
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800 also includes a delay element 812. Delay element 812 
may comprise a fixed delay element, Such as polarization 
maintaining fiber 612 shown in FIG. 8d, or a variable delay 
element, such as variable delay line 710 shown in FIG. 8f. 
In the illustrated embodiment, all polarization controllers 
share a single delay element 812. Alternatively, system 10 
could implement multiple delay elements 812, each Servic 
ing one or more polarization controllers of array 810. 
0194 Where delay element 612 comprises a fixed delay 
element, each polarization controller of array 810 comprises 
three or more Stages of phase shifters, Such as in polarization 
controller 610 shown in FIG. 8d. Where delay element 612 
comprises a variable delay element Such as variable delay 
line 710 shown in FIG. 8f, each polarization controller of 
array 810 may comprise as few as two stages of phase 
shifters, as in polarization controller 760 shown in FIG. 8g. 
0195) In the illustrated embodiment, system 800 further 
includes a wavelength division demultiplexer 807 coupled to 
the output of delay element 812, and an array of detectors 
823. Wavelength division multiplexer 807 is operable to 
receive a compensated signal 817 from delay element 812, 
Separate the various wavelengths of that Signal, and pass 
those wavelengths to a detector 823. Detectors 823 convert 
the optical signals received into electrical Signals for pro 
cessing in an array of control circuitry 814. Control circuitry 
814 generates control signals 821a-821n, which are com 
municated to associated polarization controllers of array 
810. 

0196) In an alternative embodiment, demultiplexer 807 
and array of detectors 823 could be replaced by a variable 
filter or a Scanning filter operable to Sequentially filter each 
wavelength from Signal 817, and to pass each wavelength to 
control array 814. Control array 814 could, for example, 
communicate control signals to array of polarization con 
trollerS 810 and also communicate a signal to the Scanning 
filter instructing the filter to deliver the next wavelength. 
0197). In operation, wavelength division demultiplexer 
802 receives an optical input signal 816 having a plurality of 
wavelengths, and Separates Signal 816 into a plurality of 
individual wavelength signals 806a-806n. In one embodi 
ment, polarization controllers of array 810 each receive one 
of wavelengths 806a-806n for processing. Alternatively, 
system 800 may communicate only some of wavelengths 
806 to polarization controller array 810, and allow other 
wavelengths 806 to bypass polarization controller array 810 
through bypass path 823. This may be useful, for example, 
where system 10 provides PMD compensation for commu 
nication Systems using only Some of the wavelengths of 
signal 816. In those cases, system 10 can provide efficiencies 
of compensating only those wavelengths being utilized, 
allowing non-utilized wavelengths to pass without proceSS 
Ing. 

0198 Polarization controllers of array 810 receiving uti 
lized wavelengths introduce phase shift into those signals to 
align the principal modes of polarization to the appropriate 
axes of delay element 812. Wave division multiplexer 804 
receives phase shifted signals 808a-808n from polarization 
controller array 810, multiplexes those Signals into a one or 
more phase shifted optical Signals for communication to 
delay element 812. Delay element 812 communicates the 
leading mode of polarization parallel to its faster axis, and 
communicates the lagging mode of polarization parallel to 
its slower axis to mitigate polarization mode dispersion. 
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0199 Control array 814 receives compensated signals 
817 and generates control signals 821 for feedback to 
polarization controllers of array 810. In a particular embodi 
ment, control array 814 comprises an array of electronic 
circuitry, which receives electronic signals from one or more 
detectorS 823 operable to convert optical Signals to electrical 
Signals. Control Signals 821 may comprise, for example, 
Voltage Signals operable to control the amount of movement 
in moveable mirror structures, such as 630 and 640 shown 
in FIG. 7b or mirrors 730 and 740 Shown in FIG. 8h. 
Controlling the amount of displacement of these mirrors 
controls the change in path length of Signals communicating 
with those mirrors and, therefore, the phase shift of the 
resulting Signals. This embodiment provides an advantage of 
facilitating use of readily available electronic control cir 
cuitry for system 800. 

0200 FIG. 10b is a block diagram showing one possible 
embodiment of polarization controller array 810. Polariza 
tion controller array 810 may be useful, for example, in a 
multiple-wavelength PMD compensator. Alternatively, 
polarization controller array 810 could be applied to any 
System where it is desirable to control the polarization of 
multiple wavelengths in one or more optical Signals. 
Although each polarization controller of array 810 is 
depicted as similar to polarization controller 610a of FIG. 
7a, polarization controllers 810a-810n could alternatively 
comprise polarization controllers, such as controller 610b 
shown in FIG. 7c (or derivatives thereof). 
0201 In this example, each polarization controller 810a 
810n of array 810 includes a polarization controller similar 
to that shown in FIG. 7b. Each phase shifter stage 820a-n 
through 824a-n (referred to generally as phase shifter stages 
820-824) comprises a MEMS-based device, such as the 
device described above with respect to FIG. 4. Each phase 
shifter stage 820-824 includes two arms, at least one of 
which comprises a moveable mirror structure 630 and/or 
640. Mirrors 630 and/or 640 are operable to move in 
response to one or more control signals 821 to result in a 
change in the length of the Signal path and, therefore, a phase 
shift between Signal copies communicated through the arms 
of phase shifters 820-824. Phase shifter stages 820-824 are 
coupled together by beam splitters 826 and 828. Beam 
splitters 826-828 may comprise, for example, approximately 
50/50 beam splitters. In this example, polarization beam 
splitter 818 receives various wavelengths 806a-806n of 
optical input signal 816 and Separates the two principal 
modes of polarization in those signals onto a first Signal path 
and a Second Signal path. A polarization beam Splitter 819 
receives phase shifted Signals from third phase shifter Stages 
824 and aligns the principal modes of polarization with the 
principal axes of delay element 812. 

0202 Although the illustrated embodiment shows three 
Stages of phase shifters, additional Stages could be imple 
mented consistent with the present invention. Moreover, 
where delay element 812 comprises a variable delay line, 
each polarization controller in array 810 could comprise as 
few as two stages of phase shifters. Although this example 
shows just one MEMs device in each arm of each phase 
shifter stage, additional MEMs devices could be imple 
mented without departing from the invention. Furthermore, 
although MEMs devices 830 and 840 are shown at an 
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approximately forty-five degree grazing angle, these devices 
could be located at other grazing angles to the Signals being 
reflected. 

0203 Implementing phase shifter based polarization con 
trollers and/or variable delay lines using MEMs devices 
allows for fabrication of arrays of these devices at an 
incremental additional cost to fabricating a single compen 
Sator. This aspect of the invention provides significant 
advantages in facilitating rapid, effective, and economical 
PMD compensation, particularly in a multiple wavelength 
environment. 

0204 FIG. 11 is a flowchart showing one example of a 
method 930 of mitigating polarization mode dispersion in 
multiple wavelengths of an optical signal. Method 930 
begins at step 93.5 where system 800 receives optical signal 
816 having a plurality of constituent wavelengths. System 
800 separates optical signal 816 into a plurality of individual 
wavelength signals at step 940. This may include, for 
example, wavelength division demultiplexer 802 receiving 
optical Signal 816 and Separating optical signal 816 into a 
plurality of wavelength signals 806a-806n. 

0205 System 800 communicates at least some of the 
wavelengths 806 to array 810 of polarization controllers at 
step 945. This step may also include, for example, diverting 
one or more wavelengths 806 to a bypass path 823 where 
those wavelengths 806 are not to be processed by system 
polarization controllers 810. 
0206 Each polarization controller of array 810 separates 

its associated wavelength 806 into a first and a second 
principal mode of polarization at step 950. This may include, 
for example, polarization beam splitter 818 receiving one or 
more wavelengths 806 and Separating those wavelengths 
into their principal modes of polarization. Each polarization 
controller of array 810 next introduces phase shift between 
the first and Second modes of polarization of each wave 
length at step 955. This may include, for example, intro 
ducing at least three Stages of phase shift between the first 
and Second modes of polarization to align each of the first 
and Second modes with a principal axis of a fixed delay 
element. Alternatively, this may include introducing at least 
two stages of phase shift between the first and Second modes 
of polarization to align each of the first and Second modes 
with a principal axis of a variable delay line. In addition, 
polarization converters 635 and 637 could operate to flip 
polarizations of one of the Signal copies, to facilitate pro 
cessing of, for example, eigen modes, and to reduce polar 
ization dependent losses. 

0207 Polarization controllers of array 810 communicate 
phase shifted principal modes of polarization for transmis 
sion through delay element 812 at step 960. This may 
include, for example, multiplexing the plurality of wave 
length Signals 806 into a Single optical Signal fed to a 
common delay element 812. Alternatively, this may include 
communicating each phase shifted wavelength Signal 806 to 
a separate delay element 812. 
0208 Communicating principal modes of polarization 
through delay element 812 may further comprise determin 
ing a control Signal based at least in part on an output from 
delay element 812, and altering the phase shift introduced in 
array of polarization controllers 810 based on the control 
Signal. In a particular example, optical output 817 may be 
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used as an input to one or more detectorS 823, which convert 
optical Signals 817 to electrical signals fed to control array 
814. Control array 814, in that embodiment, may comprise 
electronic circuitry operable to generate electrical control 
signals 821 to control the amount of phase shift introduced 
into each wavelength 806. 
0209 Although array 810 of polarization controllers has 
been described as being useful in mitigating polarization 
mode dispersion, a Similar array could be equally applicable 
to other situations in which it is useful to control polarization 
of multiple wavelength signals. For example, array 810 is 
equally Suitable for use in conjunction with polarization 
Sensitive optical components, polarization multiplexed 
lightwave transmission Systems, and/or coherent communi 
cation Systems. 
0210 FIG. 12 is a block diagram showing an exemplary 
embodiment of a polarization multiplexing system 1800. To 
meet the ever increasing bandwidth demands of current and 
future communication Systems, optical communication SyS 
tems often communicate information using multiple wave 
lengths multiplexed into one or Several optical Signals. 
Current filter technology often becomes a limiting factor in 
the number of optical wavelengths that can be communi 
cated in any given Signal. For example, a filter at the 
receiving end of the transmission System should be capable 
of at least Substantially isolating each wavelength carrying 
information from its neighboring wavelengths. Current filter 
technology often limits the density of wavelengths that can 
be packed into any given signal. One way of increasing the 
density of wave division multiplexed signals is to alternately 
polarize neighboring wavelengths So that each wavelength is 
polarized orthogonally to its neighboring wavelength. A 
polarization controller can then be used to aid in the filtering 
at the receiving end of the transmission line to isolate each 
wavelength from its neighboring wavelengths. In this way, 
polarization controllers can be used to increase the spectral 
efficiency of the communication System. 
0211 System 1800 shown in FIG. 12 provides another 
example of an application for an array of polarization 
controllers useful in controlling the polarization of indi 
vidual wavelength signals of a wavelength division multi 
plexed signal. System 1800 includes a first source bank of 
transmitters 1802 and a second Source bank of transmitters 
1804. First and second banks of transmitters may comprise 
any devices operable to generate optical Signals having 
different wavelengths. In this example, first Source bank 
1802 generates odd wavelengths Lamda-Lamda, while 
Second Source bank 1804 generates even wavelengths 
Lamda, through Lamdan. In this example, Lamdae has 
neighboring wavelengths Lamda and Lamda, and Lamda 
has neighboring wavelengths Lamda and Lamdas. First and 
second source banks 802 and 804 generate neighboring 
wavelength signals to those generated by the other Source 
bank. 

0212 Wavelength division multiplexers 806 and 808 are 
coupled to first source bank 802 and second source bank 
804, respectively. Wavelength division multiplexers 1806 
and 1808 each multiplex the individual wavelength signals 
received into a multiple wavelength signal 1812 and 1814, 
respectively. 

0213 System 1800 also includes a polarization beam 
splitter 1816, which receives multiple wavelength signals 
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1812 and 1814, and orthogonally polarizes those signals for 
transmission over the principle modes of polarization of an 
optical communication link 1820. Optical communication 
link 1820 may comprise a number of lengths of optical fiber, 
and may include one or more amplifier stages 1822a-1822n 
as pre-amplifiers, post-amplifiers, and/or inline amplifiers to 
communication link 1820. System 1800 further includes a 
wave division demultiplexer 1824 coupled to optical com 
munication link 1820. Wave division demultiplexer 1824 
receives multiple wavelength signals 1812 and 1814 com 
municated over the principle modes of polarization of com 
munication link 1820, and separates the individual wave 
length signals. In a particular embodiment, System 1800 
may include filters 1826a-1826n. Filters 1826 operate to at 
least Substantially isolate the desired wavelength signal from 
its neighboring wavelength signals. System 1800 also 
includes an array of polarization controllers 1810. Each 
polarization controller of array 1810 operates to provide any 
necessary adjustment to the State of polarization of the 
incoming Signal wavelength to facilitate a polarization Selec 
tion element Separating the neighboring orthogonally polar 
ized wavelengths. 
0214. In a particular embodiment, array 1810 is similar in 
structure and function to array 810 described in FIG. 10b. 
Each polarization controller of array 1810 comprises a 
plurality of phase shift Stages, where at least one of the phase 
shift Stages shares a beam Splitter with another of the phase 
shift Stages, Such as in polarization controller 610a Shown in 
FIG. 7b. In one particular embodiment, each polarization 
controller of array 1810 may comprise three phase shift 
Stages, where all phase shift Stages share a common beam 
splitter, such as in polarization controller 610b shown in 
FIG. 7c. 

0215. In one particular example, each of the phase shift 
Stages may, for example, include MEMS-based devices, 
such as those shown in FIGS. 3a-3c, operable to undergo a 
Substantially piston-like motion to introduce a phase shift 
between copies of the optical Signal being phase shifted. 
Each polarization controller of array 1810 operates to con 
trol polarization of one wavelength Signal. By implementing 
an array of polarization controllers, Such as shown in FIG. 
10b, the invention facilitates processing of densely packed 
wavelengths at a Small incremental cost over the cost of 
processing a Single Wavelength. 
0216) In addition, system 1800 includes a plurality of 
polarization selection elements 1828a-1828n. In a particular 
embodiment, each polarization Selection element may com 
prise, for example, a polarization beam splitter or a polarizer. 
Polarization selection elements 1828 operate to separate the 
desired signal wavelength from its orthogonally polarized 
neighboring wavelengths. 
0217) System 1800 also includes an array 1830 of detec 
tors. Array of detectors 1830 operates to receive optical 
signals from polarization selection elements 1828 and to 
form electrical signals 1834a-1834n, which can be fed to 
array 1832 of control circuitry. Control circuitry array 1832 
may comprise, for example, electronic control circuitry 
operable to receive feedback signals from polarization Selec 
tion elements 1428 and to generate control signals 1836a 
1836n operable to effect an adjustment of polarization 
controllers 1810. Receivers 1840a-1840n receive individual 
wavelength Signals from polarization Selection elements 
1828. 
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0218. In operation, system 1810 generates a plurality of 
neighboring wavelength Signals at one or more Source banks 
1802, 1804, and communicates those signals to two or more 
wavelength division multiplexers 1806, 1808. Each wave 
length division multiplexer 1806, 1808 receives a plurality 
of wavelength signals and multiplexes those signals into a 
multiple wavelength optical signal 1812, 1814, respectively. 

0219 Polarization beam splitter 1816 receives the mul 
tiple wavelength optical Signals and communicates each 
Signal along a separate principle mode of polarization of an 
optical fiber 1820. Wavelength division demultiplexer 1824 
receives the multiple wavelength Signals and Separates the 
individual wavelength signals therefrom. 
0220 Each polarization controller of array 1810 of polar 
ization controllerS receives one of the wavelength signals 
and adjusts the State of polarization of that wavelength 
Signal to assist in Separating that wavelength Signal from its 
neighboring wavelength signals. Filters 1826 and polariza 
tion selection elements 1828 at least substantially isolate the 
individual wavelength signal from any remnants of neigh 
boring wavelength Signals, and communicate the individual 
wavelength signals to receivers 1840. 
0221 Control array 1832 receives input from polariza 
tion Selection elements 1828 and generates control signals 
1836, which are communicated to polarization controllers of 
array 1810. These control signals facilitate adjustment of the 
State of polarization of the incoming wavelength signals to 
ensure that those signals can be identified distinctly from 
neighboring wavelength signals. 

0222 FIG. 13 is a block diagram of an exemplary system 
1900 operable to facilitate coherent optical communication. 
Coherent optical communication typically involves combin 
ing an optical signal carrying desired information (an inci 
dent signal) with a higher power signal from a local oscil 
lator to create a croSS product of the two signals, which is of 
higher power than the incident Signal. By Substantially 
matching the phases of the incident Signal with the local 
oscillator Signal, the power of the croSS product can be 
maximized and made significantly larger in magnitude than 
the incident Signal. The croSS product portion of the Signal 
is more easily detectable than the incident signal, thus 
increasing the Sensitivity of the optical System and increas 
ing the Systems tolerance to noise. 
0223) The equation below mathematically illustrates the 
operation of a coherent optical system, such as system 1900. 

In=RPn+Post-2(Pin-Ploc)' cos(winet-wort)l 
0224) In this equation, It is the intensity of the combined 
Signal received at the photo-detector; R is the responsibility 
of the photo-detector; P is the power of the incident signal; 
and P is the power of the local oscillator Signal. Because 
the local oscillator Signal is known, it can easily be filtered 
from the output Signal. By using a local oscillator Signal 
having a power that is significantly larger than the power of 
the incoming Signal, the croSS product term of this equa 
tion-assuming the incident Signal and local oscillator Sig 
nal have Substantially equal polarizations-will overwhelm 
the power of the incident signal, Such that the incident Signal 
can be ignored compared to the croSS product. 

0225. Because the polarization of the incident signal can 
vary over time, it is desirable to implement a polarization 
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controller to ensure that the incident Signal is not orthogo 
nally polarized to the local oscillator Signal. Thus, coherent 
optical communication Systems provide another application 
for polarization controllers. 
0226) System 1900 shown in FIG. 13 illustrates a generic 
example of a System for providing coherent optical com 
munication. This example shows an embodiment of a System 
operable to facilitate coherent optical communication of 
multiple wavelength signals 1902a-1902n (Lamda-Lam 
da). System 1900 includes an optical mixer 1906 for each 
wavelength signal 1902a-1902n. Each optical mixer 
receives an incident wavelength signal 1902 from a wave 
length division demultiplexer 1903, and a local oscillator 
signal 1904 from a local oscillator 1912. Optical mixers 
1906 combine incident wavelength signals 1902 with local 
oscillator signals 1904, and communicate the combined 
signal to a photo-detector 1908. Local oscillators 1912 
reside in feedback loops 1920 between photo-detectors 1908 
and optical mixers 1906. 
0227 Coherent system 1900 may comprise a homodyne 
or a heterodyne System. In a homodyne System, the frequen 
cies of the incident signal and the local oscillator Signal are 
approximately equal. In that case, the output of photo 
detector 1908 carries the phase difference information of the 
incident signal and the local oscillator Signal. Where coher 
ent system 1900 comprises a homodyne system, local oscil 
lator may be preceded by, for example a loop filter operable 
to generate an output that drives the local oscillator. In 
addition, these Systems may implement an isolator down 
Stream from the local oscillator to ensure that optical signals 
are not fed back to the local oscillator. 

0228. Heterodyne systems are those in which the fre 
quency of the incident Signal and the local oscillator Signal 
differ by a frequency generally referred to as the “interme 
diate frequency.” Heterodyne Systems may implement, for 
example, an intermediate frequency filter between the 
photo-detector and the local oscillator. The output of the 
intermediate frequency filter is used to drive an automatic 
frequency controller coupled between the intermediate fre 
quency filter and the local oscillator. The automatic fre 
quency controller generates an output that is proportional to 
the difference of the frequency of the intermediate frequency 
filter output and a desired intermediate frequency value. This 
Signal can be used to maintain the frequency difference 
between the local oscillator output and the received signal. 
0229. To help ensure that the incident wavelength signals 
1902 and the local oscillator signals 1904 are not orthogo 
nally polarized, system 1900 includes at least one polariza 
tion controller for each wavelength signal 1902 being pro 
cessed. In the illustrated embodiment, an array 1910 of 
polarization controllerS may reside within feedback loop 
1920 to adjust the state of polarization of the local oscillator 
signals 1904 relative to the incident wavelength signals 
1902. Alternatively, or in addition, an array 1910 of polar 
ization controllers could reside in line with incident wave 
length signals 1902, to facilitate adjustment of the state of 
polarization of those Signals relative to the local oscillator 
signals 1904. 
0230. In operation, system 1900 receives incident optical 
wavelength signals at optical mixers 1906, and combines 
those signals with optical signals 1904 generated by local 
oscillators 1912. Optical mixers 1906 communicate com 
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bined signals to photo-detectors 1908, which generate elec 
trical equivalents of the optical Signals received. A control 
signal derived from the outputs from photo-detectors 1908 is 
communicated through feedback loops 1920 to local oscil 
lators 1912 and/or control circuitry coupled thereto. Local 
oscillators 1912 generate local oscillator signals 1904 in 
response to the outputs of photo-detectors 1908. 

0231. In a particular embodiment, array 1910 of polar 
ization controllers is coupled to local oscillators 1912. Each 
polarization controller of array 1910 includes, or is coupled 
to control circuitry operable to determine an adjustment 
needed to the State of polarization of the local oscillator 
signal 1904 to ensure that incident wavelength signal 1902 
is not polarized orthogonally to local oscillator signal 1904. 
Polarization controllers of array 1910 can then adjust the 
state of polarization of the local oscillator signals 1904 to 
more closely align with the State of polarization of the 
corresponding incident wavelength Signals 1902. AS dis 
cussed above, array 1910 could alternatively, or in addition 
reside in line with incident wavelength signals 1902 and 
operate to adjust the State of polarization of those Signals. 

0232 Each array of polarization controllers could be 
similar instructure and function to array 810 shown in FIG. 
10b. In that embodiment, each polarization controller of 
array 1910 comprises a plurality of phase shift stages, where 
at least one of the phase shift Stages shares a beam Splitter 
with another of the phase shift Stages, Such as in polarization 
controller 610a shown in FIG.7b. In one particular embodi 
ment, each polarization controller of array 1810 may com 
prise three phase shift Stages, where all phase shift Stages 
share a common beam splitter, Such as in polarization 
controller 610b shown in FIG. 7c. System 1900 may be 
particular well Suited to this type of polarization controller, 
Since the State of polarization of the local oscillator is 
known. 

0233. In one particular example, each of the phase shift 
Stages may, for example, include MEMS-based devices, 
such as those shown in FIGS. 3a-3c, operable to undergo a 
Substantially piston-like motion to introduce a phase shift 
between copies of the optical signal being phase shifted. By 
implementing an array of polarization controllers, Such as 
shown in FIG. 10b, the invention facilitates processing of 
multiple wavelengths at a Small incremental cost over the 
cost of processing a Single wavelength. 
0234 V. Gain Equalization in Multiple-Wavelength Opti 
cal Signals 

0235 FIG. 14a is a block diagram of an exemplary 
embodiment of a multiple channel communication System 
1000 having gain equalization capabilities. Existing Systems 
have used the conventional (“C”) band of wavelengths to 
communicate optical Signals. With the increasing demand 
for bandwidth, the capacity of communication Systems is 
being expanded by the addition of new communication 
bands. System 1000 utilizes not only the C-band 1012 of 
wavelengths, but also the long wavelength (“L”) band 1024 
and the short wavelength (“S”) band 1026. In this embodi 
ment, each band 1012-1016 is approximately 40 nanometers 
wide. Other bandwidths could be utilized consistent with the 
invention. 

0236) System 1000 includes an optical fiber 1010 oper 
able to communicate a plurality of wavelength bands 1012, 
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1014, and 1016. In the illustrated embodiment, each band 
1012-1016 is amplified using one of optical amplifiers 
1022-1026, respectively. Optical amplifiers 1022-1026 may 
comprise, for example, thulium-doped amplifiers, Raman 
amplifiers, and/or rare-earth doped amplifiers, Such as 
erbium-doped amplifiers. 

0237 AS additional bands are added to a communication 
System, the net power of the fiber is increased. The invention 
recognizes that when multiple bands of wavelength are 
communicated using a Single System, longer wavelength 
Signals tend to rob energy from shorter wavelength Signals. 
AS a consequence, it is desirable to introduce additional 
attenuation for longer wavelength signals to compensate for 
the introduced gain tilt. System 1000 addresses this need by 
including a gain equalizer 1030, which comprises a device 
operable to provide variable attenuation to one or more 
Selected wavelengths. 
0238. In a particular embodiment, a single gain equalizer 
1030 is coupled to the outputs of a plurality of amplifiers 
1012-1016 in parallel. System 1000 provides an advantage 
of compensating for gain tilt in a multiple channel System, 
while maintaining an acceptable Signal to noise ratio. By 
coupling gain equalizer 1030 to the output Side of amplifiers 
1012-1016, system 1000 avoids attenuating the inputs to 
amplifiers 1012-1016, which would degrade the signal to 
noise ratio. 

0239). In operation, system 1000 receives optical signal 
1010 comprising a plurality of wavelength bands 1012 
1016. Each of wavelength bands 1012-1016 is passed 
through a respective optical amplifier 1022-1026, where the 
optical Signals are amplified. Gain equalizer 1030 receives 
amplified optical signals from amplifiers 1022-1026, and 
attenuates the Signals on a per wavelength basis. In a 
particular embodiment, gain equalizer 1030 attenuates 
longer wavelength Signals more than Shorter wavelength 
Signals to adjust for a gain tilt caused by the longer wave 
length Signals robbing energy from shorter wavelength 
Signals. 
0240 FIG. 14b is a block diagram of another exemplary 
embodiment of a multi-channel communication system 1100 
having gain equalization capabilities. System 1100 includes 
an optical fiber 1110 operable to communicate a plurality of 
wavelength bands 1112, 1114, and 1116. In the illustrated 
embodiment, each band 1112-1116 is amplified using one of 
multiple Stage optical amplifiers 1122-1126, respectively. 
Each optical amplifier 1122-1126 comprises a plurality of 
Stages, in this example two stages. Each amplifier 1122-1126 
may comprise, for example, thulium-doped amplifiers, 
Raman amplifiers, and/or rare-earth doped amplifiers, Such 
as erbium-doped amplifiers. 
0241. In the illustrated embodiment, system 1100 
includes gain amplifiers 1030a–1030c coupled intermediate 
two stages of each of the multi-stage amplifiers 1022-1026. 
Implementing a gain equalizer for each of the bands 1112 
provides an advantage of facilitating optimization of each 
gain equalizer for a more narrow range of wavelengths. 
Moreover, coupling gain equalizers between Stages of the 
multi-stage amplifiers provides an advantage of maintaining 
an acceptable optical signal-to-noise ratio, while reducing 
the risk of Saturating optical amplifiers. 
0242 FIG. 14c is a block diagram of one example of a 
gain equalizer 1200 Suitable for use in a single band com 
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munication System or a multiple band communication SyS 
tem. In this embodiment, gain equalizer 1200 comprises a 
phase-shift based gain equalizer operable to provide variable 
gain or attenuation on a per-wavelength basis by introducing 
interference between two instances of the optical Signal. 
Gain equalizer 1200 includes a wavelength demultiplexer 
1280 operable to receive optical signal 1260 and to separate 
optical signal 1260 into a plurality of wavelengths 1260a 
1260n. Gain equalizer 1200 further includes a wavelength 
multiplexer 1290 operable to receive processed versions of 
wavelengths 1260a-n and to multiplex those wavelengths 
into one or more optical output Signals 1272. 
0243 In some cases, optical input signal 1260 may 
comprise wavelengths that need not be processed by gain 
equalizer 1200. In particular embodiments, gain equalizer 
1200 includes a bypass 1275 coupled between demultiplexer 
1280 and multiplexer 1290. Bypass 1275 facilitates com 
munication of Selected wavelengths between demultiplexer 
1280 and multiplexer 1290 without the need to process those 
Signals. Gain equalizer 1200, therefore, provides an advan 
tage in Systems, Such as metro communication Systems, 
which may use multiple wavelengths, but not require pro 
cessing of all wavelengths all of the time. 
0244. In this example, gain equalizer 1200 comprises a 
plurality of phase shift Stages, each operable to receive one 
wavelength 1260 and to introduce attenuation or gain into 
that wavelength depending on a phase shift operating on that 
signal 1260. Although the phase shift stages shown in FIG. 
14c have a similar configuration to those shown in FIG.2a, 
other configurations could be implemented, Such as those 
shown in FIGS. 1C-1d. 

0245. In this example, each phase shift stage receives 
from a first beam splitter 1220a a first copy 1262 and a 
second copy 1264 of its associated wavelength 1260. Each 
phase shift stage includes at least a first mirror 1230 and a 
second mirror 1240, operable to receive the first and second 
Signal copies 1262 and 1264, respectively. 

0246. At least one of first and second mirrors 1230 and 
1240 comprises a moveable mirror operable to change its 
position relative to first beam Splitter 1220 to create a change 
in the length of the Signal path traveled by first signal copy 
1262 relative to the length of the signal path traveled by 
Second Signal copy 1264. This change in Signal path length 
corresponds to a phase shift between the two signal copies, 
which results in an interference when the Signal copies are 
combined at a second beam splitter 1250. System 1200 may 
implement any moveable mirror Structure, Such as one of the 
moveable mirror structures described with respect to FIGS. 
3a-3c. By controlling the amount and direction that each 
mirror 1230 and/or 1240 is moved, system 1200 facilitates 
variable gain or attenuation of each wavelength 1260a 
1260n of signal 1260. 
0247 Using micro-electro-optic system (MEMS) based 
mirrors, such as those described with respect to FIGS. 
3a-3c, provides an advantage of facilitating large Scale 
replication of each phase shift Stage. For example, each 
plurality of first mirrors 1230 could be simultaneously 
formed on a single semiconductor Substrate 1295. Likewise, 
each plurality of second mirrors 1240 could be simulta 
neously formed on a Single Semiconductor Substrate. One 
aspect of the invention, therefore, facilitates construction of 
gain equalizers capable of processing numerous wave 
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lengths for a Small incremental cost over a single Stage of 
attenuators. This aspect of the invention provides significant 
cost Savings in processing Signals carrying information on 
multiple channels or wavelengths. 

0248 FIG. 15 is a flowchart showing one example of a 
method 1300 of facilitating gain equalization of an optical 
signal having a plurality of wavelengths. The method 1300 
begins at step 1310 where gain equalizer 1200 receives 
optical signal 1260 and separates wavelengths 1260a-1260n 
at Step 1320. This may include, for example, demultiplexing 
input Signal 1260 into its constituent wavelengths. 
0249 Gain equalizer 1200 may bypass wavelengths that 
do not need to be processed by communicating those wave 
lengths over bypass 1275. Other wavelengths are commu 
nicated to one or more first beam splitters 1220 of each 
attenuator of equalizer 1200 at step 1330. Beam splitters 
1220 of each attenuator communicate a first copy of the 
input wavelength 1262 toward first mirrors 1230 at step 
1350, and communicate a second copy 1264 toward second 
mirrors 1240. In this example, at least one of first mirror 
1230 and second mirror 1240 comprises a MEMS device 
having a moveable mirror layer operable to move in an at 
least Substantially piston-like motion relative to a Semicon 
ductor Substrate. One or more MEMS devices 1230 and/or 
1240 receive control signals at step 1360 causing their 
respective moveable mirror layers to undergo an at least 
Substantially piston-like movement, changing the moveable 
mirror layer's location with respect to beam splitter 1220. 
First and second mirrors 1230 and 1240 reflect wavelength 
signal copies 1262 and 1264 toward an output at step 1370. 
The output may comprise, for example, beam splitter 1250. 
In other embodiments, beam splitter 1220 may comprise the 
input and the output to the attenuator. 
0250 In any case, components of the wavelength signal 
copies are combined at Step 1380 to generate an output 
wavelength signal that varies in amplitude from the input 
wavelength signal 1260 due to a phase shift caused by the 
piston-like movement of one or more moveable mirror 
layers of mirrors 1230 and/or 1240. 
0251 VI. Optical Add/Drop Multiplexing 
0252 FIG. 16a is a block diagram showing one embodi 
ment of an exemplary system 1400 operable to perform 
wave division add/drop multiplexing. System 1400 includes 
a wave division demultiplexer 1410 operable to receive an 
optical signal 1460 and to separate optical signal 1460 into 
a plurality of wavelengths 1460a-1460n. System 1400 fur 
ther includes a wavelength multiplexer 1490 operable to 
receive processed versions of wavelengths 1460a-n and to 
multiplex those wavelengths into one or more optical output 
signals 1472. 

0253) System 1400 further comprises an array 1445 of 
MEMS-based optical add/drop multiplexers, each operable 
to facilitate add/drop multiplexing of one of wavelengths 
1460a-n. In a particular embodiment, MEMS array 1445 
may comprise an array of MEMS having moveable mirror 
Structures operable to be displaced in an at least Substantially 
piston-like motion to create an interference between two 
Substantial copies of the wavelength Signal. Implementing 
array 1445 using MEMS-based arrays facilitates wave 
division add/drop multiplexing on any number of wave 
lengths 1460a-n at a Small incremental cost over facilitating 
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add/drop multiplexing for a single wavelength signal. AS a 
result, system 1400 provides a cost effective mechanism for 
wave-division add/drop multiplexing large numbers of 
wavelengths. 

0254. In some cases, optical input signal 1460 may 
comprise wavelengths that need not be processed by array 
1445. In particular embodiments, system 1400 includes a 
bypass 1475 coupled between demultiplexer 1410 and mul 
tiplexer 1490. Bypass 1475 facilitates communication of 
selected wavelengths between demultiplexer 1410 and mul 
tiplexer 1490 without the need to process those signals. 
System 1400, therefore, provides an advantage in systems, 
Such as metro communication Systems, which may use 
multiple wavelengths, but not require processing of all 
wavelengths all of the time. 
0255 In operation, system 1400 receives input signal 
1460 and demultiplexes that signal into a plurality of wave 
length signals 1460a-1460n. Some of wavelengths 1460a-n 
may be routed over bypass 1475, while others are directed 
toward array 1445 of MEMS-based add/drop multiplexers. 
MEMS-based add/drop multiplexers receive wavelengths 
1460a-n and may drop the received wavelength in favor of 
an added wavelength signal to replace the dropped wave 
length. Processed wavelengths 1460a-n and bypassed wave 
lengths 1460a-n are then combined at wavelength division 
multiplexer 1490 and communicated as output signal 1472. 
0256 FIG. 16b is a block diagram showing one particu 
lar example of a MEMS-based add/drop multiplexer (ADM) 
1405. In the illustrated embodiment, ADM 1405 is similar in 
structure and operation to two-by-two Switch 310 shown in 
FIG. 5b. The invention is equally applicable to other con 
figurations, such as that shown in FIG. 1c. 

0257 ADM 1405 includes a first beam splitter 1420, 
which receives both an input optical Signal 1461, as well as 
an added signal 1465. Beam splitter 1420 generates a first 
copy and a Second copy of both input signal 1461 and added 
signal 1465. ADM 1405 communicates the first copies along 
a first Signal path 1462 and the Second copies along a Second 
signal path 1464. A first mirror 1430 receives first signal 
copies from Signal path 1462 and reflects those signal copies 
toward an output, in this case second beam splitter 1450. A 
Second mirror 1440 receives Second Signal copies from 
Signal path 1464 and reflects those signal copies toward an 
output, in this case second beam splitter 1450. The reflected 
first and Second Signal copies are combined at the output, in 
this case a second beam splitter 1450. 
0258 By changing the position of one or more of the 
mirrors 1430 and 1440 residing between the input and the 
output of the phase shifter, a phase shift is introduced 
between the first and Second Signal copies. By introducing a 
particular phase shift, ADM 1405 can facilitate pass through 
operation, or add/drop operation. In a pass through mode of 
operation, ADM 1405 operates to communicate input signal 
1461 to an output 1472 for further transmission. In an 
add/drop mode, ADM 1405 operates to drop input signal 
1461 at drop output 1474, and to communicate added signal 
1465 to output 1472 for transmission in lieu of input signal 
1461. 

0259 Some or all of mirrors 1430 and 1440 can comprise 
moveable mirror Structures operable to vary their positions 
to result in a change in the length of the path of and phase 

23 
Dec. 8, 2005 

difference between first and/or Second Signal copies com 
municated along Signal paths 1462 and 1464. For example, 
the intensity of transmitted output Signal 1472 is propor 
tional to cost of one half of the phase difference between first 
and second signal copies of the input signal 1461, and the 
sin of one half of the phase difference between the first and 
Second copies of added signal 1465. Likewise, the intensity 
of dropped output signal 1474 is proportional to sin of one 
half of the phase difference between first and Second Signal 
copies of the input signal 1461, and the cos of one half of 
the phase difference between the first and Second copies of 
added signal 1465. 

0260 Therefore, when there is no phase difference (or a 
phase difference of 2Pi, or an even multiple thereof) input 
signal 1461 is communicated as transmitted output 1472. 
Where there is a Pi (or odd multiple of Pi) phase difference, 
input signal 1461 is dropped at drop output 1474, and added 
signal 1465 is communicated over transmitted output 1472. 
By varying the positions of mirrors 1430 and/or 1440 to 
Switch between a phase difference of, for example, approxi 
mately zero and Pi, ADM 1405 facilitates either passing 
input signal 1461 through to transmitted output 1472, or 
dropping input signal 1461 in favor of added signal 1465 for 
transmission over transmitted output 1472. 
0261 Although the illustrated embodiment shows just 
one MEMs device in each arm of the phase shifter, addi 
tional MEMs devices could be implemented without depart 
ing from the invention. Furthermore, although MEMs 
devices 1430 and 1440 are shown at an approximately 
forty-five degree grazing angle, these devices could be 
located at other grazing angles to the Signals being reflected. 
0262 FIG. 16c is a block diagram showing another 
example of a MEMS-based add/drop multiplexer (ADM) 
1500. In the illustrated embodiment, ADM 1500 includes a 
drop phase shift stage 1505 that is separate from an add 
phase shift stage 1510. This embodiment may be particularly 
useful, for example, where it is desired to reduce or elimi 
nate interference between input and added signals that 
would otherwise traverse the Same phase shift Stage. 
0263. In this example, drop phase shift stage 1505 
receives an optical input Signal 1560 and operates to either 
communicate signal 1560 to add phase shift stage 1510, or 
to drop signal 1560 from the circuit. Add phase shift stage 
1510 operates to either input signal 1560 from drop phase 
shift stage 1505 or to receive an added optical signal 1565, 
and to communicate the received signal to output 1572. 
0264. In this example, add phase shift stage 1505 
includes a beam splitter 1520a, which receives input signal 
1560 and sends a first signal copy 1562a toward a first 
mirror 1530a, and a second signal copy 1564a toward a 
Second mirror 1540a. First and second mirrors 1530a and 
1540a reflect first and second signal copies 1562a and 1564a 
toward a second beam splitter 1550a. In this embodiment, 
second beam splitter 1550a combines components of the 
reflected first and second signal copies 1562a and 1564a to 
form output signals 1572a and 1574a. 
0265 Add phase stage 1510 is similar in structure and 
function to drop phase stage 1505. Add phase stage 1510 
includes a beam splitter 1520b, which receives either signal 
1574a being passed through from add phase stage 1505, or 
an added signal 1565. Beam splitter 1520b sends a first 
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signal copy 1562b of the signal it receives toward a first 
mirror 1530b, and a second signal copy 1564b toward a 
Second mirror 1540b. First and Second mirrors 1530b and 
1540a reflect first and second signal copies 1562b and 1564b 
toward a second beam splitter 1550b. In this embodiment, 
second beam splitter 1550b combines components of the 
reflected first and second signal copies 1562b and 1564b to 
form output signal 1576. 

0266 Some or all of mirrors 1530 and 1540 can comprise 
moveable mirror Structures operable to vary their positions 
to result in a change in the length of the path of and phase 
difference between first and/or second signal copies 1562 
and 1564. By varying the positions of mirrors 1530a and/or 
1540a to Switch between a phase difference of, for example, 
approximately zero and Pi, drop phase stage 1505 facilitates 
Switching between passing input signal 1560 though Stage 
1505 and dropping signal 1560 from stage 1505. Similarly, 
by varying the positions of mirrors 1530b and/or 1540b to 
Switch between a phase difference of, for example, approxi 
mately zero and Pi, drop phase stage 1505 facilitates out 
putting either pass through signal 1574, or added signal 1565 
at output 1576. 

0267 Although this embodiment shows pass-through 
operation between Stages over output 1574 and drop opera 
tion over port 1572, add/drop multiplexer could be recon 
figured to communicate pass-through Signals from port 1572 
to port 1565 and drop signals from port 1574. In that 
embodiment, Signals would pass through from the drop 
stage to the add stage at port 1572 where mirrors 1530a/ 
1540a are positioned to provide a Pi phase shift, and would 
be dropped at port 1574 where those mirrors were positioned 
to provide no phase shift. Likewise, the input Signal would 
pass through add stage to output 1576 where mirrors 1530b/ 
1540b are positioned to create a Pi phase shift, whereas 
added signal 1565 would pass to output 1576 where those 
mirrors create no phase shift. 

0268. In operation, ADM 1500 receives input signal 1560 
at beam splitter 1520a and communicates a first Signal copy 
1562a toward first mirror 1530a and a second signal copy 
1564a toward Second mirror 1540a. Mirrors 1530a and 
1540a reflect first and second signal copies 1562a and 1564a 
toward beam splitter 1550a, which operates to combine 
components of those signals to generate an output Signal. 
Depending on the position of mirrors 1530a and/or 1540a, 
drop phase shift stage 1505 will either pass input signal 1560 
toward add phase shift stage 1510, or will drop input signal 
1560 at output 1572, sending no signal to add phase shift 
stage 1510. 

0269. Add phase shift stage 1510 either receives pass 
through input signal 1574 from drop phase shift stage 1505, 
or receives added signal 1565. Mirrors 1530b and/or 1540b 
are then positioned to pass the received signal to output 
1576. For example, in this embodiment if add phase shift 
stage 1510 receives a pass through signal 1574, mirrors 
1530b and/or 1540b are positioned to introduce approxi 
mately no phase shift (or a multiple of 2Pi phase shift) 
between signal copies 1562b and 1564b to result in pass 
through Signal 1574 being communicated through output 
1576. On the other hand, if add phase shift stage instead 
receives added signal 1565, mirrors 1530b and/or 1540b are 
positioned to introduced an approximately Pi (or odd mul 
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tiple of PI) phase shift between signal copies 1562b and 
1564b to result in added signal 1565 being communicated 
through output 1576. 
0270 FIG.16d is a block diagram showing a plurality of 
add/drop multiplexers as shown in FIG. 16b arranged to 
collectively form a wave division add/drop multiplexer 
1600. In this example, each ADM of array 1610 is similar to 
that shown in FIG. 16c. Of course, an array of add/drop 
multiplexers could likewise be formed from add/drop mul 
tiplexers such as those shown in FIG. 16b. 
0271 In the illustrated embodiment, each drop phase 
shift Stage includes two arms, at least one of which com 
prises a moveable mirror structure 1630a and/or 1640a. 
Mirrors 1630a and/or 1640a are operable to move in 
response to one or more control Signals to result in a change 
in the length of the Signal path and, therefore, a phase shift 
between Signal copies communicated through the arms of 
the drop phase shift Stages. Depending on the positions of 
mirrors 1630a1-n and/or 1640a1-in, wavelength signals 
1660a-1660n can be selectively dropped or passed as inputs 
to the add phase shift Stages. 
0272 Each add phase shift stage includes two arms, at 
least one of which comprises a moveable mirror Structure 
1630b and/or 1640b. Mirrors 1630b and/or 1640b are oper 
able to move in response to one or more control Signals to 
result in a change in the length of the Signal path and, 
therefore, a phase shift between Signal copies communicated 
through the arms of the drop phase shift stages. Depending 
on the positions of mirrors 1630b1-n and/or 1640b1-n, either 
pass though signals 1674 or added signals 1665 can be 
selectively communicated to outputs 1676. 
0273 Although the illustrated embodiment shows just 
one MEMS device in each arm of each phase shifter Stage, 
additional MEMs devices could be implemented without 
departing from the invention. Furthermore, although MEMs 
devices 1630 and 1640 are shown at an approximately 
forty-five degree grazing angle, these devices could be 
located at other grazing angles to the Signals being reflected. 
0274. Using micro-electro-optic system (MEMS) based 
mirrors, such as those described with respect to FIGS. 
3a-3c, provides an advantage of facilitating large Scale 
replication of each add/drop Stage. For example, each plu 
rality of first mirrors 1530 could be simultaneously formed 
on a Single Semiconductor Substrate. Likewise, each plural 
ity of second mirrors 1540 could be simultaneously formed 
on a single Semiconductor Substrate. One aspect of the 
invention, therefore, facilitates construction of add/drop 
multiplexers capable of processing numerous wavelengths 
for a Small incremental cost Over a single Stage add/drop 
multiplexer. This aspect of the invention provides significant 
cost Savings in processing Signals carrying information on 
multiple channels or wavelengths. 
0275 FIG. 17 is a flowchart showing examples of a 
method 1700 of facilitating optical add/drop multiplexing. 
Steps 1705 through 1730 describe a method 1702 applicable 
to both Single phase shift Solutions as well as embodiments 
using Separate phase shift Stages for add and drop opera 
tions. 

0276. In an embodiment using one phase shift stage to 
facilitate both pass-through operation and add/drop opera 
tion, the method 1700 begins at step 1705 where optical 
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add/drop multiplexer (ADM) 1405 receives an optical input 
Signal 1461. This may include, for example, receiving from 
a wave division multiplexer one wavelength of an optical 
signal at a beam splitter 1420. This may further include 
receiving an added signal 1465 at beam splitter 1420. ADM 
1405 generates copies of the signals received by beam 
splitter 1420 at step 1710 and communicates, at step 1715, 
those copies toward first and second mirrors 1430 and 1440, 
respectively. 

0277 Depending on the desired function, ADM 1405 
may position one or more of the mirrors to contribute to 
phase shift between the first and Second Signal copies. This 
may include, for example, one or both of mirrors 1430 and 
1440 receiving control Signals operable to cause a moveable 
mirror element to move toward an inner conductive layer. 
0278 Through the use of moving mirror elements, ADM 
1405 can introduce a phase shift sufficient to either pass 
input signal 1461 transmitted output 1472, or to drop input 
signal 1461 in favor of added signal 1465, which will then 
be communicated from transmitted output 1472. For 
example, mirrors 1430 and/or 1440 can introduce no phase 
shift (or a multiple of 2 Pi)between the signal copies, 
causing input Signal 1461 to pass toward transmitted output 
1472 at step 1735. Alternatively, mirrors 1430 and/or 1440 
can introduce a Pi (or odd multiple of Pi) phase shift at step 
1725 to cause input signal 1461 to be dropped at output 
1474. In that case, added signal 1465 is communicated as 
transmitted output 1472 at step 1730. Of course, the loca 
tions of input for input signal 1461 and added signal 1465 
could be flipped without departing from the invention. In 
that case, a Pi (or odd multiple of Pi) phase difference would 
cause the input signal 1461 to be communicated at output 
1472, while a zero (or 2Pi, or multiple of 2Pi) phase 
difference would cause added signal 1465 to be communi 
cated as output 1472. 
0279 Steps 1705 through 1730 are also applicable to an 
embodiment using Separate phase shift Stages for the add 
and drop operations. In that case, the method 1700 begins at 
step 1705, where optical add/drop multiplexer (ADM) 1500 
receives an optical input signal 1560. This may include, for 
example, receiving from a wave division multiplexer one 
wavelength of an optical Signal at a beam splitter 1520a. 
ADM 1500 generates copies of that signal at step 1710 and 
communicates, at Step 1715, the copies toward first and 
second mirrors 1530a and 1540a, respectively. 
0280 Depending on the desired signal processing func 
tion, ADM 1500 may position one or more of the mirrors to 
contribute to phase shift between the first and Second Signal 
copies at Step 1720. This may include, for example, one or 
both of mirrors 1530a and 1540a receiving control signals 
operable to cause a moveable mirror element to move 
toward an inner conductive layer. ADM 1500 can introduce 
a phase shift sufficient to either pass input signal 1560 
toward second stage 1510, or to drop input signal 1560 at 
output 1572, depending on the particular configuration being 
utilized. 

0281. In the particular example shown in FIG. 16b, 
mirrors 1530a and/or 1540a can introduce no phase shift (or 
a multiple of 2 Pi phase shift) between the signal copies, 
causing input signal 1560 to pass toward second phase 1510 
at step 1735. Alternatively, mirrors 1530a and/or 1540a can 
introduce a Pi (or odd multiple of Pi) phase shift at step 1725 
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to cause input signal 1560 to be dropped at output 1572. In 
that case, an added signal 1565 is input to second stage 1510 
at step 1730. 
0282) Regardless of whether the input signal 1560 is 
passed to second stage 1510 or whether added signal 1565 
is introduced at second stage 1510, beam splitter 1520b of 
Second Stage 1510 generates copies of the Signal received at 
step 1740. The signal copies are communicated to first and 
second mirrors 1530b and 1540b at step 1745. Again 
depending on the configuration and Signal processing 
desired, ADM 1500 can positions one or more of the mirrors 
1530b and/or 1540b to contribute to phase shift between the 
first and Second Signal copies. This may include, for 
example, one or both of mirrors 1530b and 1540b receiving 
control Signals operable to cause a moveable mirror element 
to move toward an inner conductive layer. 
0283 ADM 1500 can introduce a phase shift sufficient to 
either pass input signal 1560 toward output 1576, or to pass 
added signal 1565 to output 1576. For example, mirrors 
1530b and/or 1540b can introduce no phase shift (or a 
multiple of 2 Pi phase shift) between the signal copies, 
causing input signal 1560 to pass to output 1576 at step 
1765. Alternatively, mirrors 1530b and/or 1540b can intro 
duce Pi (or odd multiple of Pi) phase shift at step 1755 to 
cause added signal 1565 to be output at step 1760. Of course, 
the phase shifts discussed herein are for exemplary purposes 
only. Other configurations could use other phase shift com 
binations to achieve the desired Signal processing consistent 
with the invention. 

0284. These steps can be duplicated at each add/drop 
multiplexer in an array of add/drop multiplexers to facilitate 
processing of any number of individual wavelength signals. 
This aspect of the invention provides a significant advantage 
in providing cost effective Signal processing in multiple 
wavelength Systems. 
0285 Although various aspects of the present invention 
have been described in Several embodiments, a myriad of 
changes, variations, alterations, transformations, and modi 
fications may be Suggested to one skilled in the art, and it is 
intended that the present invention encompass Such changes, 
variations, alterations, transformations, and modifications as 
fall within the Spirit and Scope of the appended claims. 

What is claimed is: 
1. An optical processing System, comprising: 

one or more polarization converters operable to receive an 
optical signal and to manipulate at least a portion of an 
input State of polarization of the optical signal; 

a first beam splitter operable to divide the optical Signal 
into at least a first part and a Second part, the first part 
of the optical Signal having at least a first principal 
mode of polarization; 

an optical Signal Separator operable to receive at least the 
first part of the optical signal and to communicate at 
least a portion of the first part to a polarization adjust 
ment System for processing, the polarization adjust 
ment System comprising: 

a first polarization beam splitter operable to receive the 
at least the portion of the first part of the optical 
Signal and to Separate the at least the portion of the 
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first part of the optical signal into at least the first 
principal mode of polarization; and 

at least three Stages of polarization adjusters each 
operable to introduce a polarization rotation to at 
least the first principal mode of polarization, at least 
one polarization adjuster comprising a Second beam 
splitter that is shared with at least one other of the 
polarization adjusters, the at least three Stages of 
polarization adjusters comprising a first Stage 
coupled to the first polarization beam splitter and a 
Second Stage coupled to a Second polarization beam 
Splitter, wherein the Second beam Splitter that is 
shared comprises a partially transmitting mirror and 
wherein the polarization adjusterS operate at least in 
part by reflecting light from a reflective Surface; 

a combiner operable to combine one or more polarization 
adjusted portions of the first part of the optical Signal 
into a polarization adjusted output signal; and 

an optical reflector operable to receive at least Some of the 
polarization adjusted optical Signal and to communi 
cate the polarization adjusted optical Signal to an out 
put. 

2. The optical processing System of claim 1, further 
comprising a light guide operable to communicate at least a 
portion of the optical Signal for processing, the optical signal 
comprising a plurality of wavelengths 

3. The optical processing System of claim 2, wherein the 
light guide is a light pipe. 

4. The optical processing System of claim 1, wherein the 
first and Second beam Splitters are Selected from the group 
consisting of a Substrate having one or more layers of 
dielectric coating, a partially Silvered mirror, and a fiber 
coupler. 

5. The optical processing System of claim 1, wherein the 
polarization converter is operable to manipulate the at least 
the portion of the input State of polarization of the optical 
Signal to an Orthogonal mode of polarization. 

6. The optical processing System of claim 1, wherein the 
polarization converter is Selected from the group consisting 
of wave plates, transverse electrical transverse magnetic 
converters, Faraday converters, polarization beam splitters, 
and mirrors. 

7. The optical processing System of claim 1, wherein the 
optical Signal Separator is a beam Splitter with one or more 
dielectric layers. 

8. The optical processing System of claim 1, wherein at 
least one of the polarization adjusters is formed on a 
Semiconductor Substrate. 

9. The optical processing System of claim 8, wherein the 
Semiconductor Substrate is Selected from the group consist 
ing of Silicon and polysilicon. 

10. The optical processing System of claim 1, wherein at 
least one polarization adjuster changes State based on a 
Voltage applied to the polarization adjuster. 

11. The optical processing System of claim 1, wherein at 
least Some of the polarization adjusterS operate in parallel on 
different portions of the first part of the optical Signal 
received from the optical Signal Separator. 

12. The optical processing System of claim 1, wherein the 
optical reflector comprises one or more mirrors. 

13. The optical processing System of claim 1, wherein the 
optical reflector operates to change the direction of the 
polarization adjusted output Signal to the output. 
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14. A method of processing multiple wavelengths of light, 
the method comprising: 

manipulating at least a portion of an input State of 
polarization of an optical Signal; 

dividing the optical signal into at least a first part and a 
Second part, the first part of the optical Signal having at 
least a first principal mode of polarization; 

Separating the first part of the optical signal into at least 
a first portion of optical Signal wavelengths and a 
Second portion optical signal wavelengths, 

receiving at least the first portion of optical Signal wave 
lengths at a polarization adjustment System; 

using the polarization adjustment System, controlling a 
State of polarization of at least the first portion the 
optical Signal wavelengths, wherein controlling the 
State of polarization of the first portion of the optical 
Signal wavelengths comprises: 
Separating the first portion the optical Signal wave 

lengths into at least the first principal mode of 
polarization; and 

introducing at least three Stages of polarization rotation 
to at least the first principal mode of polarization, 
wherein at least one polarization rotation Stage 
shares a beam splitter with at least one other polar 
ization rotation Stage, wherein the beam Splitter that 
is Shared comprises a partially transmitting mirror, 
and wherein at least one Stage of the polarization 
rotation at least partially operates by reflecting light 
from a reflective Surface; 

combining one or more polarization rotation portions of 
the first portion the optical Signal wavelengths into a 
polarization adjusted output Signal; and 

reflecting the polarization adjusted optical Signal to an 
output. 

15. The method of claim 14, wherein the beam splitter that 
is shared is operable to pass a first copy of the first portion 
of the optical signal wavelengths in a first direction and a 
Second copy of the first portion of the optical signal wave 
lengths in a Second direction. 

16. The method of claim 14, further comprising commu 
nicating at least the optical Signal for processing, the optical 
Signal comprising a plurality of wavelengths, 

17. The method of claim 14, wherein the polarization 
adjustment System changes State based on one or more 
Voltages applied to the polarization adjustment System. 

18. A method of processing multiple wavelengths of light, 
the method comprising: 

manipulating at least a portion of an input State of 
polarization of an optical Signal using a polarization 
converter, 

dividing the optical signal into at least a first part and a 
Second part, the first part of the optical Signal having at 
least a first principal mode of polarization; 

Separating the first part of the optical signal into at least 
a first portion of optical Signal wavelengths and a 
Second portion optical signal wavelengths, 

receiving at least the first portion of optical Signal wave 
lengths at a polarization adjustment System; 
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using the polarization adjustment System, controlling a 
State of polarization of at least the first portion the 
optical Signal wavelengths, wherein controlling the 
State of polarization of the first portion of the optical 
Signal wavelengths comprises: 
Separating the first portion the optical signal wave 

lengths into at least the first principal mode of 
polarization; and 

introducing at least two Stages of polarization rotation 
to at least the first principal mode of polarization, 
wherein at least one polarization rotation Stage 
shares a beam splitter with at least one other polar 
ization rotation Stage, wherein the beam Splitter that 
is shared comprises a partially transmitting mirror, 
wherein each of the polarization adjuster Stages are 
operable to introduce at least a portion of a polar 
ization rotation to the first principal mode in less than 
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one milli-Second, and wherein at least one Stage of 
the polarization rotation at least partially operates by 
reflecting light from a reflective Surface; 

combining one or more polarization rotation portions of 
the first portion the optical Signal wavelengths into a 
polarization adjusted output Signal; and 

reflecting the polarization adjusted optical Signal to an 
output. 

19. The method of claim 18, further comprising commu 
nicating the optical Signal for processing, the optical Signal 
comprising a plurality of wavelengths. 

20. The method of claim 18, wherein the polarization 
adjustment System changes State based on one or more 
Voltages applied to the polarization adjustment System. 


