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(57) ABSTRACT

An optical switching element has a movable optically trans-
missive microstructure to change the optical paths of the
optical signals. The movable microstructure 1s “optically
transmissive” because 1t 1ncludes structures such as
waveguides and waveguide networks which transmit optical
signals. The apparatus uses MEMS and micromachining
technology to build an optical switch having an optically
transmissive microstructure which moves from one position
to another position in a direction (e.g., laterally, vertically,
rotationally) such that incoming optical signals align over a
small air gap with different waveguides, or with different
inputs to the waveguides, depending on the position of the
movable microstructure. As a result, the optical signals
travel different optical paths (e.g., straight pass through or
cross over) depending on the position of the movable
microstructure.
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OPTICAL SWITCHING ELEMENT HAVING
MOVABLE OPTICALLY TRANSMISSIVE
MICROSTRUCTURE

CROSS-REFERENCE TO RELATED
APPLICATTONS

[0001] This patent application 1s related to, and claims
priority to, provisional U.S. Patent Application Serial No.

60/233,672 by Ying Wen Hsu, filed on Sep. 19, 2000 and

fitled “Method for switching optical signals using micro-
structures.”

BACKGROUND OF THE INVENTION
0002] 1. Field of the Invention

0003] This field of the invention relates generally to a
class of devices and 1ntegration of an array of these devices
into a system for switching optical signals. In particular, the
devices are made with materials and processes that are
compatible with the prevalent semiconductor manufacturing
practice, hence capable of producing products 1n high vol-
ume and low cost.

0004] 2. Background

0005] The interest in these devices has been driven by the
tremendous 1ncrease 1n demand for more usage and faster
communications systems, 1.€. greater bandwidth, 1 the
telecommunication industry. The prime examples of appli-
cations that are pushing this demand are the Internet, video/
music on demand, and corporate data storage. The existing
telecommunication inirastructure, which was largely devel-
oped for telephone calls, 1s now incapable of meeting the
demands for new applications of data communication.

[0006] Several options have been developed to meet this
new demand. These options include wireless, optical, and
free-space laser communication technologies. To date, the
most promising technology capable of meeting the projected
bandwidth requirements of the future 1s the optical technol-

OgyV.

[0007] In an all optical network, or in a combination of an
optical and electrical network, the necessary components
include a signal carrier medium (i.e. optical fiber), signal
routing systems, and data control systems. These signal
routing systems have devices which switch optical signals
between optical fibers.

[0008] In the prior art approaches, the switching of optical
signals can be accomplished 1n predominantly two major
approaches: electrical and optical. Today, most systems use
clectrical switching. In these systems, at the network junc-
fions, the optical signals must first be converted 1nto elec-
trical signals. The converted electrical signals are then
switched to the designated channel by integrated circuits.
Lastly, the electrical signals must be converted back into
optical signals before the signals can be passed onto the
optical fiber toward the next destination. Such optical con-
verters are relatively expensive compared to the rest of the
fransmission equipment.

[0009] Electrical switching technology is reliable, inex-
pensive (except for optical converters), and permits signal
reconditioning and monitoring. The main drawback with
electrical switching systems 1s that the number of junctions
in a long distance network can be large, and the total cost of
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converters 1s very high. Furthermore, typically more than
70% of signals arriving at a junction require only simple
straight pass-through, and conversion (down and up conver-
sions) of the full signal results in inefficient use of hardware.
System designers also anticipate that future systems are best
served by transparent optical switch capabilities; that 1is,
switching systems capable of redirecting the path of the
optical signal without regard to the bit rate, data format, or
wavelength of the optical signal between the input and
output ports. Most electrical switching systems are designed
for a specific rate and format, and cannot accommodate
multiple and dynamic rates and formats. Future systems will
also be required to handle optical signals of different wave-
lengths, which m an electrical switching network would
necessitate the use of separate channels for each wavelength.
These limitations of the electrical switching system provide

new opportunities for the development of improved optical
switching systems.

[0010] A switch that directly affects the direction of light
path is often referred to as an Optical Cross Connect (OXC).
Conventional optical fabrication techniques using glass and
other optical substrates cannot generate products that meet
the performance and cost requirements for data communi-
cation applications. Unlike the electrical switching tech-
nique that 1s based on matured integrated circuit technology,
optical switching (ones that can achieve high port count)
depends on technologies that are relatively new. The use of
micromachining is one such new approach. The term MEMS
(Micro Electro-Mechanical Systems) is used to describe
devices made using wafer fabrication process by microma-
chining (mostly on silicon wafers). The batch processing
capabilities of MEMS enable the production of these devices
at low cost and in large volume.

[0011] MEMS-based optical switches can be largely
grouped into three categories: 1) silicon mirrors, 2) fluid
switches, and 3) thermal-optical switches. Both fluid and
thermal-optical switches have been demonstrated, but these
technologies lack the ability to scale up to a high number of
channels or port counts. A high port count 1s 1important to
switch a large number of fibers efficiently at the junctions.
Thus far, the use of silicon mirrors 1n a three dimensional
(3D) space is the only approach where a high port count
(e.g., greater than 1000) 1s achievable.

[0012] Optical Cross Connects that use 3D silicon mirrors
face extreme challenges. These systems require very tight
angular control of the beam path and a large free space
distance between reflective mirrors in order to create a
device with high port counts. The precise angular controls
required are typically not achievable without an active
control of beam paths. Since each path has to be monitored
and steered, the resulting system can be complex and costly.
These systems also require substantial software and electri-
cal (processing) power to monitor and control the position of
each mirror. Since the mirror can be moved 1n two directions
through an infinite number of possible positions (1.e., analog
motion), the resulting feedback acquisition and control
system can be very complex, particularly for a switch having
large port counts. For example, as described in a recent
development report, Lucent Technology’s relatively small
3D mirror-switching prototype was accompanied by support
equipment that occupied three full-size cabinets of control
electronics.
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[0013] Ideally, an optical switch will have the following
principal characteristics:

[0014] 1) Be scalable to accommodate large port
counts (>1000 ports);

[0015] 2) Be reliable;

[0016] 3) Be built at a low cost;

[0017] 4) Have a low switching time;

[0018] 5) Have a low insertion loss/cross talk.

[0019] While the 3D-silicon mirror can meet the scalabil-
ity requirement, 1t cannot achieve the rest of the objectives.
Theretore, there 1s a need for a new approach whereby the
complex nature of the 3D free space optical paths and analog
control can be replaced with guided optical paths and digital
(two states) switching. Such a system will greatly simplify
the operation of switching, enhance reliability and perfor-
mance, while significantly lowering cost. The disclosure in
the following sections describes such a system.

SUMMARY OF THE INVENTION

[0020] The invention relates to a method and apparatus for
switching optical signals using a movable optically trans-
missive microstructure. This apparatus uses movable micro-
structures to direct multiple optical paths.

[0021] A first, separate aspect of the invention is an
apparatus for switching optical signals by selectively mov-
ing a movable optically transmissive microstructure, where
the optical signals take one set of paths if the microstructure
1s not moved and the optical signals take a different set of
paths if the microstructure 1s moved.

[0022] A second, separate aspect of the invention is an
apparatus for switching optical signals by selectively mov-
ing a movable optically transmissive microstructure, where
the optical path that the optical signals take depends on the
position of the microstructure.

[0023] A third, separate aspect of the invention is an
apparatus for switching optical signals comprising a fixed
input waveguide, at least two optically transmissive
waveguides mounted to a movable microstructure, and a
fixed output waveguide.

10024] A fourth, separate aspect of the invention is an
apparatus for switching optical signals comprising a mov-
able optically transmissive microstructure having an input
and an output, where the 1nput 1s positioned 1n close prox-
imity (e.g., a small air gap) to a waveguide containing an
incoming optical signal and the output 1s positioned 1n close
proximity (e.g., a small air gap) to a waveguide for carrying
an outgoing optical signal.

[0025] A fifth, separate aspect of the invention is an
apparatus for switching optical signals comprising a micro
structure mounted for movement relative to the substrate of
a silicon chip, the microstructure carrying optically trans-
missive waveguides.

[0026] A sixth, separate aspect of the invention is an
apparatus for switching optical signals comprising a sub-
strate of a chip, a micro structure carrying optically trans-
missive waveguides and movably mounted to the substrate
for movement relative to the substrate, and a control struc-
ture for moving the microstructure relative to the substrate.
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[0027] A seventh, separate aspect of the invention is an
apparatus for switching optical signals comprising a sub-
strate of a chip, a support structure mounted to the substrate,
a microstructure carrying optically transmissive waveguides
and movably mounted to the support structure for movement
relative to the substrate, and a control structure for moving
the microstructure relative to the substrate.

[0028] An cighth, separate aspect of the invention is an
apparatus for switching optical signals comprising an optical
switch having a movable optically transmissive microstruc-
ture that switches optical signals 1n the X-Y dimension and
an opftical switch having a movable optically transmissive
microstructure that switches optical signals 1n the Z dimen-
sion, thereby providing the capability to switch optical
signals 1n 3 dimensions.

[0029] A ninth, separate aspect of the invention is an
apparatus for switching optical signals comprising a micro-
switch element having a movable optically transmissive
microstructure, the micro-switch element being capable of
directing optical signals from two inputs to any of two
outputs.

[0030] A tenth, separate aspect of the invention is an
apparatus for switching optical signals comprising a mov-
able opfically transmissive microstructure which corrects
optical misalignment from a two dimensional array of
optical outputs by using a two dimensional array of opftic
clements placed at the interface.

[0031] An cleventh, separate aspect of the invention is a
method of switching optical signals comprising the step of
selectively moving a movable optically transmissive micro-
structure, where the optical signals take one set of paths if
the microstructure 1s not moved and the optical signals take
a different set of paths 1f the microstructure 1s moved.

[0032] A twelfth, separate aspect of the invention is a
method of switching optical signals comprising the steps of
providing an incoming optical signal through a fixed input
waveguide, selectively directing the optical signal 1nto one
of at least two waveguides mounted to a movable micro-
structure by selectively moving the microstructure, and
outputting the optical signal through a fixed output
waveguide.

[0033] A thirteenth, separate aspect of the invention is a
method of switching optical signals comprising the step of
positioning a movable optically transmissive microstructure
having an mput and an output such that the mput 1s posi-
tioned in close proximity (e.g., a small air gap) to a
waveguide containing an incoming optical signal and the
output is positioned in close proximity (e.g., a small air gap)
to a waveguide for carrying an outgoing optical signal.

[0034] A fourteenth, separate aspect of the invention is a
method of switching optical signals comprising the step of
mounting an optically transmissive microstructure {for
movement relative to the substrate of a silicon chip, the
microstructure carrying optically transmissive waveguides.

[0035] A fifteenth, separate aspect of the invention is a
method of switching optical signals comprising the steps of
providing a substrate of a chip, movably mounting a micro-
structure carrying optically transmissive waveguides to the
substrate for movement relative to the substrate, and selec-
tively moving the microstructure relative to the substrate to
switch the optical signals.
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[0036] A sixteenth, separate aspect of the invention is a
method of switching optical signals comprising the steps of
providing a support structure mounted to the substrate of a
chip, movably mounting a microstructure carrying optically
transmissive waveguides to the support structure for move-
ment relative to the substrate, and selectively moving the
microstructure relative to the substrate to switch the optical
signals.

[0037] A seventeenth, separate aspect of the invention is a
method of switching optical signals comprising the steps of
providing an optical switch that switches optical signals in
the X-Y dimension and providing an optical switch that
switches optical signals i the Z dimension, thereby provid-
ing the capability to switch optical signals 1n 3 dimensions.

[0038] An cighteenth, separate aspect of the invention is a
method of switching optical signals comprising the steps of
providing a micro-switch element having a movable opti-
cally transmissive microstructure capable of directing opti-
cal signals from two 1nputs to any of two outputs.

[0039] A nineteenth, separate aspect of the invention is a
method of switching optical signals comprising the steps of
selectively moving an optically transmissive microstructure
to switch optical signals and correcting optical misalignment
from a two dimensional array of optical outputs by using a
two dimensional array of optic elements placed at the
interface.

10040] A twentieth, separate aspect of the invention is a
method of fabricating movable and stationary waveguides
using a movable optically transmissive microstructure.

[0041] A twenty-first, separate aspect of the invention is a
method of fabricating movable and stationary waveguides
using a movable optically transmissive microstructure, the
method comprising the steps of integrating simple switch
clements and forming a structure capable of simultaneously
switching a high density of optical signals from a two
dimensional input array to a two dimensional output array.

[0042] A twenty-second, separate aspect of the invention
1s any of the above separate aspects, either individually or in
some combination.

[0043] Further separate aspects of the mvention can also
be found 1n a system or method that practices any of the
above separate aspects, either individually or in some com-
bination.

10044] Other systems, methods, features and advantages
of the mvention will be or will become apparent to one with
skill 1n the art upon examination of the following figures and
detailed description. It 1s mtended that all such additional
systems, methods, features and advantages be included
within this description, be within the scope of the invention,
and be protected by the accompanying claims.

BRIEF DESCRIPTION OF THE FIGURES

10045] The components in the figures are not necessarily
to scale, emphasis instead being placed upon illustrating the
principles of the invention. Moreover, 1n the figures, like
reference numerals designate corresponding parts through-
out the different views.

10046] FIG. 1 illustrates a block diagram of an example
embodiment of an optical switch system adapted to handle

1024 ports.
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10047] FIG. 2 illustrates an exploded conceptual view of
an example embodiment of the OXC blocks and optical
connectors of FIG. 1.

10048] FIG. 3A illustrates a plan view of an example
embodiment of a single switching layer of FIG. 2.

10049] FIG. 3B illustrates an edge view of an example
embodiment of a single switching layer of FIG. 2.

[0050] FIGS. 4A-4F illustrate different example embodi-
ments of a waveguide on a switching layer.

[0051] FIG. 5A illustrates an plan view of an example
embodiment of a switching layer which can switch 8x8&
ports.

[10052] FIG. 5B illustrates an edge view of the switching
layer of FIG. 5A.

[0053] FIG. 6A illustrates an example embodiment of an
optical connector whose optical substrate 1s machined to
have an array of convex spherical surfaces.

[0054] FIG. 6B illustrates how the optical connector of
FIG. 6A corrects a misaligned light beam.

[0055] FIG. 7A illustrates an example embodiment of a
switch element having a movable optically transmissive
platform.

[0056] FIG. 7B illustrates the switch element of FIG. 7A
when the movable platform 1s not moved.

[10057] FIG. 7C illustrates the switch element of FIG. 7A

when the movable platform 1s moved.

[0058] FIG. 7D illustrates an example embodiment of a
switch element having a movable optically transmissive
platform and a double layer of waveguides.

[0059] FIG. 8A illustrates an example alternative embodi-
ment of a switch element having a movable optically trans-
missive platform which moves parallel to the plane of the
substrate.

[0060] FIG. 8B illustrates an example alternative embodi-
ment of a switch element having a rotatable or pivoting
optically transmissive platform.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

[0061] FIG. 1 illustrates a block diagram of an example
embodiment of an optical switch system 10 adapted to
handle 1024 ports by 1024 ports. This optical switch system
10 includes a 3-dimensional waveguide. The optical switch
system 10 shown in FIG. 1 employs guided wave paths (i.¢.,
waveguide), digital switching, and is capable of handling
1024 ports. Two of the key components of the optical switch
system 10 are two OXC blocks 12, 14. OXC blocks 12, 14
are also referred to as switch blocks because they include
vertical and horizontal optical switches respectively. OXC
block (Y) 12 is used for switching optical beams in the
vertical direction, and OXC block (X) 14 switches optical
beams in the horizontal direction. The two OXC blocks (Y
and X) 12, 14 are connected end-to-end such that all outputs
of the first (Y) OXC block 12 is connected to the input of the
second (X) OXC block 14.

[0062] Since each OXC block 12, 14 is an assembled unit,
some manufacturing tolerances may be inevitable. To handle
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the accumulation of these tolerances, an optical connector 16
1s required to facilitate system assembly. Likewise, optical
connectors 16 may be used at the mput of the first OXC
block 12, and output of the second OXC block 14, to allow
for positional errors at the interface connection. Optionally,
the optical connector 16 can be an optical-to-electrical-to-
optical connector, a plurality of mirrors 1n free space, a
bundle of optical fibers, or any kind of optical connector.

[0063] Optical fibers 18 are connected to the input inter-
face 20. The switched optical signals exit at the output
interface 22. For example, the mput mterface 20 and output
interface 22 may be mechanical interfaces to fiber optics.
Electrical signals for controlling individual switch elements
are 1nterconnected (between layers) in an electrical inter-
connect 24 on the side of each OXC block 12, 14. These
electrical wires are routed to the Interface and Control
Electronics 30 located adjacent to the OXC blocks 12, 14.
The optical switch system 10 may be mounted on a board 32.

[0064] FIG. 2 illustrates an exploded conceptual view of
an example embodiment of the OXC blocks 12, 14 and
optical connectors 16A-16C of FI1G. 1. For clarity, the
vertical switch block, OXC block 12, 1s shown with only the
first and last switching layers 40, 42. Each switching layer
40, 42, for example, 1s capable of switching 32 inputs to any
of the 32 outputs in the vertical direction. By placing 32 of
the switching layers together, all 32 channels can be con-
nected along the vertical plane. To complete the full capa-
bility of switching 32x32 channels, a mechanism for switch-
ing 1n the horizontal direction 1s needed and this 1s fulfilled,
for example, by a second OXC block 14 (the horizontal
switch block). FIG. 2 shows only the first and last switching
layers 44, 46 of the second (X) OXC block 14. Each
switching layer 44, 46, for example, 1s capable of switching
32 mputs to any of the 32 outputs in the horizontal direction.
By placing 32 of the switching layers together, all 32
channels can be connected along the horizontal plane. Com-
bined 1nto the embodiment shown 1n FIG. 2, the vertical and
horizontal switching layers create a 32x32 optical switch.

[0065] The following example illustrates how a signal at
channel (1,1) (the numbers refer to the row and column
number respectively) can be routed to the channel (32,32)
output. The optical beam 50 (represented in arrows) enters
at the (1,1) location, through first optical connector 16 A, and
enters the first switching layer 40. The switches 1n the first
switching layer 40 connect the optical beam from (1,1) to the
(1,32) output. The optical signal exits the vertical (Y) switch
layers, and passes and realigns properly through the second
optical connector 16B into the horizontal (X) switching
layer at (1, 32). The optical beam now is routed from
position (1,32) to position (32,32), then realigns and exits
through the third optical connector 16C.

[0066] The optical switch system 10 may have an optical
path network 202. The optical path network 202 includes at
least one optical path along which the optical signal 50 may
travel. For example, the optical path network 202 may
include a mirror, waveguide, air gap, or other structures that
provide an optical path. In the example embodiment, the
optical path network 202 1s a waveguide network 202. One
advantage of the 3D waveguide embodied 1n the optical
switch system 10 described is that in this approach it is
possible to achieve a large port count without a need to
control the beam paths precisely and actively. Since the
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optical beam 1s captured within the waveguides or
waveguide networks on each switching layer, only the end
connections are critical. A waveguide network may include
a plurality of waveguides such as waveguide network 202
shown in FIG. 8A. In fact, a waveguide network may
contain only a single waveguide, if desired. Where an
embodiment 1s described as using a waveguide network, 1t
should be understood that the embodiment could use a
waveguide 1nstead, and vice versa. Where alignment 1s
critical, such as at the interface, an optical connector 16 will
allow for correction of beam misalignment using conven-
tional and mmexpensive optics. The simplicity of the resulting
3D waveguide and the protective environment (e.g., each
switching layer can be sealed) further enhances the reliabil-
ity and robustness of the system, providing beam paths
which are unaffected by temperature, humidity, aging and
handling.

[0067] FIGS. 3A and 3B illustrate a plan view and an

edge view respectively of an example embodiment of a
single switching layer of FIG. 2, for example, switching
layer 44. This example shows how 32 inputs can be con-
nected through an array of simple switch elements 60, to 32
outputs. In this example of a 32x32 port, there are 80 switch
clements 60. The methodology of interconnection 1s well
known to those skilled in the art of signal routing design and
may be any methodology. Pioneering work 1n routing theo-
ries done at Bell Laboratories has shown that an optical
signal can be efficiently routed by connecting simple
switches (such as 2x2 elements) in a specific manner. By
following these routing guidelines, i1t can be shown that
every input can be connected to any output without any of
the connections blocked.

[0068] The switching layer 44 shown in FIGS. 3A, 3B
includes a substrate 62 that carries waveguides 64 and
switch elements 60. In this example embodiment, the sub-
strate 62 may be any semiconductor material such as silicon.
To protect these waveguide and switch element microstruc-
tures, the substrate 62 may be covered and sealed by using
another (cap) wafer 63. An effective sealing to exclude
contaminants and humidity can be achieved by bonding a
cap waler 63 to substrate 62 using any of a multitude of
techniques already available, including anodic, fusion, and
cutectic bonding.

[0069] Optical signals 50 enter the switching layer 44 at
onc edge. Preferably, the edge 1s polished and angled to
allow a complete refraction of the optical beams 350.
Depending on the optical index of the interface medium
(e.g., air or another optical element), the angle of the edge
can be designed to accommodate total refraction. Once the
optical beam 350 enters the waveguide 64, light cannot
escape from the waveguide 64 due to a phenomenon known
as total internal reflection. This 1s the same phenomenon that
allows an optical fiber to carry light for long distances
without significant loss.

[0070] The switching action 1s controlled by the applica-
fion of electrical voltage. Each switch element 60 requires,
for example, three electrical connections: an actuation elec-
trode, a position sensing electrode, and electrical ground.
The electrical ground connection can be tied together to
minimize the number of electrical traces. Each switch ele-
ment 60 would have, therefore, a minimum of two electrical
connections that need to be passed through and underneath
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the capping water 63 to interface with the outside world. In
FIG. 3A, the electrical traces 66 are shown ftraversing
substantially orthogonally to the optical path and terminat-
ing at the electrical bond pads 68 at the lower edge. Of
course, the actual layout of the electrical traces 66, bond
pads 68, input ports and output ports can be modified to be
different than that shown 1n this example.

[0071] FIGS. 4A-4F illustrates various example embodi-

ments of a waveguide 64 on a switching layer. To maintain
total internal reflection (TIR), the environment surrounding
the waveguide 64 must have an optical index of refraction
lower than index of the waveguide 64. Glass, for example,
which has an index of 1.5, can be coated with a material
having a lower index, or simply use a vacuum (index 1.0) or
air as the medium. A wide range of gases could be used to
ensure compatibility with the wafer bonding process. In a
first embodiment, FIG. 4A 1illustrates a cross section of a
waveguide 64 formed of glass whereby the medium sur-
rounding the waveguide 64 1s 1n a vacuum or air. The carrier
70 may be formed of glass or silicon. In a second embodi-
ment, F1G. 4B 1llustrates another waveguide 64 where the
top and sides of the waveguide 64 are 1n contact with a
vacuum while the bottom surface 1s bonded with an inter-
mediate material with an i1ndex lower than that of the
waveguide. The carrier 70 may be formed of glass or silicon.

[0072] In both of the FIG. 4A and 4B embodiments, the

upper substrate should be a material that will transmit
optical signals at the wavelength of interest, such as 0.82,
1.3, and 1.55 micrometers. These are the wavelengths that
are typically used 1n fiber optics transmission, and 1n which
the support equipment (such as the transmitter, carrier and
receiver) 1s designed to handle. In both embodiments, the
material on the bottom (carrier substrate 70) is used mainly
to provide mechanical support to the structure. As 1t will be
explained later, the actual switching mechanism will require
some of the waveguides to move vertically or laterally by the
application of an external force. The carrier substrate 70 can
be made of glass, silicon, or any material compatible with
micromachining.

[0073] FIGS. 4C and 4D illustrate alternative embodi-

ments of a waveguide 64 without using a substrate 70. The
small amount of material 72 that bridges the waveguide 64
to adjacent material will allow some loss of light and this
design needs to consider the tradeoff between mechanical
strength and opftical loss. One advantage of the embodiments
in FIGS. 4C and 4D 1s that only a single-layer structure 1s
required, avoiding the necessity of wafer bonding. Detailed
designs using these alternative embodiments should mvolve
achieving a balance between the mechanical and optical
integrity of the waveguides and acceptable manufacturing
COsts.

[0074] Although the preferred embodiment of an optical
switch system uses a waveguide, optical guides using reflec-
tive surfaces or other known structures can also be used.
FIG. 4K shows a guide 78 made by bonding two wafers 80,
82 to create a closed optical guide 78. To enhance the
reflectivity of the surface, metal coating such as gold or
nickel (or any other materials compatible with the micro-
machining process) could be deposited on the inner surfaces
prior to bonding.

[0075] Yet another alternative embodiment is to use the
vertical surfaces of the microstructure. As 1n a conventional
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optical system, such an approach would require tight angular
control of the vertical walls to control the beams precisely.
FIG. 4F shows a trench etched into the wafer whose vertical
walls are the reflective surfaces with a top cap 80 forming a
closed waveguide 78. As before, a metal coating can be
applied to enhance reflectivity.

[0076] FIGS. 5A and 5B illustrate a plan view and an
edge view of an example embodiment of a non-blocking
switching layer 44 that performs switching of 8x8 ports. To
achieve full switching capability in this example, 12 switch
clements 90 are required. Each switching element 90 1is
capable of performing a 2x2 switch. The switching layer 44
1s non-blocking because the optical signal 50 always passes
to the optical output side through some optical path.

[0077] Optical connectors 16 are used to minimize inser-
tion loss due to misalignment between the optical fiber and
the switch element 90, or between OXC blocks. In both
cases, there 1s an accumulation of geometrical tolerances due
to 1mpertect assembly, which should be corrected to mini-
mize loss of light. Most often, the misalignment 1s due to a
combination of linear and angular offsets.

[0078] FIG. 6A illustrates an optical connector 16 whose
substrate 1s machined on both sides to have an array of
convex spherical surfaces 100. One side of the spherical
surface array 1s positioned to connect with a fiber bundle to
receive the mcoming light beam 50. The opposite convex
surface focuses the beam onto a small spot to allow for
connection to the OXC blocks. For example, the optical
connector 16 may have as a spherical surface 100 for each

port in the optical switching system (here, e.g., 32x32, or
1024 surfaces 100).

[0079] FIG. 6B illustrates how the optical connector of
FIG. 6A corrects a misaligned beam of light. Let us presume
a light beam 50 entering on the left that will normally be out
of the range of the entrance to the OXC block or other
optical passage. If uncorrected, the light beam 50 will not
properly enter the entrance to the OXC block. However, the
misaligned beam S50, after being corrected by a spherical
surface of the optical connector 16 will emerge from the
optical connector 16 focused on an 1mage point 102. By
placing the entrance pupil of the OXC block or optical fiber
entrance at or near the 1image point 102, the emerging light
beam will be approximately centered and will enter the
optical passage such as a waveguide 64 at an incident angle
that will be captured by a total internal reflection process.
Other type of surfaces other than spherical can also be used
to enhance the quality of the emerged beam. The detailed
design of the optical surfaces and selection of the optical
material can include those known to those skilled 1n the art
of optical design.

|0080] The optical connector 16 which uses convex
spherical surfaces 100 can be manufactured using a series of
spherical balls and securing those balls 1n a plate with
precisely machined holes. To hold the balls 1n place, the
simplest method is to shrink the balls in a cold bath (e.g.,
liquid nitrogen) and inserting the balls into the holes of the
plate. Proper methods of fixture will allow a large number of
balls to be 1nserted simultancously and precisely. Alterna-
tively, specialized tooling with convex grinding tool bits can
be made to produce the desired surfaces. The possible
manufacturing techniques are numerous and include those
well known to those skilled in the art of optical manufac-
turing.



US 2004/0141683 Al

[0081] FIG. 7A illustrates an example embodiment of a
small switch element 60 made by a micromachining process.
This example embodiment 1s of a 2x2 switch element 60
because there are two 1nputs and two outputs; of course, the
number of inputs and the number of outputs can be 1ncreased
or decreased. The embodiment of the switch element 60 has
two waveguides integrated on top of a carrier platform 110.
The combined structure (waveguide and carrier) 1s bonded
to a substrate 62 and positioned such that the switch element
60 1s suspended over an air gap over, or a cavity 111
previously etched on, the substrate 62. The carrier platform
110 1s preferably suspended approximately 30 microns
above the actuation electrodes 112. The waveguides 114,
116 are typically less than 10 microns and 1n this example,
the small channel size 1s necessary to ensure transmission of
only single-mode optical signals. The size of the structure
and the design of the support springs 130 depend on the type
of actuation mechanism used. The embodiment will use
clectrostatic attraction as the means of actuation.

|0082] For electrostatic actuation, both the carrier plat-
form 110 and the stationary electrodes 112, 126 have to be
clectrically conductive, thereby causing the carrier 110 to
move toward the electrodes 112, 126, as 1llustrated in FIGS.
7B and 7C. If the carrier platform 110 1s made out of
dielectric materials, 1t can be made conductive by coating
the bottom (i.c., the surface facing the stationary actuation
electrode 112) with a metal such as gold or nickel. If the
carrier platform 110 1s made of semiconductor materials
such as silicon, it can be doped to increase electrical
conductivity. Opposing and parallel to the carrier platform
110 are the stationary electrodes 112, 126 patterned on the
bottom of the cavity 111. These electrodes 112, 126 connect
to the top of the substrate 62 by traces patterned on the
sloped surfaces. In the cavity 111, two stationary electrodes
112, 126 are made, one electrode 112 for actuating move-
ment of the carrier platform 110 and the other electrode 126

for feedback sensing of the position of the carrier platform
110.

[0083] This example embodiment of the switch element
60 operates as follows. Optical signals 50 enter on the left
of the switch element 60 at locations A and B. The optical
signals 50 enter the waveguides 114, 116 and cross over due
to the particular configuration of the waveguides in this
embodiment. The optical signals 50 from locations A and B
exit the switch element 60 at locations D and C respectively.
The original optical signals 50 have crossed from Ato D and
from B to C. When no crossing of the optical signals 50 1s
desired 1n this particular embodiment, an electrical signal 1s
required from the control hardware. By applying a voltage
to the fixed electrodes 112 on the substrate 62 and a different
voltage to the electrode of the carrier platform 110, the
voltage difference will result in an electrostatic attraction
force. Such a force will pull the carrier platform 110 (and the
waveguides 114, 116 carried by the carrier platform 110)
down (here, less than 10 micrometers) toward the fixed
clectrodes 112, 126 by bending the support springs 130, and
therefore, 1n the process remove the waveguides 114, 116
from the optical path. The optical signals 50 from location
A then pass directly (through free space 120) toward point
C, and the optical signals 50 from location B pass directly
(through free space 122) to location D. FIG. 7B illustrates
the case where the carrier platform 110 1s 1n 1ts rest state
because no power 1s applied to the actuation electrode 112;
here, the optical signals 50 from locations A and B of the
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fixed waveguides at the input side of the carrier platform 110
cross over 1n movable waveguides 114, 116 to locations D
and C, respectively, of the fixed waveguides at the output
side of the carrier platform 110; waveguides 114, 116 are
considered “movable” because they move with the move-
ment of the carrier plattorm 110. When power 1s applied to
the actuation electrode 112, F1G. 7C illustrates the resulting
configuration where the carrier platform 110 has moved
toward actuation electrode 112; here, the optical signals 50
from locations A and B of the fixed waveguides at the 1input
side of the carrier platform 110 pass directly through free
space to locations C and D, respectively, of the fixed
waveguides at the output side of the carrier platform 110
because movable waveguides 114, 116 have moved out of
range ol the optical signals 50.

[0084] Other methods of actuation are also viable. Elec-
trostatic actuation 1s preferred because of the simplicity 1n
design and operation. The main drawback 1s the higher
voltage required to operate the resulting device, due to the
large gap, typically ranging from 20 to 100 volts. Alternative
actuation methods include magnetic and thermal techniques.
These methods are well known to those skilled 1n the art of
micromachine design.

[0085] The sensing electrode 126 on the substrate 62 is

used to detect the position of the carrier platform 110 by
sensing changes 1n capacitance between the electrode 126
and the electrode of the carrier platform 110 due to changes
in the gap caused by movement of the carrier platform 110.
Other means of sensing, such as piezo-resistive, magnetic,
optical schemes are also viable. The signal from the sensing
electrode 126 is used (through close-loop control) to accu-
rately position the waveguides 114, 116 over the opftical
entrance and exit.

[0086] The primary loss of optical signal will be at the
entrance of the movable waveguides 114, 116 (on the carrier
platform 110 of the switch element 60) and at the entrance
of the fixed waveguides. Reducing the distance between the
locations A/C and between B/D can minimize such loss. To
fully minimize loss, but with increased manufacturing com-
plexity, a secondary waveguide 138, 140 can be designed on
the bottom of the carrier platform 110. In that case, the
opening between the stationary waveguides and the movable
waveguides 114, 116 can be reduced to less than 2 microns,
depending on the etching process. FIG. 7D 1illustrates a
carrier platform 110 with waveguides 114, 116 on top and
waveguides 138, 140 on the bottom, with one set designed
for straight pass and the other for crossover. As 1s apparent
from the embodiment shown 1n FIG. 7D, 1n the case where
the carrier platform 110 1s 1n its rest state because no power
1s applied to the actuation electrode 112, the optical signals
50 from locations A and B of the fixed waveguides at the
input side of the carrier platform 110 pass through movable
waveguides 138, 140 to the fixed waveguides at the output
side of the carrier platform 110. Likewise, when power 1s
applied to the actuation electrode 112, the carrier platform
110 moves toward actuation electrode 112 so the optical
signals 50 from locations A and B of the fixed waveguides
at the input side of the carrier platform 110 now pass through
waveguides 114, 116 of the fixed waveguides at the output
side of the carrier plattorm 110 because movable
waveguides 138, 140 have moved out of range of the optical
signals 50 and movable waveguides 114, 116 have moved
into range of the optical signals 50. Of course, 1n an
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embodiment which uses double movable waveguides, such
as that illustrated in FIG. 7D, the default can be either
straight pass or crossover. In other words, waveguides 114,
116 can permit a straight pass while waveguides 138, 140
Causes a Cross Over, or vice versa.

[0087] An alternative embodiment of a MEMS optical

switch element 60 1s now described. The movement of the
switch element 60 1s not limited to those in the vertical
direction perpendicular to the substrate 62. FIG. 8A 1llus-
frates an example alternative embodiment of a MEMS
switch element whereby the actuation direction 1s lateral or
substantially parallel to the plane of substrate 62. FIG. 8B

illustrates an example alternative embodiment of a MEMS
switch element which relies on rotational movement. Of
course, an optical switching system 10 may be created from
optical switch elements which all move 1n the same manner
(c.g., all move vertically, all move laterally, or all move
rotationally) or optical switch elements which move in
different manners (e.g., some move vertically and others
move laterally, or some move vertically and others move
rotationally, or some move laterally and others move rota-
tionally). The lateral movement can be induced by applying
different voltages to the inter-digitated (known as comb
fingers in MEMS) structures as shown in FIG. 8A. Describ-

ing what 1s 1illustrated 1n FIG. 8A, the MEMS switch

clement 60 comprises a substrate 62. Suspended above
substrate 62, for example over a cavity or otherwise, 1s a
movable optically transmissive platform 110. Platform 110
1s stated to be “optically transmissive” because 1t has struc-
tures (e.g., waveguide networks 200, 202) which transmits
optical signals or light beams 50; it 1s not intended to mean
that the entire platform itself must be optically transmissive.
One side of the platform 110 1s coupled to support springs
130 and the opposite ends of the support springs 130 are
coupled or anchored to the substrate 62. The platform 110
has clectrodes 204. In this example, electrodes 204 are
inter-digitated with actuation electrodes 112. By applying
different voltages to the electrodes 204 and actuation elec-
trodes 112 on one side of the platform 110 as compared to
the other side of the platform 110, the platform 110 moves
in a lateral, or substantially parallel, manner relative to the
plane of the substrate 62. In FIG. 8A, this lateral movement
means that the platform 110 moves up or down.

|0088] The platform 110 carries waveguide networks 200,
202 where the optical paths from the input side of optical
signals 50 to the output side change depending on the lateral
position of the platform 110. For example, if the platform 1s
in a first position (e.g., a rest position), the alignment of the
incoming optical signals 50 to the mnputs A, B, C and D of
the waveguide networks 200, 202 1s selected such that
optical signals 50 enter mnputs C and D. Because of the
particular configuration of this example of the waveguide
networks 200, 202, optical signals 50 which enter 1inputs C
and D of the waveguide networks 200, 202 cross over and
exit at outputs H and F respectively. If the platform 110 1s
then moved to its second position, incoming optical signals
50 would enter inputs A and B, and pass straight through to
outputs E and G respectively. Of course, the waveguide
networks 200, 202 can be swapped so that the default 1s a
straight pass through. The waveguide networks may be
configured 1n any shape or form to accomplish whatever
optical paths are desired.
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[0089] The lateral movement approach as shown in FIG.
8A has the advantage of not requiring the bottom electrodes,
thus reducing several steps 1n the manufacturing process.
The disadvantage 1s that the amount of electrode area is
limited due to the short height of the resulting structure, and
as a result, a laree number of comb fingers may be required
to generate a suflicient attraction force. A significantly larger
clectrode area may be required to operate the laterally-
moving switch element of FIG. 8A than the vertically-
moving switch element of FIG. 7A.

[0090] Turning to FIG. 8B, the movable optically trans-
missive platform 110 moves in a rotational or pivoting
fashion relative to the substrate. To accomplish rotational
movement 1 a switch element 60, the same electrostatic
attraction forces as used 1n the preferred embodiments will
work. For sensing the position of the platform 110, similar
capacitance detection techniques described 1n the preferred
embodiments will apply. As 1illustrated, this example
embodiment of a rotating platform 110 causes mnputs A and
B to align with the optical signals when the platform 110 1s
in a first position. When the platform 110 rotates to its
second position, mputs C and D are now aligned with the
optical signals. As with all of the embodiments, the
waveguides and waveguide networks may be configured 1n
any desired shape to achieve the desired optical paths.

[0091] While various embodiments of the application
have been described, 1t will be apparent to those of ordinary
skill 1in the art that many more embodiments and 1implemen-
tations are possible that are within the scope of the subject
invention. For example, each feature of one embodiment can
be mixed and matched with other features shown 1n other
embodiments. Features known to those of ordinary skill in
the art of optics may similarly be incorporated as desired.
Additionally and obviously, features may be added or sub-
tracted as desired and thus, a movable platform having more
than two sets of optical paths 1s also contemplated, whereby
the platform moves to any one of three or more positions
such that each position activates a different set of optical
paths. As another example, the optical switch may accept
more than 2 inputs and provide more than 2 outputs. The
optical switch may be combined so as to create bigger
optical switches with more ports. Accordingly, the invention
1s not to be restricted except 1n light of the attached claims
and their equivalents.

What 1s claimed 1s:

1. An apparatus for switching an optical signal from a first
optical path to a second optical path, the apparatus com-
prising;:

a substrate;

a micro-machined platform adapted to move relative to
the substrate;

an actuation mechanism to cause the platform to move
from a first position to a second position relative to the
substrate; and

a waveguide network having a first mput and a second
input, the waveguide network coupled to the platform
such that the waveguide network moves with the plat-

form, whereby when the platform 1s in the first position,

the optical signal enters the first input and travels along
the first optical path in the waveguide network, and
when the platform is 1n the second position, the optical
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signal enters the second input and travels along the
second optical path 1n the waveguide network.

2. The apparatus of claim 1 wherein the platform i1s
adapted to move vertically relative to the substrate.

3. The apparatus of claim 1 wherein the platform 1s
adapted to move laterally relative to the substrate.

4. The apparatus of claim 1 wherein the platform 1s
adapted to move rotationally relative to the substrate.

5. The apparatus of claam 1 wherein the waveguide
network 1ncludes a plurality of waveguides.

6. The apparatus of claim 5 wherein the plurality of
waveguides 1nclude at least a first and second waveguide
positioned vertically with respect to each other such that
movement of the platform selects between the first and
seccond waveguides depending on their vertical position
relative to the substrate.

7. The apparatus of claim 5 wherein the plurality of
waveguides mclude at least a first and second waveguide
positioned laterally with respect to each other such that
movement of the platform selects between the first and
second waveguides depending on their lateral position rela-
tive to the substrate.

8. The apparatus of claim 5 wherein the plurality of
waveguides 1nclude at least a first and second waveguide
positioned at an angular offset with respect to each other
such that movement of the platform selects between the first
and second waveguides depending on their angular offset.

9. The apparatus of claim 1 further comprising a support
structure for suspending the platform over the substrate.

10. The apparatus of claim 1 wherein the substrate
includes a cavity or air gap over which the platform 1is
suspended.

11. The apparatus of claim 1 further comprising an input
stationary waveguide coupled to the substrate and positioned
to transmit the optical signal to either the first input or the
second 1nput of the waveguide network.

12. The apparatus of claim 1 further comprising an output
stationary waveguide coupled to the substrate and positioned
to receive the optical signal from the waveguide network.

13. The apparatus of claim 11 further comprising an
output stationary waveguide coupled to the substrate and
positioned to receive the optical signal from the waveguide
network.

14. The apparatus of claim 1 wherein the waveguide
network includes a first output and a second output.

15. The apparatus of claim 14 further comprising an
output stationary waveguide coupled to the substrate and
positioned to receive the optical signal from either the first
output or the second output of the waveguide network.

16. The apparatus of claim 1 further comprising an
activation electrode coupled to the platform and wherein the
actuation mechanism includes an actuation electrode posi-
fioned to interact electrostatically with the activation elec-
trode.

17. The apparatus of claim 16 wherein the actuation
clectrode and activation electrode are inter-digitized.

18. The apparatus of claim 1 further comprising an optical
connector positioned at either the input to the waveguide
network or the output of the waveguide network.

19. The apparatus of claim 18 wherein the optical con-
nector 1includes an alignment correction surface that corrects
an alignment trajectory error of the optical signal.

20. The apparatus of claim 19 wherein the alignment
correction surface 1s a spherical surface.

Jul. 22, 2004

21. The apparatus of claim 1 wherein the waveguide
network includes a waveguide surrounded by a medium, the
medium being 1in a vacuum or air.

22. The apparatus of claim 1 wherein the waveguide
network includes a waveguide having a top, bottom and
sides, where the top and sides of the waveguide are in
contact with a vacuum or air while the bottom 1s bonded
with an intermediate material with an 1index of refraction
lower than that of the waveguide.

23. The apparatus of claim 1 wherein the waveguide
network mncludes a waveguide formed 1n a unitary structure
with the substrate.

24. The apparatus of claim 1 further comprising a sensing
clectrode for determining the position of the platform.

25. The apparatus of claim 1 wherein 1f the platform 1n the
first position, the optical signal switches from the first
optical path to the second optical path during transmission
through the waveguide network and 1f the platform 1n the
second position, the optical signal 1s passed straight through
the waveguide network.

26. The apparatus of claim 1 wherein if the platform 1n the
first position, the optical signal 1s passed straight through the
waveguide network and 1f the platform in the second posi-
tion, the optical signal switches from the first optical path to
the second optical path during transmission through the
waveguide network.

27. A method of switching an optical signal from a first
optical path to a second optical path, the method comprising
the steps of:

propagating the optical signal toward a platform adapted
to move relative to a substrate, the platform including
a waveguilde network having a first input and a second
input, the waveguide network being coupled to the
platform such that the waveguide network moves with
the platform;

determining whether the optical signal 1s to propagate
along the first or second optical path; and

selectively moving the platform to a first position or a
second position relative to the substrate, whereby when
the platform 1s 1n the first position, the optical signal
enters the first input and travels along the first optical
path in the waveguide network, and when the platform
1s 1n the second position, the optical signal enters the
second mput and travels along the second optical path
in the waveguide network.

28. The method of claim 27 further comprising the step of
correcting an alignment trajectory error in the optical signal.

29. The method of claim 28 wherein the step of correcting
an alignment trajectory error 1n the optical signal uses a
spherical surface to correct the error.

30. The method of claim 27 wherein the step of moving
the platform moves the platform vertically relative to the
substrate.

31. The method of claim 27 wherein the step of moving
the platform moves the platform laterally relative to the
substrate.

32. The method of claim 27 wherein the step of moving
the platform moves the platform rotationally relative to the
substrate.

33. The method of claim 27 wherein the waveguide
network includes first and second waveguides positioned
vertically with respect to each other such that movement of
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the platform selects between the first and second waveguides
depending on their vertical position relative to the substrate.

34. The method of claim 27 wherein the waveguide
network includes first and second waveguides positioned
laterally with respect to each other such that movement of
the platform selects between the first and second waveguides
depending on their lateral position relative to the substrate.

35. The method of claim 27 wherein the waveguide
network 1ncludes first and second waveguides positioned at
an angular ofifset with respect to each other such that
movement of the platform selects between the first and
second waveguides depending on their angular olfset.

36. The method of claim 27 further comprising the step of
sensing the position of the platform.

J7. The apparatus of claim 1 wherein the substrate 1s a
semiconductor.

38. The method of claim 27 wherein the substrate 1s a
semiconductor.
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39. The apparatus of claim 1 wherein the substrate is
quartz.

40. The method of claim 27 wherein the substrate 1s
quartz.

41. The apparatus of claim 1 wherein the substrate is
silica.
42 . The method of claim 27 wherein the substrate 1s silica.

43. The optical switching system of claim 2 wherein the
optical connector comprises an optical-to-electrical-to-opti-
cal connector.

44. The optical switching system of claim 2 wherein the
optical connector comprises an bundle of optic fibers.

45. The optical switching system of claim 2 wherein the
optical connector comprises a plurality of mirrors.



	Front Page
	Drawings
	Specification
	Claims

