
US 20020164123A1 

(12) Patent Application Publication (10) Pub. No.: US 2002/0164123 A1 
(19) United States 

Hamerly et al. (43) Pub. Date: Nov. 7, 2002 

(54) MEMS-BASED POLARIZATION MODE 
DISPERSION COMPENSATOR 

(57) ABSTRACT 
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MN (Us); Robert G‘ Smith, Vadnais an optical signal travehng through an optical ?ber. Apolar 
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Rosev?ie MN Silva K Theis’s polarized signal and a second differently polarized signal 
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Eagan Mfg (Us) ’ ’ variable delay generator located along the ?rst path is 

’ adapted to selectively provide a ?rst propagation delay to the 
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Attention: Scott A_ Harden includes at least tWo rotating micro-mirrors and one or more 
o?ice of Intellectual Property Counsel ?xed mirrors constructed on a surface of a substrate. The 
3M Innovative Properties Company ?xed mirrors include a plurality of optical paths of differing 
P_0_ BOX 33427 lengths adapted to optically couple With the tWo rotating 
St Paul’ MN 551336427 (Us) micro-mirrors. A controller is coupled to the ?rst variable 

delay generator. The controller is adapted to monitor the 
(21) APPL NO. 09/771,765 polarization mode dispersion in the optical signal and to 

position the rotating micro-mirrors to direct the ?rst polar 
(22) Filed; Jam 29, 2001 ized signal along one of the plurality of optical paths. A 

beam combiner is coupled to the ?rst and second optical 
Publication Classi?cation paths after the ?rst variable delay generator. The beam 

combiner combines the ?rst and second signals to form an 
(51) Int. Cl.7 ............................. .. G02B 6/26; G02B 6/27 optical output signal substantially compensated for polar 
(52) US. Cl. ................ .. 385/39; 385/27; 385/15; 385/11 ization mode dispersion. 
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FIG. 3 
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FIG. 8 
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FIG. 10 
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MEMS-BASED POLARIZATION MODE 
DISPERSION COMPENSATOR 

FIELD OF THE INVENTION 

[0001] The present polarization mode dispersion compen 
sator is based on delay generators that use thermally actu 
ated, rotating micro-mirrors to add Well-de?ned increments 
of delay to polariZed portions of an optical signal. 

BACKGROUND OF THE INVENTION 

[0002] Fiber optics technology is revolutionizing the tele 
communications ?eld. The main driving force is the promise 
of extremely high communications bandWidth. At high 
bandwidths, a single beam of modulated laser light can carry 
vast amounts of information—equal to hundreds of thou 
sands of phone calls or hundreds of video channels. HoW 
ever, pulse broadening limits the effective bandWidth and 
propagation distance of an optical communication signal. 
Because of the inherent dispersive nature of an optical ?ber 
medium, all portions of a light pulse do not travel the same 
distance through an optical ?ber causing pulse broadening. 

[0003] FIG. 1 illustrates hoW pulse broadening arises 
from varying light propagation delays, Which eventually 
distorts light output. Digital input pulses 10 are input to an 
optical ?ber medium 11. The amplitude-modulated pulses 
are generated by a modulated laser source, such as a 
direct-modulated laser or an externally-modulated laser. 

[0004] Different portions of a light pulse encounter vary 
ing propagation delays arising from the varying lengths of 
re?ected paths Within optical ?ber 11. For clarity, three paths 
are illustrated Which correspond to a relatively straight, short 
path 10a, a re?ected, intermediate length path 10b, and a 
relatively long, re?ected path 10c. Due to the varying 
propagation delays (see, e.g., the At delay in arrival time 
betWeen 10a and 10b), the combined optical output is 
distorted. Thus, a photoreceptor detecting the output pulses 
10a-10c Will generate a distorted output 12. 

[0005] As shoWn in FIG. 2, such pulse broadening can 
lead to intersymbol confusion. “Pulse broadening” is called 
“dispersion” or “spreading” because of the non-uniform Way 
in Which parts of the incident signal 20 propagate through a 
dispersive ?ber medium. In a mild form of dispersion, the 
transitions betWeen ON and OFF states observed at a 
receiver are not as abrupt and distinct as the transitions that 
Were originated by a transmitting laser. More severe blurring 
in the time domain limits the useful bandWidth of the path. 

[0006] In FIG. 2, dispersion effects have broadened tWo 
closely spaced pulses to the extent that they are almost 
indistinguishable, as indicated by a question mark in the 
output signal 22. This Will cause an information bit to be 
received erroneously, With perhaps disastrous results on 
netWork communication and customer dissatisfaction. 

[0007] Several re?nements have been made to reduce 
dispersion and increase the useful bandWidth. First, single 
mode ?ber Was developed having a slender core such that 
there is essentially only a single light path through the ?ber. 
Secondly, the distributed feedback (DFB) laser Was devel 
oped With an extremely narroW distribution of output Wave 
lengths. This technique minimiZes chromatic dispersion 
caused by the fact that different Wavelengths traverse the 
length of the ?ber over different periods of time. Finally, a 
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dispersion-shifted ?ber material Was produced to minimiZe 
the increased time vs. Wavelength dependency at a speci?c 
Wavelength of ?fteen hundred and ?fty nanometers common 
in telecommunication applications. 

[0008] Cumulatively, recent improvements in ?ber mate 
rials and transmitter devices have reduced pulse dispersion 
and increased Working bandWidth. LightWave technology 
has advanced at such a pace that the bandWidth capabilities 
have more than doubled every tWo years. As a result, 
Working bandWidths, expressed in terms of digital bit-per 
second rates, have escalated from 500 Million bits per 
second (Mbps) to 10 Billion bits per second (Gbps). 

[0009] These progressively more exotic re?nements have 
brought the technology to a neW bandWidth barrier: Polar 
iZation-Mode Dispersion (PMD). Previously, PMD Was 
insigni?cant in magnitude relative to other dispersive 
effects, but noW it is a limiting factor. It is Well knoWn that 
light can be polariZed and that, for a given beam of light, this 
polariZation can be expressed in terms of tWo orthogonal 
axes that are normal to the axis of propagation. As a beam 
of light propagates through a ?ber, the light energy present 
along one such polariZation may leak into the other polar 
iZation. 

[0010] This leakage Would normally be of little conse 
quence (lightWave receivers Will detect both polariZations), 
except that real-World ?bers carry different polariZations at 
slightly different time delays due to re?ection. This effect 
can be on the order of 10-20 picoseconds (ps) in a 100 km 
?ber and becomes important When the modulating pulses are 
50-100 picoseconds in Width. To complicate matters, the 
polariZation dispersion Within a given ?ber changes as a 
function of time and temperature. Therefore, an effective 
PMD compensation mechanism must monitor and adapt to 
the changes so as to keep PMD to a minimum. 

[0011] To nullify the effects of PMD, researchers have 
suggested application of an adaptive compensation device in 
an optical path at the receiving end just before the receiving 
transducer. These compensators typically employ a detector 
for analyZing the relative partitioning and delay of the 
incoming signal along tWo orthogonal polariZations. The 
compensators correct a data signal by purposefully adding 
delay selectively to one polariZation or another. A controller 
interprets the ?ndings of the delay analyZer and manipulates 
adjustable delay elements so as to compensate for the 
polariZation-dependent delay differences caused by the 
imperfect ?ber transmission path. HoWever, these tech 
niques are not practical in telecommunication applications, 
such as, long-haul optical ?ber communication. 

[0012] The variable delay elements are usually optical 
?bers that are either heated or squeeZed to alter their 
propagation characteristics. While these elements are adapt 
able to laboratory electronic control techniques, they are 
inadequate in terms of reproducibility and predictability of 
response. They are also impractical for use in a commercial 
traffic-bearing ?ber netWork Wherein recovery time folloW 
ing an equipment or poWer failure should be minimiZed. 
(See, e.g., OZeki, et al., “Polarization-mode-dispersion 
equaliZation experiment using a variable equaliZing optical 
circuit controlled by a pulse-Waveform-comparison algo 
rithm,” OFC ’94 Technical Digest, paper TuN4, pp. 62-64; 
Ono, et al., “Polarization Control Method for Suppressing 
PolariZation Mode Dispersion In?uence in Optical Trans 
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mission Systems”, Journal of LightWave Technology, Vol. 
12, No.5, May 1994, pp. 89-91; Takahasi, et al., “Automatic 
Compensation Technique for TimeWise Fluctuating Polar 
iZation Mode Dispersion in In-line Ampli?er Systems”, 
Electronics Letters, Vol. 30, No. 4, February 1994, pp. 
348-49; and WO 93/09454, Rockwell, Marshall A.; Liquid 
Crystal Optical Waveguide Display System). 
[0013] US. Pat. No. 5,859,939 (Fee et al.) discloses a 
polariZation beam splitter that separates the optical data 
signal into ?rst and second orthogonally polariZed optical 
signals. A ?rst variable time delay element provides a ?rst 
incremental propagation delay for the ?rst polariZed optical 
signal. A second variable time delay element provides a 
second incremental propagation delay for the second polar 
iZed optical signal. The ?rst and second variable time delay 
elements consist of a series of optical sWitches optically 
interconnected by different incremental lengths of optical 
?ber. For eXample, 2><2 optical sWitches are provided for 
sWitching betWeen a reference ?ber segment and a respec 
tive delay ?ber segment to provide a relative incremental 
propagation delay. A controller controls optical sWitches in 
the ?rst and second variable sWitching delay elements to set 
?rst and second incremental propagation delays. The tran 
sition to and from the optical sWitches is a source of signal 
loss. 

[0014] What is needed is a PMD compensation method 
and system that is reliable, responsive, and effective in 
commercial telecommunication netWorks. 

BRIEF SUMMARY OF THE INVENTION 

[0015] The present invention provides a system and 
method for compensating for polariZation mode dispersion 
(PMD) in an optical data signal using rotating micro-mirrors 
to provide incremental delays betWeen different polariZation 
modes of the optical data signal. The PMD compensator 
receives a signal and breaks the signal into its various 
polariZation modes. A variable delay generator provides an 
appropriate time delay to one or more of the polariZation 
modes. A controller monitors the polariZation mode disper 
sion and positions rotating micro-mirrors to provide the 
required time delay. 

[0016] In one embodiment, a polariZation mode separator 
separates the optical data signal into ?rst and second 
orthogonally polariZed optical signals. Rotating micro-mir 
rors in a variable delay generator are positioned to direct the 
?rst orthogonally polariZed optical signal to optical paths of 
various lengths. The longer the optical path, the longer the 
?rst propagation delay for the ?rst polariZed optical signal. 
In another embodiment, a variable delay generator is pro 
vided for each of the ?rst and second orthogonally polariZed 
optical signals. Consequently, delay can be introduced into 
the ?rst and/or the second polariZed optical signal. 

[0017] In particular, the ?rst and second polariZed optical 
signals are incrementally delayed relative to one another so 
as to compensate for polariZation mode dispersion. Abeam 
combiner then combines the ?rst and second polariZed 
optical signals to form an optical output data signal that can 
be detected accurately and reliably by a receiver Without the 
effects of polariZation mode dispersion. In this Way, optical 
data signals can be transmitted over greater distances along 
a long-haul ?ber optic dispersive medium at even greater 
bit-rates and bandWidth. 
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[0018] In one aspect of the present invention, a beam 
splitter diverts a portion of an input optical data signal to a 
delay detector. The delay detector detects a relative delay 
betWeen orthogonal polariZation modes of the optical data 
signal due to polariZation mode dispersion. The controller 
then uses the detected relative delay to control the rotating 
micro-mirrors in the variable delay generators so as to 
counteract the detected relative delay. 

[0019] In one embodiment, a linkage mechanism is 
mechanically coupled to the tWo rotating micro-mirrors. A 
plurality of thermal actuators are mechanically coupled to 
the linkage mechanism. The linkage mechanism can rotate 
the micro-mirrors simultaneously in opposite directions. The 
linkage mechanism can also synchroniZe rotation of the 
micro-mirrors. 

[0020] The present invention is also directed to a plurality 
of variable delay generators on the substrate and to an 
optical communication system including at least one appa 
ratus for equaliZing polariZation mode dispersion. 

[0021] Compared to other knoWn technologies, the present 
invention is more reliable and predictable in its response and 
is therefore more mass-producible. Furthermore, it has an 
eXtremely fast response time that is independent of the 
degree of delay adjustment needed. This is a particular 
advantage in a mission-critical high data rate optical com 
munications netWork. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWING 

[0022] Further features of the invention Will become more 
apparent from the folloWing detailed description of speci?c 
embodiments thereof When read in conjunction With the 
accompany draWings. 

[0023] FIG. 1 illustrates pulse broadening through a dis 
persive optical ?ber; 
[0024] FIG. 2 shoWs the interference caused by pulse 
broadening; 
[0025] FIG. 3 is a schematic illustration of a MEMS based 
polariZation mode dispersion compensator in accordance 
With the present invention. 

[0026] FIG. 4 is a schematic illustration of an alternate 
MEMS based polariZation mode dispersion compensator in 
accordance With the present invention. 

[0027] FIG. 5 is a schematic illustration of a variable 
delay generator in accordance With the present invention. 

[0028] FIG. 6 is a schematic illustration of an alternate 
variable delay generator in accordance With the present 
invention. 

[0029] FIG. 7 is a schematic illustration of another alter 
nate variable delay generator in accordance With the present 
invention. 

[0030] FIG. 8 is a top vieW of an exemplary rotating 
micro-mirror in accordance With the present invention. 

[0031] FIG. 9 is an enlarged vieW of a portion of the 
rotating micro-mirror of FIG. 8. 

[0032] FIG. 10 is an enlarged vieW of another portion of 
the rotating micro-mirror of FIG. 8. 
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[0033] FIG. 11 is a top vieW of an alternate rotating 
micro-mirror in accordance With the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0034] FIG. 3 schematically illustrates a polarization 
mode dispersion compensator 20 in accordance With the 
present invention. Transmitter 22 transmits optical input 24 
through an optical ?ber 26. For example, transmitter 22 can 
be a DFB laser modulator or any other type of modulated 
light source for producing an optical data signal. Optical 
?ber 26 is typically a long-haul, single-mode, dispersion 
shifted ?ber approximately one-hundred kilometers in 
length. More generally, any type of optical ?ber can be used. 

[0035] A portion of the optical input 24 is diverted by 
beam splitter 28 to a delay detector 30. The delay detector 
30 detects propagation delays betWeen the tWo orthogonal 
polariZation modes of the detected light. The operation and 
implementations of such delay detectors is Well-known and 
need not be described in further detail. 

[0036] The majority of the optical input 24 passes through 
beam splitter 28 to a polariZation-dependent beam splitter 
32. The polariZation-dependent beam splitter 32 is a type of 
polariZation mode separator that separates the optical input 
24 into ?rst and second orthogonally polariZed optical signs 
34, 36. The second polariZed signal 36 travels along a 
separate path 38 of ?Xed length. In the illustrated embodi 
ment, the path 38 includes tWo mirrors 40, 42 that direct the 
second optical signal 36 to a beam combiner 44. 

[0037] The ?rst polariZed signal 34 is directed to variable 
delay generator 48. The variable delay generator 48 includes 
?rst rotating micro-mirror 50 positioned to direct the ?rst 
polariZed signal 34 to one of a plurality of ?Xed mirrors 52A, 
54A, 56A, 58A. Each of the ?Xed mirrors 52A, 54A, 56A, 
58Aincludes a companion ?Xed mirror 52B, 54B, 56B, 58B, 
respectively, positioned to receive a re?ected optical signal 
to a second rotating micro-mirror 60. The ?rst and second 
rotating mirrors 50, 60 and the ?Xed mirrors 52A, 54A, 56A, 
58A, 52B, 54B, 56B, 58B are preferably part of a micro 
mechanical device constructed on the surface of a substrate. 

[0038] The mirrors 52A, 54A, 56A, 58A and the mirrors 
52B, 54B, 56B, 58B are preferably arranged in an overlap 
ping con?guration so that the ?rst polariZed signal 34 is not 
lost or dissipated betWeen adjacent mirrors. 

[0039] Consequently, the signal strength remains rela 
tively constant as the mirrors 50, 60 redirect the ?rst 
polariZed signal 34 from one ?Xed mirror to the neXt. 

[0040] The second rotating micro-mirror 60 directs the 
delayed ?rst polariZed signal 72 to the beam combiner 44. 
The tWo orthogonally polariZed optical signals 36, 72 are 
recombined by beam combiner 44. An optical output 74 
having little or no polariZation-mode dispersion is then 
directed to detector 76. Additional ?bers, line ampli?ers, 
and/or repeaters can also be included betWeen the transmit 
ter 22 and receiver 76. Receiver 76 can be any suitable 
photodetector for detecting the modulated optical data sig 
nal. 

[0041] Each ?Xed mirror 52A, 54A, 56A, 58A and its 
companion 52B, 54B, 56B, 58B comprise optical paths 62, 
64, 66, 68, respectively, of different lengths. In the illustrated 
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embodiment, the optical paths 62, 64, 66, 68 are progres 
sively longer. Although the embodiment of FIG. 3 illustrates 
the optical paths 62, 64, 66, 68 each requiring tWo ?Xed 
mirrors, additional ?Xed mirrors can be added to increase the 
length of one or more of the optical paths 62, 64, 66, 68. 

[0042] The controller 70 receives data output from the 
delay detector 30 representing the magnitude of PMD. 
Controller 70 then processes the data and generates control 
signals to adjust the position of the micro-mirrors 50, 60 to 
select the optical path 62, 64, 66, 68 that Will provide the 
required propagation delay to counteract the PMD effects of 
the long transmission path along ?ber 26. Since the polar 
iZation mode dispersion compensator 20 uses rotating 
micro-mirrors 50, 60 to compensate for the detected delay, 
compensation on the order of nanoseconds can be achieved 
that is independent of the degree of propagation delay 
adjustment. 
[0043] In one embodiment, the optical path 62 for the ?rst 
polariZed signal is equal to the optical path 38 for the second 
polariZed signal. Consequently, the ?rst polariZed optical 
signal 34 can be delayed relative to the second polariZed 
optical signal 36, but not visa versa. 

[0044] In a second embodiment, the optical path 38 is 
greater than the optical paths 62 and 64, but less than the 
optical paths 66 and 68. By selecting the ?rst or second 
optical paths 62, 64, the controller 70 can delay the second 
polariZed optical signal 36 relative to the ?rst polariZed 
optical signal 34. By selecting the third path 66 or the fourth 
path 68, the controller 70 can delay the ?rst polariZed signal 
34 relative to the second polariZed optical signal 36. 

[0045] The polariZation mode dispersion compensator 20 
may optionally be provided along optical ?ber 26 near the 
receiver 76. According to the present invention, the PMD 
compensator 20 equaliZes PMD Which further increases 
bandWidth and transmission range. For eXample, given the 
presence of PMD compensator 20, transmitter 22 can trans 
mit modulated laser data on the order of one to one-hundred 
Gb/s (gigabits/sec), or more, over a one-hundred kilometer 
single-mode ?ber Without intersymbol interference caused 
by PMD. Receiver 76 can detect the output reliably and 
accurately in a telecommunication environment. 

[0046] FIG. 4 schematically illustrates a second polariZa 
tion mode dispersion compensator 100 in accordance With 
the present invention. Transmitter 102 transmits optical 
input 104 through an optical ?ber 106. A portion of the 
optical input 104 is diverted by upstream beam splitter 108 
to a delay detector 110. The delay detector 110 detects 
propagation delays betWeen tWo orthogonal polariZation 
modes of the detected light. 

[0047] The majority of the optical input 104 passes 
through beam splitter 108 to a polariZation-dependent beam 
splitter 112. The polariZation-dependent beam splitter 112 is 
a type of polariZation mode separator that separates the 
optical input 104 into ?rst and second orthogonally polar 
iZed optical signs 114, 116. 

[0048] The ?rst polariZed signal 114 is directed to ?rst 
variable delay generator 118 and the second polariZed signal 
116 is directed to second variable delay generator 120. The 
?rst and second variable delay generators 118, 120 may or 
may not introduce a propagation delay into the ?rst and 
second polariZed signals 114, 116, respectively. The tWo 
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orthogonally polarized optical signals 122, 124 emitted from 
the ?rst and second variable delay generators 118, 120 are 
recombined by beam combiner 126. The resulting optical 
output 128 having little or no polariZation-mode dispersion 
is then directed to detector 130. In one embodiment, a 
portion of the optical output 128 is diverted by doWnstream 
beam splitter 134 to a delay detector 136. The delay detector 
136 detects propagation delays betWeen tWo orthogonal 
polariZation modes of the detected light in the recombined 
optical output signal 128. 

[0049] Each of the variable delay generators 118, 120 
provides a respective incremental propagation delay to opti 
cal signals 114, 116 passing therethrough to equalize or 
compensate for PMD. The degree of incremental propaga 
tion delay, if any, imparted by the variable delay generators 
118, 120 is manipulated by control signals received over 
respective control line 129 from a controller 132. Controller 
132 receives data output from the delay detector 110 repre 
senting the magnitude of PMD in the ?ber 106. Controller 
132 then processes the data and generates control signals for 
the variable delay generators 118, 120 to counteract the 
PMD effects, such as in a long transmission path along ?ber 
106. In one embodiment, the controller 132 monitors any 
remaining propagation delays in the recombined optical 
output signal 128 detected by delay detector 136 and trans 
mits appropriate control signals to the variable delay gen 
erators 118, 120 in a closed loop control or servo system. 

[0050] FIG. 5 illustrates one embodiment of a variably 
delay generator 118, 120 in accordance With the present 
invention. The controller 132 adjusts the position of tWo or 
more rotating mirrors 140, 142 Within the variable delay 
generators 118, 120 to apply a propagation delay betWeen 
the orthogonally polariZed signals Which compensates for 
the propagation delay detected by delay detector 110. As 
discussed in connection With FIG. 3, the rotating mirrors 
140, 142 can direct the optical signals 114, 116 along a 
variety of optical paths 142, 144, 146, 148 of differing 
lengths. For example, path 142 may correspond to a 2 
pico-second delay, path 144 a 4 pico-second delay, path 146 
a 6 pico-second delay and path 148 an 8 pico-second delay. 

[0051] The number and length of the optical paths avail 
able in the variable delay generators 118, 120 can be 
adjusted by altering the number and positioning of ?xed 
mirrors 150A, 150B, 152A, 152B, 154A, 154B, 156A, 
156B. As discussed above, the ?xed mirrors are preferably 
arranged in an overlapping con?guration so that the optical 
signals 114, 116 are not lost or dissipated in gaps betWeen 
adj acent ?xed mirrors. The rotating mirrors 140, 142 and the 
?xed mirrors 150A, 150B, 152A, 152B, 154A, 154B, 156A, 
156B are preferably part of a micro-mechanical device 
constructed on the surface of a substrate. 

[0052] FIG. 6 illustrates a second embodiment of a vari 
ably delay generator 118, 120 in accordance With the present 
invention. The optical signals 114, 116 are directed to ?xed 
mirror 160 and then to ?xed mirror 162. Fixed mirror 162 
directs the optical signals 114, 116 to rotating mirror 164. 
The rotating mirror 164 directs the optical signals 114, 116 
along a variety of optical paths 170, 172, 174, 176 of 
differing lengths comprising a plurality of ?xed vertical 
mirrors 180A, 180B, 182A, 182B, 184A, 184B, 186A, 
186B. Rotating mirror 166 directs the optical signals 114, 
116 back to the ?xed mirror 162 and then to ?xed mirror 
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168. The controller 132 adjusts the position of the tWo 
rotating mirrors 164, 166 Within the variable delay genera 
tors 118, 120 to apply a propagation delay betWeen the 
orthogonally polariZed signals Which compensates for the 
propagation delay detected by delay detector 110. The ?xed 
mirrors 160, 162, 168 increase the overall delay provided by 
the variable delay generators 118, 120 by a ?xed amount. 

[0053] FIG. 7 illustrates a third embodiment of a variably 
delay generator 118, 120 in accordance With the present 
invention. The controller 132 adjusts the position of tWo or 
more rotating mirrors 190, 192 Within the variable delay 
generators 118, 120 to apply a propagation delay betWeen 
the orthogonally polariZed signals Which compensates for 
the propagation delay detected by delay detector 110. The 
rotating mirrors 190, 192 direct the optical signals 114, 116 
to a vertical parabolic mirror 194. Since the mirror 194 is a 
continuous surface, the rotating mirrors 190, 192 can theo 
retically direct the optical signals 114, 116 along an in?nite 
number of optical paths. Optical paths 196, 198, 200, 202 are 
included for illustration purposes only. 

[0054] In one embodiment, the mirror 194 is constructed 
on the surface of the substrate. A hinge 204 can optionally 
be formed at the center of the mirror 194. The mirror 194 is 
then raised to an upright position and folded into a parabolic 
shape. Retaining members 206 can optionally be formed on 
the surface of the substrate to hold the mirror 194 in the 
desired parabolic shape. Alternatively, a slot having the 
parabolic shape can be formed in the surface of the substrate 
to retain the mirror 194. In another embodiment, the mirror 
194 is constructed as a separate component and positioned 
on the surface of the substrate. 

[0055] The rotating micro-mirrors and ?xed mirrors are 
preferably micro-mechanical devices. As used herein, 
“micro-mechanical device” refers to micrometer-siZed 
mechanical, opto-mechanical, electromechanical, or opto 
electro-mechanical device constructed on the surface of a 
substrate. Various technologies for fabricating micro-me 
chanical devices are available, such as for example the 
Multi-User MEMS Processes (MUMPs) from Cronos Inte 
grated Microsystems located at Research Triangle Park, 
North Carolina. One description of the assembly procedure 
is described in “MUMPs Design Handbook,” revision 5.0 
(2000) available from Cronos Integrated Microsystems. 

[0056] Polysilicon surface micromachining adapts planar 
fabrication process steps knoWn to the integrated circuit (IC) 
industry to manufacture micro-electro-mechanical or micro 
mechanical devices. The standard building-block processes 
for polysilicon surface micromachining are deposition and 
photolithographic patterning of alternate layers of loW-stress 
polycrystalline silicon (also referred to a polysilicon) and a 
sacri?cial material (eg silicon dioxide or a silicate glass). 
Vias etched through the sacri?cial layers at predetermined 
locations provide anchor points to a substrate and mechani 
cal and electrical interconnections betWeen the polysilicon 
layers. Functional elements of the device are built up layer 
by layer using a series of deposition and patterning process 
steps. After the device structure is completed, it can be 
released for movement by removing the sacri?cial material 

using a selective etchant such as hydro?uoric acid Which does not substantially attack the polysilicon layers. 

[0057] The result is a construction system generally con 
sisting of a ?rst layer of polysilicon Which provides electri 
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cal interconnections and/or a voltage reference plane, and 
additional layers of mechanical polysilicon Which can be 
used to form functional elements ranging from simple 
cantilevered beams to complex electromechanical systems. 
The entire structure is located in-plane With respect to the 
substrate. As used herein, the term “in-plane” refers to a 
con?guration generally parallel to the surface of the sub 
strate and the terms “out-of-plane” refer to a con?guration 
greater than Zero degrees to about ninety degrees relative to 
the surface of the substrate. 

[0058] Typical in-plane lateral dimensions of the func 
tional elements can range from one micrometer to several 
hundred micrometers, While the layer thicknesses are typi 
cally about 1-2 micrometers. Because the entire process is 
based on standard IC fabrication technology, a large number 
of fully assembled devices can be batch-fabricated on a 
silicon substrate Without any need for piece-part assembly. 
The present micro-mechanical devices can be packaged 
using conventional IC packaging techniques. The package 
containing the micro-mechanical device can optionally be a 
vacuum or can be ?lled With nitrogen, argon or a variety of 
other gases. 

[0059] FIGS. 8-10 are top vieWs of a micromechanical 
device 300 formed on a substrate 301 including rotating 
mirror assemblies 302, 304 operated by an array of thermal 
actuators 306. The rotating mirror assembly 302 includes a 
mirror 308 attached to a rotating base 310 by one or more 
hinges 312. The rotating base 310 is attached to the surface 
of the substrate 301 by a pivot 314 that permits the mirror 
308 and the base 310 to rotate. 

[0060] Latch arm 316 is attached to the rotating base 310 
at ?rst end 318. Free end 320 rests on portion 322 attached 
to the mirror 308. Distal end 324 of thermal actuator 326 is 
releasably engaged With the rotating base 310. When the 
thermal actuator 326 is actuated, the distal end 324 disen 
gages from the rotating base 310 and permits the rotating 
mirror assembly 302 to rotate. 

[0061] Supports 328 are located along inside curved sur 
face 330 on the rotating base 310. The supports 328 are 
attached to the surface of the substrate 301 and eXtend over 
the inside surface 330, but are not attached to the rotating 
base 310. The supports 328 in combination With the pivot 
314 restrain rotation of the rotating mirror assemblies 302 
around a vertical access extending through the pivot 314. 

[0062] Similarly, the rotating mirror assembly 304 
includes a mirror 340 pivotally attached to a rotating base 
342 by one or more hinges 344. Rotation of the base 342 
around pivot 346 is restrained by supports 348. Latch arm 
350 is attached to the rotating base 342 at ?rst end 352. Free 
end 354 of the latch arm 350 rests on but is not attached to 
surface 356 that is attached to the mirror 340. Distal end 358 
of thermal actuator 360 is releasably coupled With the 
rotating base 342 to restrict rotation. 

[0063] The rotating mirror assemblies 302, 304 are formed 
in-plane on the surface of the substrate 301. After fabrication 
is completed, the mirrors 308, 340 are lifted out-of-plane. In 
the preferred embodiment, the mirrors 308, 340 are raised to 
a substantially vertical position relative to the surface of the 
substrate 301. As the mirror 308 is raised, free end 320 of the 
latch arm 316 slides along the surface 322 until it engages 
With latch hole 332. The latch hole 332 preferably includes 
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a notch 334 that engages With free end 320 of the latch arm 
316. Once engaged, the latch arm 316 retains the mirror 308 
in the upright position. Similarly, free end 354 of the latch 
arm 350 engages With latch hole 361. 

[0064] The mirrors 308, 340 can be raised manually or by 
a series of actuators. In the illustrated embodiment, springs 
336 and 362 are positioned to raise the mirrors 308, 340, 
respectively, slightly off the surface of the substrate 301. 
Once in the partially raised con?guration, the mirrors 308, 
340 can be manually raised to the upright position. 

[0065] The rotating bases 310, 342, each include a toothed 
edge 370, 372 respectively. The toothed edge 370 is 
mechanically coupled to toothed edge 374 on side member 
376. Supports 378 attached to the surface of the substrate 
301 retain the side member 376 adjacent to the rotating base 
310, While permitting sliding movement parallel to axis 379. 
Similarly, the toothed edge 372 of the rotating base 342 is 
mechanically coupled With a toothed edge 380 on side 
member 382. Side supports 384 attached to the surface of the 
substrate 301 provide a positive lock betWeen the toothed 
edges 372, 380 While permitting sliding movement parallel 
to aXis 379. Cross member 386 is connected to the side 
members 376, 382. The side members 376, 382 and the cross 
member 386 comprise a linkage mechanism 385 that syn 
chroniZes the rotation of the mirrors 308, 340. 

[0066] The cross member 386 is mechanically coupled to 
member 388. The member 388 includes toothed edges 390, 
392 on each side. An array of thermal actuators 306 is 
mechanically coupled to arm 394 having a toothed member 
396. The toothed member 396 can be coupled With the 
toothed edge 390 of the member 388. 

[0067] The array of thermal actuators 306 is con?gured to 
provide displacement in a direction 398 parallel to the 
surface of the substrate 301. In particular, each of the 
thermal actuators includes a hot arm 400 and a cold arm 402. 
When current is applied to the hot and cold arms 400, 402 
through the traces 404, 406, the hot arm 400 thermally 
eXpands to a greater eXtent than the cold arm 402. Conse 
quently, When current is applied to the array of thermal 
actuators 306, the toothed member 396 is displaced in the 
direction 398. When current is removed from the array of 
thermal actuators 306, the toothed member 396 moves in the 
direction 399, back to its original unactivated position. 

[0068] Various thermal actuator structures can be used in 
the present invention, such as disclosed in commonly 
assigned US. Patent applications entitled “Direct Acting 
Vertical Thermal Actuator”, ?led Sep. 12, 2000, Ser. No. 
09/659,572 and “Direct Acting Vertical Thermal Actuator 
With Controlled Bending”, ?led Sep. 12, 2000, Ser. No. 
09/659,798. 

[0069] A secondary array of thermal actuators 410 is 
located adjacent to the toothed member 396 to provide a 
biasing force in the direction 412. When the thermal actua 
tors 410 are in an unactivated state, the toothed member 396 
is not engaged With the toothed edge 390. Consequently, the 
toothed member 396 can be engaged and disengaged With 
the toothed edge 390 by applying current to the thermal 
actuators 410. A third array of thermal actuators 414 is 
located on the opposite side from the array 410. Toothed 
member 416 is provided to releasably engage With the tooth 
edge 392. 



US 2002/0164123 A1 

[0070] In operation, the thermal actuators 410 are acti 
vated to releasably couple the toothed member 396 With the 
toothed edge 390. Subsequently, the array of thermal actua 
tors 306 are activated to displace the toothed member 396 in 
the direction 398. The displacement of the member 388 is 
imparted to the toothed edges 370, 372 of the rotating bases 
310, 342, respectively, by the side members 376, 382. The 
coupling of the toothed edges 374, 370 and 372, 380 imparts 
a torque on the rotating bases 310, 342 that is transmitted to 
the mirrors 308, 340, respectively. 

[0071] Thermal actuators 414 are then activated so that 
member 416 couples With toothed edge 392 on the member 
388. The member 416 serves to hold the member 388 in 
position While the toothed member 396 is disengaged from 
the toothed edge 390. 

[0072] The thermal actuators 410 are deactivated to dis 
engage the toothed member 396 from the toothed edge 390. 
Once the toothed member 396 is disengaged, the thermal 
actuators 306 are deactivated so that they return to their 
neutral position, causing the toothed member 396 to move in 
the direction 399. The thermal actuators 410 can then be 
reactivated to reengage the toothed member 396 With the 
toothed edge 390 in preparation for reactivation of the 
thermal actuators 306. Once the toothed member 396 is 
reengaged With the toothed edge 390, the thermal actuators 
414 are deactivated so that the member 416 is disengaged 
from the toothed edge 392. The thermal actuators 306 are 
then reactivated and the Whole process is repeated. 

[0073] Movement of the member 388 in the direction 398 
causes the mirror 308 to rotate in a clockWise direction. 
Simultaneously, the mirror 340 rotates in a counter-clock 
Wise direction. The linkage system used for imparting this 
rotation causes the amount of rotation of each mirror 308, 
340 to be substantially the same. The structure of FIGS. 8-10 
synchroniZes the rotation of the mirrors 308, 340 With 
minimal error. 

[0074] In order to move the mirrors 308, 340 in the 
opposite direction, the entire procedure is reversed. First, the 
thermal actuators 306 advance the toothed member 396 
along the edge of the member 388 Without being engaged 
With the toothed edge 390. Once the toothed member 396 is 
fully advanced in the direction 398, the thermal actuators 
410 are actuated so that the toothed member 396 engages 
With the toothed edge 390. The thermal actuators 414 are 
deactivated so the member 416 is disengaged from the 
member 388. Deactivating the thermal actuators 306 causes 
the toothed member 396 to be pulled in the direction 399. 
The thermal actuators 414 are then activated so the member 
416 locks the member 388 in position While the procedure 
is repeated. 

[0075] FIG. 11 is a top vieW of an alternate microme 
chanical device 450 including a single rotating mirror 
assembly 452 and an array of thermal actuators 454. Mirror 
456 is attached to rotating base 458 off center. In the 
illustrated embodiment, edge 460 of the mirror 456 is 
generally aligned With pivot 462. Thermal actuators 464 are 
provided to partially raise the mirror 456. In another 
embodiment, the thermal actuators 464 are adapted to raise 
the mirror substantially vertically until the latch arm 466 
engages With latch hole 468. 

[0076] Rotating base 458 includes a toothed edge 470 that 
intermittently engages With a toothed member 472. In order 
to rotate the mirror 456 in the clockWise direction, thermal 
actuators 476 are activated to bias the toothed member 472 
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against the toothed edge 470 of the rotating base 458. The 
array of thermal actuators 454 are then activated so as to 
displace the toothed member 472 in the direction 474. The 
thermal actuators 476 are then deactivated to disengage the 
toothed member 472 from the rotating base 458. The thermal 
actuators 454 are then deactivated so that the toothed 
member 472 moves in the direction 478. The array 476 is 
then activated to reengage the toothed member 472 With the 
rotating base 458 and the process is repeated. 

[0077] To rotate the mirror 456 in the counter-clockWise 
direction, the above noted process is reversed. The array 454 
is activated before the toothed member 472 is biased against 
the rotating base 458. Once the toothed member 472 is 
displaced in the direction 474, the array 476 is activated to 
bias the toothed member 472 to the toothed edge 470. The 
array 454 is then deactivated so that the toothed member 472 
is pulled in the direction 478. 

[0078] Other rotating micro-mirror designs are disclosed 
in a commonly assigned US. Patent application entitled 
“SWitch Based on Rotating Micro-Mirror”, ?led , 
(Attorney docket no. t and Butler et al., “Scanning 
and Rotating Micromirrors Using Thermal Actuators”, 3131 
SPIE 134-144 (1997). 

[0079] All of the patents and patent applications disclosed 
herein, including those set forth in the Background of the 
Invention, are hereby incorporated by reference. Although 
speci?c embodiments of this invention have been shoWn and 
described herein, it is to be understood that these embodi 
ments are merely illustrative of the many possible speci?c 
arrangements that can be devised in application of the 
principles of the invention. Numerous and varied other 
arrangements can be devised in accordance With these 
principles by those of ordinary skill in the art Without 
departing from the scope and spirit of the invention. 

What is claimed is: 
1. An apparatus for equalizing polariZation mode disper 

sion in an optical signal traveling through an optical ?ber, 
comprising: 

a polariZation mode separator that separates the optical 
signal into a ?rst polariZed signal and a second differ 
ently polariZed signal traveling along respective ?rst 
and second paths; 

a ?rst variable delay generator located along the ?rst path 
adapted to selectively provide a ?rst propagation delay 
to the ?rst polariZed signal, the ?rst variable delay 
generator comprising at least tWo rotating micro-mir 
rors and one or more ?Xed mirrors constructed on a 

surface of a substrate, the ?Xed mirrors comprising a 
plurality of optical paths of differing lengths adapted to 
optically couple With the tWo rotating micro-mirrors; 

a controller coupled to the ?rst variable delay generator, 
the controller adapted to monitor the polariZation mode 
dispersion in the optical signal and to position the 
rotating micro-mirrors to direct the ?rst polariZed sig 
nal along one of the plurality of optical paths; and 

a beam combiner coupled to the ?rst and second optical 
paths after the ?rst variable delay generator, the beam 
combiner combining the ?rst and second signals to 
form an optical output signal substantially compen 
sated for polariZation mode dispersion. 
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2. The apparatus of claim 1 wherein the second differently 
polarized signal travels along an optical path of a ?xed 
length to the beam combiner. 

3. The apparatus of claim 2 Wherein all of the plurality of 
optical paths are greater than or equal to the path of ?xed 
length. 

4. The apparatus of claim 2 Wherein some of the plurality 
of optical paths are greater than the path of ?xed length and 
some of the plurality of optical paths are less than or equal 
to the path of ?xed length. 

5. The apparatus of claim 1 comprising a second variable 
delay generator located along the second path before the 
beam combiner adapted to selectively provide a second 
propagation delay to the second polarized signal, the con 
troller also being coupled to the second variable delay 
generator. 

6. The apparatus of claim 1 Wherein the ?rst and second 
polarized optical signals are polarized in orthogonal modes. 

7. The apparatus of claim 1 Wherein the polarization mode 
separator comprises a polarization-dependent beam splitter. 

8. The apparatus of claim 1 comprising: 

a beam splitter optically coupled betWeen the optical ?ber 
upstream of the polarization mode separator; and 

a delay detector optically coupled to the beam splitter and 
operatively coupled to the controller, Wherein the beam 
splitter diverts a portion of the optical signal to the 
delay detector. 

9. The apparatus of claim 1 comprising: 

a beam splitter optically coupled betWeen the optical ?ber 
doWnstream of the polarization mode separator; and 

a delay detector optically coupled to the beam splitter and 
operatively coupled to the controller, Wherein the beam 
splitter diverts a portion of the optical signal to the 
delay detector. 

10. The apparatus of claim 1 Wherein each of the plurality 
of optical paths comprises tWo ?xed mirrors. 

11. The apparatus of claim 1 Wherein the ?xed mirror 
comprise a plurality of ?xed mirrors arranged in an over 
lapping con?guration so that the ?rst polarized signal is not 
lost or dissipated betWeen adjacent mirrors. 

12. The apparatus of claim 1 Wherein the plurality of 
optical paths comprise progressively increasing delays in the 
?rst polarized signal. 

13. The apparatus of claim 1 Wherein the one or more 
?xed mirrors comprise a single parabolic mirror. 

14. The apparatus of claim 1 comprising a linkage mecha 
nism mechanically coupled to the tWo rotating micro-mir 
rors. 

15. The apparatus of claim 14 comprising a plurality of 
thermal actuators mechanically coupled to the linkage 
mechanism. 

16. The apparatus of claim 14 Wherein the linkage mecha 
nism rotates the micro-mirrors simultaneously in opposite 
directions. 

17. The apparatus of claim 14 Wherein the linkage mecha 
nism synchronizes rotation of the micro-mirrors. 

18. The apparatus of claim 1 comprising a plurality of 
variable delay generators on the substrate. 

19. The apparatus of claim 1 comprising an optical 
communication system including at least one apparatus for 
equalizing polarization mode dispersion. 

20. An apparatus for equalizing polarization mode dis 
persion in an optical signal traveling through an optical ?ber, 
comprising: 
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a polarization mode separator that separates the optical 
signal into a ?rst polarized signal and a second differ 
ently polarized signal traveling along respective ?rst 
and second paths; 

a ?rst variable delay generator located along the ?rst path 
adapted to selectively provide a ?rst propagation delay 
to the ?rst polarized signal, the ?rst variable delay 
generator comprising a pair of rotating micro-mirrors, 
a linkage mechanism adapted to synchronize rotation of 
the micro-mirrors, and one or more ?xed mirrors con 
structed on a surface of a substrate, the ?xed mirrors 
comprising a plurality of optical paths of differing 
lengths adapted to optically couple With the tWo rotat 
ing micro-mirrors; 

a controller coupled to the ?rst variable delay generator, 
the controller adapted to monitor the polarization mode 
dispersion in the optical signal and to position the 
rotating micro-mirrors to direct the ?rst polarized sig 
nal along one of the plurality of optical paths; and 

a beam combiner coupled to the ?rst and second optical 
paths after the ?rst variable delay generator, the beam 
combiner combining the ?rst and second signals to 
form an optical output signal substantially compen 
sated for polarization mode dispersion. 

21. An apparatus for equalizing polarization mode dis 
persion in an optical signal traveling through an optical ?ber, 
comprising: 

a polarization mode separator that separates the optical 
signal into a ?rst polarized signal and a second differ 
ently polarized signal traveling along respective ?rst 
and second paths; 

a ?rst variable delay generator located along the ?rst path 
adapted to selectively provide a ?rst propagation delay 
to the ?rst polarized signal, the ?rst variable delay 
generator comprising at least tWo rotating micro-mir 
rors and one or more ?xed mirrors constructed on a 

surface of a substrate, the ?xed mirrors comprising a 
plurality of optical paths of differing lengths adapted to 
optically couple With the tWo rotating micro-mirrors; 

a second variable delay generator located along the sec 
ond path adapted to selectively provide a second propa 
gation delay to the second polarized signal, the second 
variable delay generator comprising at least tWo rotat 
ing micro-mirrors and one or more ?xed mirrors con 
structed on a surface of a substrate, the ?xed mirrors 
comprising a plurality of optical paths of differing 
lengths adapted to optically couple With the tWo rotat 
ing micro-mirrors; 

a controller coupled to the ?rst and second variable delay 
generators, the controller adapted to monitor the polar 
ization mode dispersion in the optical signal and to 
position the rotating micro-mirrors to direct the ?rst 
and second polarized signals along one of the plurality 
of optical paths; and 

a beam combiner coupled to the ?rst and second optical 
paths after the ?rst and second variable delay genera 
tors, the beam combiner combining the ?rst and second 
signals to form an optical output signal substantially 
compensated for polarization mode dispersion. 

* * * * * 


