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(57) ABSTRACT 

Embodiments of the present invention provide structures for 
microelectromechanical systems (MEMS) that can be 
sensed, activated, controlled or otherwise addressed or made 
to respond by the application of forcing functions. In particu 
lar, an optical shutter structure suitable for use in an optical 
sWitch arrangement is disclosed. In one embodiment, an opti 
cal shutter or sWitch can be scaled and/or arranged to form 
arbitrary sWitch, multiplexer and/ or demultiplexer con?gura 
tions. In another embodiment of the present invention, an 
optical sWitch can include: a shutter; and a ?exure coupled to 
the shutter, whereupon a vibration transmitted to the ?exure 
When in the presence of a resonant frequency causes the 
shutter to move across an opening for the passage of an optical 
signal. 

17 Claims, 12 Drawing Sheets 

Resonating 
Directions 102 

Optical Shutter 
132 \_/ 

Flexure 
136 _/ . 

Opening 
\—/ 134 

Anchor 

/138 

Substrate 
104 



US. Patent Feb. 2, 2010 Sheet 1 0f 12 US 7,656,568 B2 

130 /'\, 
Resonating 

Directions 102 

Optical Shutter 1 , ' Opening 

132~/ I‘ V 134 

Flexure ' ' f 7, Anchor 

136 ' .. . .. /138 

Substrate) 
104 

Figure 1 



US. Patent Feb. 2, 2010 Sheet 2 0f 12 US 7,656,568 B2 

200 /\ 

(Side View) 

Cladding 142 Cladding 
Fiber Core Layer / Layer 

204 206 140 Fiber Core 210 

\ i\ / I I I \ 
’ f 

Optical Fibef /\ I\)ptical Fiber 
144 . 146 

Opening 
202 

Figure 2 



US. Patent Feb. 2, 2010 Sheet 3 0f 12 US 7,656,568 B2 

m mSmE 

mom >>ouE>> m 
" :Qw?EwzmC. " 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . umxogm 

2m E22“; m m 

................................ -- cmQO 
mm; mm? 238E 6:23 

H E; 

& ? DCGCQQO \ :30 @320 V :30 @320 
mm? K K 555 _8_ao K r oom wow wow oom 

vow 89525 



US. Patent Feb. 2, 2010 Sheet 4 0f 12 US 7,656,568 B2 

400 /\, 

Optical Shutters 406 with 
Resonant Fre 

T U 0 

OUT 2 

quencies f1 and f2 

3dB Coupler 

402/ 

' ‘ — OUT 1 

' ‘_ OUT 2 

2 x 2 Optical Switch 

|N1 

lN2 

404 

Figure 4 



US. Patent Feb. 2, 2010 Sheet 5 0f 12 US 7,656,568 B2 

500 /\, 

IN 1 9 OUT 2 

f1 
|— OUT1 

I-- OUT 2 
f2 

V(fz) 

502 q IN 1 9 OUT 1 

Figure 5 



US. Patent Feb. 2, 2010 Sheet 6 6f 12 US 7,656,568 B2 

8o 262.; 562826;. . 953mm 

Tmhwzznw 
. -. :30 

Now >>ouE>> n 
m :Qm?EmzmC. " AIIIYH 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . . . U385 

Sb FzoE>m>> T :mEEw 

................................. -- :QQO 



US. Patent Feb. 2, 2010 Sheet 7 0f 12 US 7,656,568 B2 

m P30 

N wSmE 

oi. BEEEBP 

\moh $580 m3 

63:00 mum 

N3, 6380 28 

wow BEEELB. 



US. Patent Feb. 2, 2010 Sheet 8 0f 12 US 7,656,568 B2 

v P30 m .50 

\mow 6580 mg mg 65:00 mum 
w mSmE 

0; 6358.2. \Nom 63:00 mum wow SEEFEE. 



US. Patent Feb. 2, 2010 Sheet 9 0f 12 US 7,656,568 B2 

900 /\, 

2 x 2 Switch 

I 902\ I .‘I 

OUT 1 

OUT 2 

OUT 3 

OUT 4 

Figure 9 (conventional) 



US. Patent Feb. 2, 2010 Sheet 10 0f 12 US 7,656,568 B2 

2 65mm 32 82 $2 $2 D] BHEEEP 6655.8 \lklf 
v 50 - _ v z_ d d 

M So — \22 . \32 m z_ 

w 63:00 mg 6330 mum a a 65.50 mg a . 

F 50 , - N82 N82 P z_ 

II c .2960 mg 65:00 man a | c w 22 88 w c A b> 635::2. 6628:; A b> 



US. Patent Feb. 2, 2010 Sheet 11 0f 12 US 7,656,568 B2 

v P30 m .50 w .50 F .50 

3:, 
§> L 

New: 65:00 mum \wo: 5526 m3 

3 65mm 

NF 2, 

mm: vm: 

68226;. BHEEEP \.|\l] 

- v Z_ 

J , 

53:00 mg m , 

\8: H N z_ 6580 m3 _ 

NF , \S: _ P z_ 
5580 95 all 

mm: om: _ 68556.? BEEEEL. A€> 
/\ 8: 



US. Patent Feb. 2, 2010 Sheet 12 0f 12 US 7,656,568 B2 

1200 q 

Form an input shutter array using shutters 
having resonant frequency responses 

1204 

V 

Form an output shutter array using shutters 
having resonant frequency responses 

1206 

l 
Connect paths between the 
shutter arrays using couplers 

1208 

l 
Apply frequencies to the input and output shutter 
arrays, where the frequencies correspond to one 

or more of the resonant frequencies 
lZJQ 

N Transmission 

Send a data packet from a 
selected input to a selected output 

1214 

Figure 12 



US 7,656,568 B2 
1 

OPTICAL SWITCH USING 

FREQUENCY-BASED ADDRESSING IN A 
MICROELECTROMECHANICAL SYSTEMS 

ARRAY 

REFERENCE TO RELATED APPLICATIONS 

This application claims priority from Provisional US. 
Patent Application 60/682,770 “FREQUENCY-BASED 
ADDRESSING OF COMPONENTS IN A MICRO-ELEC 
TROMECHANICAL SYSTEMS ARRAY”, ?led May 18, 
2005 and US. Pat. No. 7,355,793 entitled “OPTICAL SYS 
TEM APPLICATION TO IMPROVING THE DYNAMIC 
RANGE OF SHACK-HARTMANN SENSORS” issuedApr. 
8, 2008. These applications are incorporated herein by refer 
ence for all purposes. 

BACKGROUND OF THE INVENTION 

This invention is related in general to microelectrome 
chanical systems (MEMS) and, more speci?cally, to optical 
sWitch implementations using frequency-based addressing 
and/ or control of MEMS components. 

Micromechanical structures incorporated into MEMS 
have advantages over larger designs that accomplish the same 
or similar functionality because of their smaller siZe, poten 
tially loWer cost of manufacturing, loWer poWer require 
ments, and better, sometimes unique performance character 
istics. A sampling of micromechanical devices that have been 
built using MEMS-fabrication techniques includes acceler 
ometers, gyroscopes, temperature sensors, chemical sensors, 
AFM (atomic force microscope) probes, micro-lenses, shut 
ter-actuators, etc. Such devices can be integrated With micro 
electronics, packaging, optics, and/or other devices or com 
ponents to realiZe complete systems. Some examples of 
MEMS include units that perform inertial measurement, 
head-mounted displays, Wireless gyro-mice, and large dis 
play systems. 
Some MEMS applications employ arrays of components, 

such as micromirrors used in digital mirror displays. In array 
based MEMS applications, a component design is repeated 
multiple times (e.g., in one or more roWs or columns) to 
populate an area of the microsystem (e.g., a silicon chip). 
Typically, each of these distributed components is sensed or 
controlled individually so that a selected component or 
selected subset of the total number of components can be used 
or “addressed” at one time. 

One problem With addressing components in a MEMS 
array using electronic selection is the number of interconnec 
tions, multiplexing provisions, and control or other structures 
that may be needed for successful operation. Building this 
selection capability into array-based MEMS increases their 
siZe, failure susceptibility, complexity of design and manu 
facture, and cost. 

Another problem is that the electronic needs for the selec 
tion process are best met With relatively sophisticated inte 
grated circuit (IC) processing, While any mechanical ele 
ments in the process often demand equally sophisticated 
mechanical-device processing. Successfully carrying both 
processes through on an array (i.e., “mixed-mode process 
ing”) is a dif?cult design challenge. Further, sWitch imple 
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2 
mentations using MEMS devices have been found to be par 
ticularly susceptible to the problems enumerated above. 

SUMMARY OF EMBODIMENTS OF THE 
INVENTION 

Embodiments of the invention provide mechanical struc 
tures that can be sensed, activated, controlled or otherWise 
addressed or moved by the application of frequency-based 
forcing functions. In this Way, selection of elements in the 
array can be based substantially upon the individual 
responses of mechanical devices, and may not be based pri 
marily on responses of electrical devices, Which can eliminate 
the need for mixed-mode electrical and mechanical process 
ing in the area of the arrayed mechanical devices. 

In accordance With embodiments of the present invention, 
a grouping of individual structures can be constructed such 
that each of the structures, or equally a select number of them, 
has/have unique and different mechanically resonant fre 
quency from that of any other structure or select number of 
structures in the group. An oscillating forcing function (Which 
may be imposed by electrostatic means, pieZoelectric means, 
magnetic means, or any other suitable means) that is applied 
to all structures in the group Will only have appreciable effect 
on Whichever structure or structures have resonant frequency 
or frequencies that is or are close to or the same as the 

oscillation frequency of the applied forcing function. 
In one embodiment, an optical shutter or sWitch can be 

scaled and/ or arranged to form arbitrary sWitch, multiplexer 
and/or demultiplexer con?gurations. 

In another embodiment of the present invention, an optical 
sWitch can include: a shutter; and a ?exure coupled to the 
shutter, Whereupon a vibration transmitted to the ?exure 
When in the presence of a resonant frequency causes the 
shutter to move across an opening to alloW passage of an 
optical signal. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an exemplary mechanically resonating optical 
shutter in accordance With embodiments of the present inven 
tion. 

FIG. 2 is an exemplary optical sWitch in accordance With 
embodiments of the present invention. 

FIG. 3 is an exemplary optical sWitch operation and asso 
ciated timing diagram in accordance With embodiments of the 
present invention. 

FIG. 4 is an exemplary 2><2 optical sWitch in accordance 
With embodiments of the present invention. 

FIG. 5 shoWs exemplary 2><2 optical sWitch variations in 
accordance With embodiments of the present invention. 

FIG. 6 shoWs exemplary timing diagrams for data trans 
mission through optical shutters in accordance With embodi 
ments of the present invention. 

FIG. 7 is an exemplary 2><4 optical sWitch in accordance 
With embodiments of the present invention. 

FIG. 8 shoWs exemplary 2><4 optical sWitch operation in 
accordance With embodiments of the present invention. 

FIG. 9 is a conventional 4><4 optical sWitch realiZation 
using sixteen 2><2 sWitches. 

FIG. 10 is an exemplary 4><4 optical sWitch using addres 
sable mechanical arrays in accordance With embodiments of 
the present invention. 

FIG. 11 is an exemplary 4><4 optical sWitch operation in 
accordance With embodiments of the present invention. 
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FIG. 12 is a simpli?ed ?oW diagram of a method of imple 
menting an optical switch in accordance With embodiments 
of the present invention. 

DETAILED DESCRIPTION OF EMBODIMENTS 
OF THE INVENTION 

In accordance With embodiments of the present invention, 
an optical shutter or sWitch can be scaled and/or arranged to 
form arbitrary sWitch, multiplexer and/ or demultiplexer con 
?gurations. For example, an optical sWitch can include: a 
shutter; and a ?exure coupled to the shutter, Whereupon a 
vibration transmitted to the ?exure When in the presence of a 
resonant frequency causes the shutter to move across an open 

ing for the passage of an optical signal. 
In accordance With embodiments of the present invention, 

frequency-based addressing and/or control can be used for 
MEMS components or elements. In one particular example, a 
forcing frequency can be applied to a shutter component. 
Further, an array of such shutter components can be arranged 
to implement various optical sWitches, as Will be discussed in 
more detail beloW. 

Referring noW to FIG. 1, an exemplary mechanically reso 
nating optical shutter in accordance With embodiments of the 
present invention is shoWn and indicated by the general ref 
erence character 130. Optical sWitch component 130 can 
include optical shutter 132, Which can cover opening 134. 
Opening 134 may not be visible When optical shutter 132 is in 
the “closed” position, as shoWn in FIG. 1. Flexure 136 can be 
coupled betWeen optical shutter 132 and anchor 138. Anchor 
138 can be mounted to substrate or base 104 so that anchor 

138 is in a ?xed position relative to opening 134. 

Further, optical shutter 132 can resonate in the presence of 
resonating frequency, f”. Resonating directions 102 can indi 
cate a positional response of optical shutter 132 When reso 
nating frequency f” is applied. Such an optical shutter can be 
used as a component in forming optical sWitches of any 
arrangement, as Well as multiplexer and/or demultiplexer 
con?gurations. Further, among the materials suitable for 
manufacture of such an optical shutter are silicon (Si), poly 
crystalline silicon (poly-Si), silicon germanium (SiGe), or 
silicon carbide (SiC), as Well as titanium, plastics, or other 
appropriate materials. 

In accordance With embodiments of the present invention, 
physical properties of components of each resonant unit (e.g., 
optical shutter 132, ?exure 136, and/ or anchor 138) can con 
tribute to the speci?c resonant frequency of structure 130. For 
example, mass, stiffness, geometry, mechanical relationship, 
etc., are properties of components that can act independently, 
or in concert With other components, to determine the reso 

nant frequency. In one embodiment, the geometry of the 
?exure, along With ?exure mass and stiffness, as Well as the 
mass of the optical shutter, can be among characteristics that 
determine the resonant frequency. 

In general, any inertial property of a structure can be set or 
predetermined and used to select, identify or otherWise affect 
the structure, particularly With respect to the structure’s har 
monic resonance response. In some embodiments, it may be 
useful to vary an inertial property of a structure. In one par 
ticular example, the resonant frequency (f) may be calcu 
lated by using the folloWing equation (Eq. 1), Where M is the 
total mass of the resonant unit and k is the total ?exure 
stiffness: 
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(Eq- 1) 
_l lat-m 

In order to apply such a resonant frequency to the particular 
components, actuators may be used in various embodiments 
of the invention, and may include: a voltage source and at 
least tWo conductors electrically coupled thereto, Where the 
resonant components are positioned betWeen the conductors 
and Where the voltage has a frequency corresponding to the 
selected frequency; a current source and at least one conduc 
tor electrically coupled thereto, Where the resonant compo 
nents have a primary axis positioned orthogonal to the con 
ductor and Where the current has a frequency corresponding 
to the selected frequency; a vibrator mechanically coupled to 
the set of resonant components and having a vibration fre 
quency corresponding to the selected frequency; or an elec 
tro-thermal heat source thermally coupled to the set of reso 
nant components and having a frequency corresponding to 
the selected frequency. Each resonant unit may include a 
material that is selected from at least one of a pieZoelectric 
material, a ferromagnetic material, a shape memory alloy, a 
pair of electro-thermal bimorph materials, or a thermo-pneu 
matic material, for example. 

Referring noW to FIG. 2, an exemplary optical sWitch in 
accordance With embodiments of the present invention is 
shoWn and indicated by the general reference character 200. 
FIG. 2 shoWs a side vieW of the optical sWitch component of 
FIG. 1, as Well as optical ?bers 144 and 146 for forming an 
optical path. In FIG. 2, optical shutter 140 may be mounted at 
its anchor (e.g., anchor 138 ofFIG. 1) to substrate orbase 142. 
Substrate 142 may contain opening 202 through Which light 
can pass When resonating frequency f” is applied, thereby 
causing optical shutter 140 to enter an “open” state. 

In addition, optical ?bers 144 and 146 can be positioned on 
either side of the assembly of optical shutter 140 and substrate 
142. Optical ?ber 144 can include ?ber core 204 and cladding 
layer 206. Similarly, optical ?ber 146 can include ?ber core 
208, as Well as cladding layer 210. Light can pass through 
?ber cores 204 and 208. In operation, When optical shutter 
140 is in a closed position (e.g., no application of its resonat 
ing frequency f”), transmission of light betWeen optical ?bers 
144 and 146 via opening 202 in substrate 142 can be blocked. 
HoWever, When optical shutter 140 is in an open position in 
response to applied resonant frequency f”, transmission of 
light betWeen optical ?bers 144 and 146 via opening 202 in 
substrate or base 142 can be alloWed. 

Referring noW to FIG. 3, an exemplary optical sWitch 
operation and associated timing diagram in accordance With 
embodiments of the present invention is shoWn. FIG. 3 shoWs 
hoW vibration of anchor 138 (e.g., coupled to substrate 104) 
can cause bending of ?exure 136 so that optical shutter 132 
can move enough to permit light to pass from one optical ?ber 
to another via opening 134. 

Optical shutter 132 in a closed position is indicated by 
general reference character 300. As shoWn in Waveform 310, 
a closed position can correspond to a blocked transmission of 
light betWeen associated optical ?bers (e.g., optical ?bers 144 
and 146 ofFIG. 2). Optical shutter 132 in an open position is 
indicated by general reference character 302. As shoWn in 
Waveform 310, an open position can correspond to an open or 
alloWed transmission of light betWeen associated optical 
?bers (e.g., optical ?bers 144 and 146 ofFIG. 2). This is also 
indicated by transmission WindoW 308. Such a transmission 
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WindoW can modulate the light transfer from blocked, or Zero 
transmission, through partial opening, to full opening, for 
example. 

Such a pattern can repeat in accordance With addressing or 
control via applied frequencies, for example. Thus, Whenever 
no resonant frequency f” is present, optical shutter 132 can be 
in a closed position (e.g., 300 and 304), corresponding to a 
blocked transmission of light betWeen associated optical 
?bers. HoWever, When resonant frequency f” is present, opti 
cal shutter 132 can be in an open position (e.g., 302 and 306), 
corresponding to an open or alloWed transmission of light 
betWeen associated optical ?bers. 

Referring noW to FIG. 4, an exemplary 2><2 optical sWitch 
in accordance With embodiments of the present invention is 
shoWn and indicated by the general reference character 400. 
In the particular example of FIG. 4, an arrangement of four 
optical shutters (406) With a 3 dB coupler (402) can achieve a 
2x2 optical sWitch (404). By designing the components (e. g., 
each optical shutter) to have different (or the same) resonant 
frequencies and by applying different frequencies to the com 
ponents, different of the shutters can be made to open or close 
to achieve sWitching of optical signals. 

In FIG. 4, IN 1 can be coupled to one of optical shutters 406 
having a resonant frequency fl . IN 2 can be coupled to another 
one of optical shutters 406 With resonant frequency f2. Simi 
larly, OUT 1 can be coupled an optical shutter 406 having a 
resonant frequency f 1 and OUT 2 can be coupled to an optical 
shutter 406 With resonant frequency f2. One or more of IN 1, 
IN 2, OUT 1, and/or OUT 2 may be optical ?bers suitable for 
carrying an optical signal, for example. 

Referring noW to FIG. 5, exemplary 2><2 optical sWitch 
variations in accordance With embodiments of the present 
invention are shoWn and indicated by the general reference 
characters 500 and 502. In 2><2 optical sWitch variation 500, 
V(fl) can be applied to an optical shutter having a resonant 
frequency f 1 and coupled to IN 1, as Well as an optical shutter 
having a resonant frequency f2 and coupled to IN 2. V(f2) can 
be applied to an optical shutter having a resonant frequency f 1 
and coupled to OUT 1, as Well as an optical shutter having a 
resonant frequency f2 and coupled to OUT 2, for example. 
A voltage V(fn) (e.g., V(fl) or V(f2) discussed above) can 

be used to apply frequency f” to particular optical shutter 
components. Such an applied voltage V(fn) can be a train of 
pulses at frequency f” or a square or triangular Wave With 
frequency f”, for example. In one particular example, applied 
voltage V(fl) may be sinusoidal in nature and may be related 
to the frequency (f) in accordance With the folloWing equa 
tion (Eq. 2): 

Vols): V sin(2nf,,l) (Eq. 2) 

As shoWn in 2><2 optical sWitch variation 500, application 
of V(f l) to the input side and application of V(f2) to the output 
side alloWs a path from IN IQOUT 2. This is because IN 1 is 
coupled to an optical shutter responsive to V(fl) (i.e., has a 
resonant frequency of f1) and OUT 2 is coupled to an optical 
shutter responsive to V(f2) (i.e., has a resonant frequency of 
f2). In contrast, because IN 2 and OUT 1 are coupled to optical 
shutters that have resonant frequencies of f2 and fl, respec 
tively, these shutters remain in the closed position and light 
from associated optical ?bers may be blocked as a result. 

Similarly, as shoWn in 2><2 optical sWitch variation 502, 
application of V(f l) to both the input and the output side of the 
sWitch alloWs a path from IN IQOUT 1. This is because IN 
1 and OUT 1 are coupled to optical shutters responsive to 
V(fl) (i.e., has a resonant frequency of f1), While IN 2 and 
OUT 2 are coupled to optical shutters responsive instead to 
V(f2). 
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6 
Referring noW to FIG. 6, exemplary timing diagrams shoW 

ing data transmission through optical shutters in accordance 
With embodiments of the present invention are indicated by 
the general reference character 600. In this particular 
example, timing diagrams are shoWn Whereby a pair of shut 
ters (e. g., shutters 1 and 2) can be used to alloW transmission 
of an optical signal, such as digitiZed data. 
Waveform 614 shoWs an exemplary timing diagram for 

shutter 1. A transmission WindoW (e.g., 602) can be estab 
lished When shutter 1 is in an open state. Similarly, Waveform 
616 shoWs an exemplary timing diagram for shutter 2 and a 
transmission WindoW (e.g., 604) can be established When 
shutter 2 is in an open state. Resultant Waveform 612 can 
essentially be a logical-AND function of Waveforms 614 and 
616, for example. 
When resultant Waveform 612 is in an open state, a trans 

mission WindoW (e.g., resulting transmission WindoW 606) 
can be established. During such a transmission WindoW, digi 
tiZed data 610, such as data packet 608, can be communi 
cated. In this fashion, a data packet can thus be communicated 
from one associated optical ?ber to another associated optical 
?ber, depending on the optical sWitch settings resulting from 
applied resonant frequencies using frequency-addressable 
shutters, as discussed above. 

Referring noW to FIG. 7, an exemplary 2><4 optical sWitch 
in accordance With embodiments of the present invention is 
shoWn and indicated by the general reference character 700. 
In this particular arrangement, IN 1 can be coupled to an fl 
resonating frequency shutter in shutter array 750, While IN 2 
can be coupled to an f2 resonating frequency shutter in shutter 
array 750, for example. Shutter array 750 can have V(fn) 
applied and its outputs can connect via 3 dB coupler 702, then 
to other 3 dB couplers 704 and 706. Terminators 708 and 710 
can connect to 3 dB couplers 704 and 706, respectively, and 
may act to terminate optical signals. Terminators can be 
employed in order to prevent possible re?ection of optical 
signals (e.g., from unused ends of optical ?ber coupler con 
nections) back into the system. Such re?ections could cause 
erroneous optical operations (e.g., misread bits due to 
increased noise). 

In shutter array 760, shutters corresponding to OUT 1, 
OUT 2, OUT 3, and OUT 4 can have resonating frequencies 
fl, f2, f3, and f4, respectively, as shoWn. Further, V(fn) can also 
be applied to shutter array 760. As Will be shoWn beloW in 
FIG. 8, different frequencies applied via V(fn) (i.e., fre 
quency-addressable shutters) can be used to make selections 
from inputs IN 1 and IN 2 to form paths to any of the outputs, 
OUT 1-4. 

Referring noW to FIG. 8, an exemplary 2><4 optical sWitch 
operation in accordance With embodiments of the present 
invention is shoWn and indicated by the general reference 
character 800. The general arrangement of FIG. 8 is similar to 
that of FIG. 7, but With 3 dB couplers 802, 804, and 806, and 
terminators 808 and 810, as shoWn. Further, V(fl) may be 
applied to shutter array 850, While V(f3) can be applied to 
shutter array 860. Thus, in this particular example, a fre 
quency fl is applied to shutter array 850 and frequency f3 is 
applied at shutter array 860. 

Because IN 1 is coupled to an optical shutter having a 
resonant frequency of fl, IN 1 is alloWed to pass via 3 dB 
coupler 802. Further, because OUT 3 is coupled to an optical 
shutter having a resonant frequency of f3, IN 1 is alloWed to 
pass via 3 dB coupler 806 to OUT 3. In this fashion, an IN 
IQOUT 3 optical path connection can be enabled using 
frequency-addressable shutters. 

Referring noW to FIG. 9, a conventional 4><4 optical sWitch 
realiZation using sixteen 2><2 sWitches is shoWn and indicated 
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by the general reference character 900. Each 2><2 switch 902 
can be connected as shown to realize a conventional 4><4 

switching scheme from inputs (IN 1-4) to outputs (OUT 1-4). 
An addressing scheme can apply different (or some or all of 
the same) waveform signals to the various 2><2 switches 902 
to obtain desired switch addressing and control performance. 
As shown in FIG. 9, such a conventional approach for an 
n-input to n-output switching system can be 2”. Thus, such a 
realiZation requires a relatively large number of components. 

Referring now to FIG. 10, an exemplary 4><4 optical switch 
using addressable mechanical arrays in accordance with 
embodiments of the present invention is shown and indicated 
by the general reference character 1000. Again, the same or 
different signal sources can be applied to the two arrays of 
switches (1012 and 1014), for example. With this approach in 
accordance with embodiments, larger arrays can be imple 
mented much more e?iciently than comparable conventional 
approaches. 

In FIG. 10, IN 1, IN 2, IN 3, and IN 4 can be respectively 
coupled to shutters in shutter array 1012 having resonating 
frequencies fl, f2, f3, and f4, as shown. Shutter array 1012 can 
have V(fn) applied and its outputs can connect via 3 dB 
couplers 1002 and 1004, then to 3 dB coupler 1006, then to 
other 3 dB couplers 1008 and 1010, as shown. In shutter array 
1014, shutters corresponding to OUT 1, OUT 2, OUT 3, and 
OUT 4 can have resonating frequencies f 1, f2, f3, and f4, 
respectively, as shown. Further, V(fn) can also be applied to 
shutter array 1014. As will be shown below in FIG. 11, dif 
ferent frequencies applied via V(fn) (i.e., frequency-address 
able shutters) can be used to make selections from inputs IN 
1-4 to form paths to any of the outputs, OUT 1-4. Couplers 
1002, 1004, 1008, and 1010 may also connect to terminators 
1020, 1024, 1022, and 1026, respectively, in order to reduce 
possible back re?ections. 

Referring now to FIG. 11, an exemplary 4><4 optical switch 
operation in accordance with embodiments of the present 
invention is shown and indicated by the general reference 
character 1100. The general arrangement of FIG. 11 is similar 
to that of FIG. 10, but with 3 dB couplers 1102, 1104, 1106, 
1108, and 1110, as well as terminators 1120,1122, 1124, and 
1126, as shown. Further, V(f2) may be applied to shutter array 
1112, while V(f4) can be applied to shutter array 1114. Thus, 
in this particular example, a frequency f2 is applied to shutter 
array 1112 and frequency f4 may be applied at shutter array 
1114. 

Because IN 2 is coupled to an optical shutter having a 
resonant frequency of f2, IN 2 is allowed to pass via 3 dB 
couplers 1102 and 1106. Further, because OUT 4 is coupled 
to an optical shutter having a resonant frequency of f4, IN 2 is 
allowed to pass via 3 dB coupler 1110 to OUT 4. In this 
fashion, an IN ZQOUT 4 optical path connection can be 
enabled using frequency-addressable shutters. 

Referring now to FIG. 12, a simpli?ed ?ow diagram of a 
method of implementing an optical switch in accordance with 
embodiments of the present invention is shown and indicated 
by the general reference character 1200. The ?ow can begin 
(1202) and an input shutter array can be formed using shutters 
with resonant frequency responses (1204). An example of 
such an input shutter array is shutter array 1112, discussed 
above with reference to FIG. 11. Similarly, an output shutter 
array (e.g., 1114 of FIG. 11) can be formed using shutters 
with resonant frequency responses (1206). The resonant fre 
quency responses can allow for frequency-addressable and/or 
controllable switches. 

Paths between the shutter arrays can be connected using 
couplers (e.g., 3 dB couplers 1102, 1104, 1106, 1108, and 
1110 of FIG. 11) (1208). Next, frequencies can be applied to 
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8 
the input and output shutter arrays, where the frequencies can 
correspond to one or more of the resonant frequencies (1210). 
In the example discussed above with reference to FIG. 11, f2 
(via V(f2)) could be applied to shutter array 1112 to select IN 
2 and f4 (via V(f4)) could be applied to shutter array 1114, to 
enable or allow an optical path connection from IN 2 to OUT 
4. 
When a given optical path connection (e.g., IN 2 to OUT 4) 

is enabled by such frequency addressing and/or control, a 
resulting transmission window (e.g., 606 of FIG. 6) can be 
established. If no transmission window is established (1212), 
the ?ow can complete (1216). However, if a transmission 
window is established (1212), a data packet (e.g., 608 ofFIG. 
6) can be sent from a selected input (e.g., IN 2) to a selected 
output (e.g., OUT 4) (1214) and the ?ow can complete 
(1216). 
Although the invention has been described with reference 

to speci?c embodiments thereof, these embodiments are 
merely illustrative, and not restrictive of the invention. For 
example, although the use of 2x2, 2x4, and 4x4 optical 
switches are discussed, any suitable type of switch arrange 
ment (e.g., n><n, m><n, etc.), larger arrays, as well as multi 
plexer and/or demultiplexer con?gurations can be used. Fur 
ther, it should be apparent that the speci?c dimensions, 
physical measurements and/or other parameter values pre 
sented herein may be varied while still achieving desirable 
results. 

Although an optical shutter is used in accordance with 
illustrative embodiments, in general, any type of MEMS 
structure can be subjected to resonant stimulation. For 
example, an array (or other collection) of mirrors, other types 
of switches, sensors, etc., can have one or more of its struc 
tures subjected to a frequency and a resulting vibration of the 
structure can be detected. 

In the description herein, numerous speci?c details are 
provided, such as examples of components and/or methods, 
to provide a thorough understanding of embodiments of the 
present invention. One skilled in the relevant art will recog 
niZe, however, that an embodiment of the invention can be 
practiced without one or more of the speci?c details, or with 
other apparatus, systems, assemblies, methods, components, 
materials, parts, and/or the like. In other instances, well 
known structures, materials, or operations are not speci?cally 
shown or described in detail to avoid obscuring aspects of 
embodiments of the present invention. 

Reference throughout this speci?cation to “one embodi 
ment”, “an embodiment”, or “a speci?c embodiment” means 
that a particular feature, structure, or characteristic described 
in connection with the embodiment is included in at least one 
embodiment of the present invention and not necessarily in all 
embodiments. Thus, respective appearances of the phrases 
“in one embodiment,” “in an embodiment,” or “in a speci?c 
embodiment” in various places throughout this speci?cation 
are not necessarily referring to the same embodiment. Fur 
thermore, the particular features, structures, or characteristics 
of any speci?c embodiment of the present invention may be 
combined in any suitable manner with one or more other 
embodiments. It is to be understood that other variations and 
modi?cations of the embodiments of the present invention 
described and illustrated herein are possible in light of the 
teachings herein and are to be considered as part of the spirit 
and scope of the present invention. 

It will also be appreciated that one or more of the elements 
depicted in the drawings/?gures can also be implemented in a 
more separated or integrated manner, or even removed or 
rendered as inoperable in certain cases, as is useful in accor 
dance with a particular application. 
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As used in the description herein and throughout the claims 
that folloW, “a”, “an”, and “the” includes plural references 
unless the context clearly dictates otherWise. Also, as used in 
the description herein and throughout the claims that folloW, 
the meaning of “in” includes “in” and “on” unless the context 
clearly dictates otherWise. 

The foregoing description of illustrated embodiments of 
the present invention, including What is described in the 
Abstract, is not intended to be exhaustive or to limit the 
invention to the precise forms disclosed herein. While spe 
ci?c embodiments of, and examples for, the invention are 
described herein for illustrative purposes only, various 
equivalent modi?cations are possible Within the spirit and 
scope of the present invention, as those skilled in the relevant 
art Will recogniZe and appreciate. As indicated, these modi 
?cations may be made to the present invention in light of the 
foregoing description of illustrated embodiments of the 
present invention and are to be included Within the spirit and 
scope of the present invention. 

Thus, While the present invention has been described 
herein With reference to particular embodiments thereof, a 
latitude of modi?cation, various changes and substitutions 
are intended in the foregoing disclosures, and it Will be appre 
ciated that in some instances some features of embodiments 
of the invention Will be employed Without a corresponding 
use of other features Without departing from the scope and 
spirit of the invention as set forth. Therefore, many modi? 
cations may be made to adapt a particular situation or material 
to the essential scope and spirit of the present invention. It is 
intended that the invention not be limited to the particular 
terms used in folloWing claims and/or to the particular 
embodiment disclosed as the best mode contemplated for 
carrying out this invention, but that the invention Will include 
any and all embodiments and equivalents falling Within the 
scope of the appended claims. 
What is claimed is: 
1. An optical sWitch, comprising: 
a shutter; and 
a ?exure coupled to the shutter, Whereupon a vibration 

transmitted to the ?exure causes the shutter to move 
across an opening for passage of an optical signal 
through the opening, Wherein the vibration occurs When 
in the presence of a frequency substantially equal to a 
resonant frequency of the optical sWitch. 

2. The optical sWitch of claim 1, Wherein multiple optical 
sWitches are arranged to alloW multiple inputs to be directed 
to one or more outputs. 

3. The optical sWitch of claim 1, Wherein multiple optical 
sWitches are arranged to alloW at least one input to be directed 
to one of multiple outputs. 

4. The optical sWitch of claim 3, Wherein the multiple 
optical sWitches are arranged to form a frequency-address 
able 2><2 optical sWitch. 

5. The optical sWitch of claim 3, Wherein the multiple 
optical sWitches are arranged to form a frequency-address 
able 2><4 optical sWitch. 
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6. The optical sWitch of claim 3, Wherein the multiple 

optical sWitches are arranged to form a frequency-address 
able 4><4 optical sWitch. 

7. The optical sWitch of claim 1, further comprising an 
anchor coupled to the ?exure, Wherein the anchor is substan 
tially ?xed relative to the opening. 

8. The optical sWitch of claim 1, Wherein the resonant 
frequency is substantially determined by a geometry, a mass, 
and a stiffness of the ?exure, and a mass of the shutter. 

9. The optical sWitch of claim 1, further comprising optical 
?bers on either side of the opening, Wherein the optical ?bers 
are con?gured to pass an optical signal through the opening 
When the optical sWitch is in an open state. 

10. The optical sWitch of claim 1, Wherein the shutter and 
the ?exure comprise silicon (Si), silicon germanium (SiGe), 
poly-crystalline silicon (poly-Si), or silicon carbide (SiC). 

11. An optical sWitch, comprising: 
a shutter; 
a ?exure coupled to the shutter, Whereupon a vibration 

transmitted to the ?exure causes the shutter to move 
across an opening for passage of an optical signal 
through the opening; 

optical ?bers on either side of the opening, Wherein the 
optical ?bers are con?gured to pass an optical signal 
through the opening When the optical sWitch is in an 
open state, Wherein the optical sWitch is in the open state 
When in the presence of a frequency substantially equal 
to a resonant frequency of the optical sWitch. 

12. The optical sWitch of claim 11, Wherein the open state 
is con?gured to provide a transmission WindoW for sending a 
data packet. 

13. A method of modulating light, the method comprising: 
forming input and output shutter arrays, each using shutters 

being responsive to resonant frequencies; 
connecting paths betWeen the input and output shutter 

arrays using couplers; 
applying frequencies to the input and output shutter arrays, 

Wherein the frequencies correspond to one or more of 
the resonant frequencies; and 

sending a packet from a selected input from the input 
shutter array to a selected output in the output shutter 
array. 

14. The method of claim 13, Wherein the sending the packet 
comprises using optical ?bers positioned adjacent to the 
selected input and the selected output. 

15. The method of claim 13, Wherein the connecting paths 
comprises attaching a terminator to at least one of the cou 
plers. 

16. The method of claim 13, Wherein the couplers include 
3dB couplers. 

17. The method of claim 13, Wherein the applying frequen 
cies comprises using a voltage signal related to the one or 
more of the resonant frequencies. 


