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(57) Abrégé/Abstract:

A steerable optical transmit and receive terminal includes a MEMS- based Nx1 optical switch network. Each optical switch (1218 -
1226) in the optical switch network uses an electrostatic MEMS structure to selectively position a translatable optical grating (1402)
close to or far from an optical waveguide (1410). In the close ("ON") position, light couples between the translatable optical grating
(1402) and the optical waveguide (1410), whereas in the far ("OFF") position, no appreciable light couples between the translatable
optical grating (1402) and the optical waveguide (1410). The translatable optical grating (1402) is disposed at or near a surface of
the optical switch network. Thus, the translatable optical grating emits light into, or receives light from, free space. The steerable
optical transmit and receive terminal also includes a lens (2312) and can steer a free space optical beam in a direction determined
by which port (23086) of the Nx1 optical switch network is ON.
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(57) Abstract: A steerable optical transmit and receive terminal includes a MEMS- based Nx1 optical switch network. Fach optical
switch (1218 - 1226) in the optical switch network uses an electrostatic MEMS structure to selectively position a translatable optical
grating (1402) close to or far from an optical waveguide (1410). In the close ("ON") position, light couples between the translatable
optical grating (1402) and the optical waveguide (1410), whereas in the far ("OFF") position, no appreciable light couples between
the translatable optical grating (1402) and the optical waveguide (1410). The translatable optical grating (1402) is disposed at or near
a surface of the optical switch network. Thus, the translatable optical grating emits light into, or receives light from, free space. The
steerable optical transmit and receive terminal also includes a lens (2312) and can steer a free space optical beam in a direction deter-
mined by which port (2306) of the Nx1 optical switch network is ON.
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Integrated MEMS Switches for Selectively Coupling Light In and Out of a Waveguide

TECHNICAL FIELD
[0001] The present invention relates to optical switches and, more particularly, to optical
switch networks used to control directions in which optical signals are transmitted or received,

such as in light direction and ranging (LiDAR) and laser communication systems.

BACKGROUND ART

[0002] Many optical system need to emit or receive a (humanly visible or invisible)
collimated optical beam in a direction that can be controlled with high precision. For example,
such optical beams are used in light direction and ranging (LiDAR) systems, and often these
beams need to be steered or swept to locate or track a target. Similarly, laser communications
systems sometimes need to steer an optical beam, such as to initially establish a line-of-sight
communications channel between two terminals or if one or both of the terminals moves.

[0003] Prior art LiDAR and laser communications terminals use telescopes and either
point the entire telescope using a gimbal or place a moveable steering mirror in front of the
telescope and use the mirror to redirect the beam, as exemplified by U.S. Pat. Publ. No.
2007/0229994. Howeyver, this approach requires large and bulky moving systems, with attendant
disadvantages in terms of size, mass, power and reliability.

[0004] Other conventional methods of beam steering involve optical phased arrays, in
which a large number of antennas are arrayed closely together and operated coherently, i.e., the
phases of the individual emitters are carefully controlled to make the entire array operate in
unison. Signals in the near field constructively and destructively interfere to create nulls and
reinforced signals in desired directions. However, phased arrays require large numbers of

emitters and associated optical phase adjusters.
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[0005] A nominal optical phased array has emitters disposed at half-wavelength
spacings, i.e. apx. 0.5 um. For applications, such as long-range laser communication, the
required total aperture size might be on the order of 5 cm. Thus, one would need an array of 10*
x 10* emitters and phase shifters. As currently demonstrated, phase shifters requires apx. 1 mW
of power to operate. Thus, the total power consumption of such an array might approach 10° W,
an impractically large amount of power. However, limitations on the densities at which binary
optical switches may be fabricated limit spatial resolution of the transmit/receive terminal, i.e.,

density of possible transmit or receive beam positions.

SUMMARY OF EMBODIMENTS

[0006] An embodiment of the present invention provides an optical switch network. The
optical switch network includes a common input/output port, a waveguide having a length and
being optically coupled to the common input/output port, and a plurality of binary optical
switches disposed on a planar surface. The plurality of binary optical switches is disposed along
the length of the waveguide. Each binary optical switch of the plurality of binary optical switches
includes a translatable optical grating and a MEMS structure. The translatable optical grating is
configured to translate between at least two positions. A first position of the at least two
positions is sufficiently close to the waveguide to optically couple between the waveguide and
free space beyond the planar surface with a coupling efficiency of at least about 25%, and a
second position of the at least two positions is sufficiently far from the waveguide to optically
couple between the waveguide and the free space with a coupling efficiency of at most about
5%. The MEMS structure is configured to selectively translate the translatable optical grating to
the first position and to the second position.

[0007] Another embodiment of the present invention provides an optical switch network.
The optical switch network includes a common input/output port, a plurality of N other ports, a
first waveguide optically coupled to the common input/output port, and a plurality of first binary
optical switches optically coupled to the first waveguide. The plurality of first binary optical

switches is disposed along the length of the first waveguide. The optical switch network also
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includes a plurality of second waveguides. Each second waveguide of the plurality of second
waveguides is optically coupled to the first waveguide via a respective first binary optical switch
of the plurality of first binary optical switches. For each second waveguide of the plurality of
second waveguides, a respective plurality of second binary optical switches is optically coupled
to the second waveguide of the plurality of second waveguides. Each plurality of second binary
optical switches is disposed along the length of the respective second waveguide. Each second
binary optical switch of the plurality of second binary optical switches is optically coupled
between the respective second waveguide of the plurality of second waveguides and a respective
port of the plurality of N other ports. Each second binary optical switch of the plurality of
second binary optical switches includes a translatable optical grating and a MEMS structure. The
translatable optical grating is configured to translate between at least two positions, a first
position of the at least two positions being sufficiently close to the respective second waveguide
to optically couple with the second waveguide with a coupling efficiency of at least about 25%,
and a second position of the at least two positions being sufficiently far from the respective
second waveguide to optically couple with the second waveguide with a coupling efficiency of at
most about 5%. The MEMS structure is configured to selectively translate the translatable optical

grating to the first position and to the second position.

[0008] The N other ports may be arranged in a rectangular array.
[0009] The N other ports may be disposed on a planar surface.
[0010] Each second binary optical switch of the plurality of second binary optical

switches may be configured, when the second binary optical switch is in the first position, to

optically couple between the respective second waveguide and free space beyond the planar

surface.

[0011] The optical switch network may include or be fabricated on a photonic chip.
[0012] Each port of the N other ports may include an optical coupler.

[0013] The optical switch network may also include a row-and-column addressing matrix

having a plurality of rows and a plurality of columns. Each first binary optical switch of the
plurality of first binary optical switches and each second binary optical switch of the plurality of
second binary optical switches may be coupled to a row of the plurality of rows, coupled to a
column of the plurality of columns, and configured to actuate in response to signals being present

on both the row of the plurality of rows and the column of the plurality of columns.
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[0014] Yet another embodiment of the present invention provides an optical send/receive
terminal. The optical send/receive terminal includes a lens having a field of view. The optical
send/receive terminal also includes an optical switch network. The optical switch network
includes a common input/output port, a plurality of N other ports optically coupled to the lens,
such that each port of the plurality of N other ports is optically coupled to a unique portion of the
lens field of view. The optical switch network also includes a first waveguide optically coupled
to the common input/output port and a plurality of first binary optical switches optically coupled
to the first waveguide. The plurality of first binary optical switches is disposed along the length
of the first waveguide. The optical switch network also includes a plurality of second
waveguides. Each second waveguide of the plurality of second waveguides is optically coupled
to the first waveguide via a respective first binary optical switch of the plurality of first binary
optical switches. For each second waveguide of the plurality of second waveguides, a respective
plurality of second binary optical switches is optically coupled to the second waveguide of the
plurality of second waveguides. Each plurality of second binary optical switches is disposed
along the length of the respective second waveguide. Each second binary optical switch of the
plurality of second binary optical switches is optically coupled between the respective second
waveguide of the plurality of second waveguides and a respective port of the plurality of N other
ports. Each second binary optical switch of the plurality of second binary optical switches
includes a translatable optical grating and a MEMS structure. The translatable optical grating is
configured to translate between at least two positions, a first position of the at least two positions
being sufficiently close to the respective second waveguide to optically couple with the second
waveguide with a coupling efficiency of at least about 25%, and a second position of the at least
two positions being sufficiently far from the respective second waveguide to optically couple
with the second waveguide with a coupling efficiency of at most about 5%. The MEMS structure
is configured to selectively translate the translatable optical grating to the first position and to the
second position. An optical transmitter and/or an optical receiver is optically coupled to the
common input/output port of the optical switch network.

[0015] The optical send/receive terminal may also include a plurality of optical fibers
optically coupling the N other ports to the lens.

[0016] The optical switch network may define a surface and each second binary optical

switch of the plurality of second binary optical switches may be configured, when the second
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binary optical switch is in the first position, to optically couple between the respective second
waveguide and free space beyond the surface of the optical switch network.

[0017] Each translatable optical grating may include a respective MEMS structure.
[0018] Each first binary optical switch of the plurality of first binary optical switches
may include a respective MEMS structure.

[0019] The optical send/receive terminal may also include a row-and-column addressing
matrix having a plurality of rows and a plurality of columns. Each first binary optical switch of
the plurality of first binary optical switches and each second binary optical switch of the plurality
of second binary optical switches may be coupled to a row of the plurality of rows, coupled to a
column of the plurality of columns, and configured to actuate in response to signals being present
on both the row of the plurality of rows and the column of the plurality of columns.

[0020] An embodiment of the present invention provides an optical terminal. The optical
terminal includes a lens having a field of view and a planar optical switch that includes a
plurality of optical switch arrays. Each optical switch array of the plurality of optical switch
arrays may include a common port and a plurality of N other ports optically coupled to the lens.
Each port of the plurality of N other ports is optically coupled to a unique portion of the lens
field of view. A planar Nx1 optical switch network optically is coupled between the common
port and the plurality of N other ports. An optical receiver optically coupled to the common port.
[0021] Each optical switch array of the plurality of optical switch arrays may also include
an optical transmitter optically coupled to the common port.

[0022] The optical terminal may also include an optical transmitter optically coupled to
the common port of at least one optical switch array of the plurality of optical switch arrays.
[0023] The optical terminal may also include an optical transmitter optically coupled to
the common ports of the plurality of optical switch arrays.

[0024] The planar optical switch may define a plane. For each optical switch array of the
plurality of optical switch arrays, the planar Nx1 optical switch network may include a
waveguide having a length and being optically coupled to the common port of the optical switch
array. A plurality of binary optical switches may be disposed on the plane of the planar optical
switch. The plurality of binary optical switches may be disposed along the length of the
waveguide. Each binary optical switch of the plurality of binary optical switches may include a

translatable optical grating and a MEMS structure. The translatable optical grating may be
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configured to translate between at least two positions, a first position of the at least two positions
being sufficiently close to the waveguide to optically couple between the waveguide and free
space beyond the plane of the planar optical switch with a coupling efficiency of at least about
25%, and a second position of the at least two positions being sufficiently far from the
waveguide to optically couple between the waveguide and the free space with a coupling
efficiency of at most about 5%. The MEMS structure may be configured to selectively translate
the translatable optical grating to the first position and to the second position.

[0025] Another embodiment of the present invention provides an optical terminal that
includes a lens having a field of view. A planar optical switch defines a planar surface and
includes a plurality of optical switch arrays. Each optical switch array of the plurality of optical
switch arrays includes a common port, a waveguide having a length and being optically coupled
to the common port. A plurality of binary optical switches is disposed on the planar surface. The
plurality of binary optical switches is disposed along the length of the waveguide. Each binary
optical switch of the plurality of binary optical switches includes a translatable optical grating
and a MEMS structure. The translatable optical grating is configured to translate between at least
two positions, a first position of the at least two positions being sufficiently close to the
waveguide to optically couple between the waveguide and free space beyond the planar surface
with a coupling efficiency of at least about 25%, and a second position of the at least two
positions being sufficiently far from the waveguide to optically couple between the waveguide
and the free space with a coupling efficiency of at most about 5%. The MEMS structure is
configured to selectively translate the translatable optical grating to the first position and to the
second position.

[0026] Yet another embodiment of the present invention provides an optical system that
includes a lenticular lens having a field of view and a plurality of ports. The plurality of ports is
disposed such that, for each port of the plurality of ports, a unique portion of the field of view is
visible, through the lenticular lens, by the port. An optical switch network has an input port and
is configured to optically couple the input port to a selected port of the plurality of ports in
response to a control signal.

[0027] The optical switch network may define a planar surface. The optical switch
network may include a waveguide having a length and being optically coupled to the input port.

A plurality of binary optical switches may be disposed on a planar surface. The plurality of
-6-
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binary optical switch may be disposed along the length of the waveguide. Each binary optical
switch of the plurality of binary optical switches may include a translatable optical grating and a
MEMS structure. The translatable optical grating may be configured to translate between at least
two positions, a first position of the at least two positions being sufficiently close to the
waveguide to optically couple between the waveguide and free space beyond the planar surface
with a coupling efficiency of at least about 25%, and a second position of the at least two
positions being sufficiently far from the waveguide to optically couple between the waveguide
and the free space with a coupling efficiency of at most about 5%. The MEMS structure may be
configured to selectively translate the translatable optical grating to the first position and to the
second position.

[0028] The optical switch network may include a wavelength filter and a wavelength
tunable light source.

[0029] An embodiment of the present invention provides a radiation projector that
includes a lenticular lens. An input is configured to receive a time-varying illumination pattern.
A nonophotonic array has a plurality of outputs. A filter is configured to direct the time-varying
illumination pattern to a particular output of the nanophotonic array, so that the time-varying

illumination from the output is directed to the lenticular lens.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING

[0030] The invention will be more fully understood by referring to the following Detailed
Description of Specific Embodiments in conjunction with the Drawings, of which:

[0031] Fig. 1 is a schematic illustration of an all-solid state optical transmit/receive
terminal, according to an embodiment of the present invention.

[0032] Fig. 2 is a schematic diagram illustrating a plurality of ports on a surface of an
optical switch network of the all-solid state optical transmit/receive terminal of Fig. 1, according
to an embodiment of the present invention.

[0033] Fig. 3 is a schematic diagram illustrating an “H-tree” arrangement of optical
waveguides in the optical switch network of Figs. 1 and 2, according to an embodiment of the

present invention.
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[0034] Fig. 4 is a schematic diagram illustrating a binary optical switch, implemented
with a Mach-Zender interferometer, of the optical switch network of Figs. 1-3, according to an
embodiment of the present invention.

[0035] Fig. 5 is a schematic diagram illustrating one possible means to address a port of
the plurality of ports of Fig. 2 on the surface of the optical switch network, i.e., by a row/column
addressing matrix, according to an embodiment of the present invention.

[0036] Fig. 6 is a schematic diagram illustrating another possible means to address a port
of the plurality of ports of Fig. 2 on the surface of the optical switch network, i.e., by another
row/column addressing matrix, according to an embodiment of the present invention.

[0037] Figs. 7, 8 and 9 are schematic diagrams illustrating hybrid coarse/fine positioning
arrangements, according to respective embodiments of the present invention.

[0038] Fig 10 schematically illustrates a lens array placed between a plurality of ports,
such as the ports of Fig. 2, and a focusing optic to optically scan an optical transmit/receive
terminal, according to another embodiment of the present invention.

[0039] Fig. 11 schematically illustrates a series of lens-arrays, rather than the single lens
array and focusing optic of Fig. 10, used to improve performance, such as avoiding aberration,
according to another embodiment of the present invention.

[0040] Fig. 12 is a schematic diagram illustrating another optical switch network that

may replace the optical switch network of Fig. 3, according to an embodiment of the present

invention.

[0041] Fig. 13 is an annotated reproduction of a diagram from Seok, according to the
prior art.

[0042] Fig. 14 is a schematic top view of a binary optical switch of the optical switch

network of Fig 12, according to an embodiment of the present invention.

[0043] Fig. 15 is a schematic side view of the binary optical switch of Fig. 14 in the OFF
position, and Fig. 16 is a schematic side view of the binary optical switch of Figs. 14 and 15 in
the ON position, according to an embodiment of the present invention.

[0044] Fig. 17 is another schematic side view of the binary optical switch of Figs. 14-16
in the ON position showing representative dimensions, according to an embodiment of the

present invention.
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[0045] Figs. 18 and 19 are respective schematic perspective and side views of the optical
switch of Figs. 14-17 in the OFF position, showing an electrostatic MEMS structure configured
to selectively translate a translatable optical grating to the ON position and to the OFF position,
according to an embodiment of the present invention.

[0046] Fig. 20 is a schematic perspective side view of the optical switch of Figs. 14-19 in
the ON position, according to an embodiment of the present invention.

[0047] Figs. 21 and 22 contain graphs illustrating results of computer modeled E-field
strength versus z-x location within the optical switch of Figs. 14-20 in the ON and OFF
positions, respectively, according to an embodiment of the present invention.

[0048] Fig. 23 is a schematic diagram of a display projector capable of projecting an
image that is perceived differently by viewers observing the projection from different angles,
according to an embodiment of the present invention.

[0049] Fig. 24 is a schematic diagram of a set of the display projectors of Fig. 23,
according to an embodiment of the present invention.

[0050] Fig. 25 is a schematic illustration of another embodiment of an optical switch

network, according to an embodiment of the present invention.

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS

[0051] In accordance with embodiments of the present invention, methods and apparatus
are disclosed for a steerable optical transmit and receive terminal and an associated MEMS-
based optical switch network. Such a terminal does not require a phased array of
emitters/collectors, nor the attendant large number of phase shifters. The optical switch network
employs MEMS-based binary optical switches to steer the optical beam. However, the MEMS-
based binary optical switches are significantly smaller than in the prior art, such as in H-tree
based optical switch networks. Consequently, the MEMS-based binary optical switches may be
fabricated or packed at a higher density than in the prior art, providing higher spatial resolution
of the transmit/receive terminal, i.e., density of possible transmit/receive beam positions. A
relatively small subset of the MEMS-based binary optical switches needs to be operated,
therefore powered, at any given time. Therefore, the terminal overcomes the mechanical, switch

density, emitter density and high power problems associated with the prior art.
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[0052] Fig. 1 is a schematic illustration of an all-solid state optical transmit/receive
terminal 100, according to an embodiment of the present invention. A lens 102 is optically
coupled to an optical switch network 104 (also referred to herein as an “optical waveguide
network” or an “optical switch”), such that incoming light rays, represented by light rays 106, are
focused on a surface 107 of the optical switch network 104. Conversely, optical signals emitted
at the surface 107 of the optical switch network 104 are optically coupled to the lens and,
thereby, projected into space as light rays 106. The light may be humanly visible or invisible,
such as infrared (IR), light. The surface 107 may be a planar surface or a non-planar surface.
[0053] The lens 102 is preferably a wide field-of-view lens. The lens 102 may, for
example, be a gradient index (GRIN) lens, fisheye lens or monocentric lens. A suitable
monocentric lens is available from Distant Focus Corporation, PO Box 7857, Champaign, IL
61826-7857. If the lens creates a planar focused image, the lens 102 and the optical switch
network 104 may be optically coupled by air or a vacuum 108. However, if the lens creates a
curved focused image, a bundle of optical fibers 108 may be used to optically couple the lens
102 to the optical switch network 104. One end of each optical fiber of the bundle of optical
fibers 108 may terminate on the surface of the lens 102, and the other end of the optical fiber
may terminate on the surface 107 of the optical switch network 104. The ends of the optical
fibers 108 that terminate on the surface of the lens 102 may have polished ends, forming curved
surfaces that match curvature of the lens 102.

[0054] Fig. 2 is a schematic diagram illustrating a plurality of N ports 200, represented
by ports 202, 204, 206, 208 and 210, on the surface 107 of the optical switch network 104 of Fig.
1. The plurality of ports 200 is shown as being arranged in a rectangular array. However, the
ports 200 may be arranged in any suitable arrangement. If optical fibers 108 (Fig. 1) are used to
couple the lens 102 to the optical switch network 104, one or more optical fibers 108 may
terminate at each port 202-210. The optical fibers 108 should be arranged so the image projected
by the lens 102 is mapped to corresponding locations within the plurality of ports 200. Thus,
each port 202-210 corresponds to a unique portion of the field of view of the lens 102.

[0055] Returning to Fig. 1, the optical switch network 104 also has a single common
input/output port 110. The optical switch network 104 is configured to selectively optically
couple one or more of the N ports 202-210 (Fig. 2) on the surface 107 to the common

input/output port 110. Thus, in one mode, the optical switch network 104 acts as an Nx1 switch.
-10-
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That is, one of the N ports 202-210 is coupled to the common input/output port 110. Optionally,
in other modes, the optical switch network 104 acts as a plurality of Nx1 switches. That is, a
plurality of the N ports 202-210 are simultaneously coupled to the common input/output port
110.

[0056] The terminal 100 also includes a suitable optical receiver 112, such as a photo
diode, and/or a suitable transmitter 114, such as a laser. A LiDAR system or a two-way
communication system includes both the transmitter 114 and the receiver 112. However, a one-
way communication system need to include only the transmitter 114 or the receiver 112, and a
star tracker needs to include only the receiver 112. The receiver 112 and/or transmitter 114 are
optically coupled to the common input/output port 110 by suitable optical couplings, represented
by optical coupling 116, such as optical fibers, mirrors and/or splitters/combiners.

[0057] Thus, an optical signal from the transmitter 114 may be routed via the optical
coupling 116 to the optical switch network 104 and there switched to a selected one or more of
the N ports 202-210. Once emitted from the surface 107 of the optical switch 107, the optical
signal is conveyed to the lens 102, such as via the optical fiber(s) 108 terminated at the selected
port(s) 202-210, and then by the lens 102 into space. A direction in space, in which the optical
signal is projected by the lens 102, depends on which port(s) 202-210 is(are) selected.
Conversely, an optical signal received by the lens 102, such as a return signal in a LiDAR
system, is routed by the optical switch network 104 to the receiver 112. A direction in space,
from which the optical signal is received by the lens 102, depends on which port 202-210 is
selected.

[0058] Fig. 3 is a schematic diagram illustrating the optical switch network 104,
according to an embodiment of the present invention. The right side of Fig. 3 shows an “H-tree”
arrangement of optical waveguides (a branched optical waveguide network), rooted at the
common input/output port 110. The left side of Fig. 3 shows a portion of the right side enlarged.
Ports 202-210 are shown in Fig. 3.

[0059] A binary optical switch is disposed at each junction of two optical waveguides of
the H-tree, as exemplified by binary optical switches 300, 302, 304, 306, 308 and 310. A binary
optical switch routes an optical signal along either of two optical paths. Thus, the binary optical
switches 300-308 determine a route for an optical signal traveling through the H-tree. In some

embodiments, a binary optical switch routes an optical signal along at most one of the two
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optical paths. For example, if an optical signal in introduced into the common input/output port
110, the binary optical switches 300-308 route the optical signal to one of the N ports 202-210.
In the example depicted in Fig. 3, the optical signal is routed to port 202.

[0060] In some embodiments, each binary optical switch is implemented with a Mach-
Zender interferometer. An example of such a binary optical switch 400 is shown schematically in
Fig. 4. Light at input 402 is split between two paths 404 and 406. A phase shifter 408 and/or 410
is selectively enabled on one or both of the paths 404 and 400, and then the light is recombined
by a 2x2 coupler 412. The relative phases of the light in the two paths 404 and 406 determines
whether the light couples to a first output 414 or a second output 416 or both outputs 414 and
416 of the 2x2 coupler 412. The phase shifters 408 and 410 may be implemented using electro-
optic or thermo-optic effects, by a MEMS device, or any other suitable phase shifter.

[0061] Alternatively, the binary optical switches 300-310 may be implemented with ring
resonators, microelectromechanical systems (MEMS) devices, such as MEMS mirrors, or any
other suitable binary optical switch.

[0062] The optical switch network 104 includes a nested array of binary optical switches
300-310 arranged in an H-tree pattern. The nested nature of the array means that L layers of
binary optical switches 300-310 may be used to select among 2" possible ports 200. Thus, the
number of active binary optical switches is log2(N), instead of N, where N is the number of ports
200 (possible beam directions).

[0063] As can be seen in Fig. 3, a relatively small number, compared to the number of
leaves in the H-tree, i.e., the number of ports 200, of the binary optical switches 300-310 need to
be operated, i.e. ON, to route the optical signal from the common input/output port 110 to the
selected port 202. For example, in the left side of Fig. 3, six switches, i.e., three left/right binary
optical switches 300, 304 and 308, and three up/down binary optical switches 302, 306 and 310,
allow selection of any of 64 possible ports 200. In most embodiments, only one switch at a given
level is operated at one time. This small number of switches therefore consumes much less
energy than phase shifters in a comparable optical phased array. In addition, the binary optical
switches 300-310 merely need to operate in a bi-level state, whereas phased arrays need arbitrary
control of phase-shifters for steering. Furthermore, these embodiments are suitable for broadband
light, allowing multiple channels to be sent and/or received at a time using wavelength division

multiplexing.
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[0064] Although the optical switch network 104 is described as including an H-tree
arrangement of optical waveguides, any suitable branched optical waveguide network that
provides a nested array of binary optical switches may be used. For example, other fractal
arrangements may be used, as well as non-fractal arrangements. As used herein, fractal means

self-similar across different scales. As used herein, a fractal pattern is not infinitely complex.

Addressing Binary Optical Switches

[0065] The binary optical switches 300-310 may be addressed and/or actuated by any
suitable arrangement, such as by a row-and-column addressing matrix 500, as shown
schematically in Fig. 5. Each binary optical switch 300-310 may be actuated by a respective 2-
input AND gate, to which the binary optical switch is electrically coupled. The AND gates may
be arranged in a pattern that registers with the pattern of the binary optical switches 300-310.
The AND gates in Fig. 5, represented by AND gates 502, 504, 506, 508, 510 and 512, register
with the binary optical switches 300-310 in Fig. 3. AND gate 502 registers with binary optical
switch 300, AND gate 504 registers with binary optical switch 302, etc.

[0066] Each AND gate is disposed at an intersection of a corresponding row wire and a
corresponding column wire, represented by row wires 514, 516 and 518 and column wires 520,
522 and 524. One input of each AND gate is electrically coupled to the AND gate’s
corresponding row wire, and the other input of the AND gate is electrically coupled to the AND
gate’s corresponding column wire. Thus, a logic “1” (TRUE) signal on one row, and a logic “1”
(TRUE) signal on one column uniquely enable one of the AND gates, and the enabled AND gate
actuates the respective binary optical switch.

[0067] Once actuated, the binary optical switch may remain actuated for a predetermined
amount of time. Optionally or alternatively, once actuated, the binary optical switch may remain
actuated until the binary optical switch receives a reset signal. A reset line (not shown) may
extend to all the binary optical switches 300-310 to facilitate simultaneously resetting all
actuated binary optical switches 300-310. Resetting the binary optical switches is discussed in
more detail below.

[0068] The row-and-column addressing matrix 500 may be used to sequentially actuate
selected ones of the binary optical switches 300-310 that lie along a desired optical path through

the H-tree, between the common input/output port 110 and a selected port of the N ports 200.
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That is, the row-and-column addressing matrix 500 may be used actuate a first one of the binary
optical switches 300-310, then before the first binary optical switch resets, the row-and-column
addressing matrix 500 may be used actuate a second (different) one of the binary optical
switches 300-310, etc., until all the selected binary optical switches 300-310 that lie along the
desired optical path through the H-tree have been actuated.

[0069] Each actuated binary optical switch needs to receive an instruction regarding a
direction in which to direct light. For this purpose, each binary optical switch 300-310 may also
be coupled to an additional similar row-and-column addressing matrixes (not shown), or the row-
and-column matrix 500 may serve as the additional matrixes in a time-multiplexed fashion. The
additional similar row-and-column addressing matrix may be used to send signals to each
actuated binary optical switch that is to direct light in one direction, ex. “left,” in order to route
the optical signal from the common input/output port 110 to the selected port 202. Actuated
binary optical switches that do not receive this “left” signal may safely assume they are to direct
light in the opposite direction, ex. “right.”

[0070] After the actuated binary optical switches have had time to switch to their
respective commanded directions, the common input/output port 110 will be in optical
communication with the selected port 202, and the receiver 112 and/or the transmitter 114 may
operate. The receiver 112 and/or the transmitter 114 may operate for a fixed period of time or
until a different direction of the light rays 106 is needed.

[0071] After a transmission and/or reception is complete, or when a different light path
through the optical switch network 104 is needed, such as after a predetermined time period or
when a different direction of the light rays 106 is needed, the binary optical switches 300-310 are
resct. As noted, the binary optical switches may remain actuated for a predetermined amount of
time, such as an amount of time sufficient to actuate all the binary optical switches needed to
establish a desired optical path through the optical switch network 104 and send and/or receive
an optical signal. Optionally or alternatively, the actuated binary optical switches may be reset by
the reset signal described above.

[0072] Another suitable such row and column addressing matrix 600 is shown
schematically in Fig. 6, although for simplicity, the matrix 600 is shown as a square matrix.
Rows of the matrix 600 are exemplified by rows 602, 604 and 606, and columns of the matrix

600 are exemplified by columns 608, 610 and 612. Respective transistors, represented by
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transistors 614, 616 and 618, in the first row 602 selectively electrically couple the first row 602
to the columns 608-612. A voltage is applied to the first row 602, thereby making a current
available to flow in the first row 602. Thus, a first-row transistor, such as transistor 618 that is
ON, as indicated by a surrounding circle, directs current to a selected column, in this case
column 612, as shown by a heavy arrow 620.

[0073] In each column, respective transistors couple the column to corresponding binary
optical switches (not shown in Fig. 6). A transistor in the powered column 612, such as transistor
622, that is ON, as indicated by a surrounding circle, is electrically coupled, and directs current,
to its corresponding binary optical switch, thereby activating the binary optical switch.

[0074] Alternatively, for ease of addressing, a whole row 502-506 of transistors can be
turned on at the same time, without affecting the device operation, other than the extra power
used to turn on the extra transistors. The transistors can be activated directly or by use of a shift-
operator, for example.

[0075] Returning to Fig. 1, the lens 102 allows for a very large effective aperture area by
decoupling the size of the aperture from the number of phase shift elements, and thus power
consumption, of the all-solid state optical transmit/receive terminal 100. Using binary optical
switches in an optical switch network in a planer chip to control the output of a beam in 2- or 3-
dimensional space represents a novel aspect of the present disclosure. Similarly, using a lens 102

to direct the beam out of such a chip represents a novel aspect of the present disclosure.

Coarse and Fine Hybrid

[0076] Some applications require very fine positioning of a light beam over a large field
of view. Requirements of positioning of one part in half a million in each direction is not unheard
of. A hybrid approach, which adds another positioning scheme to an embodiment as described
above, can achieve such a large dynamic range. The hybrid approach breaks the problem of fine
positioning over a large field of view into two separate problems: one of coarse positioning
control, and the other of fine positioning control.

[0077] In one embodiment, the coarse positioning control may be achieved using the
optical transmit/receive terminal 100, i.e., using an optical switch network as described above,
and the fine control may be achieved by physically shifting the lens 102, relative to the optical

switch network 104, as schematically illustrated in Fig. 7, or by physically shifting the optical
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switch network 104, relative to the lens 102, as schematically illustrated in Fig. 17. For example,
as shown in Fig. 7, the lens 102 may be mounted on an x-y stage 700, or as shown in Fig. 17, the
optical switch network 104 may be mounted on an x-y stage 800. Alternatively, as shown
schematically in Fig. 9, the coarse control may be achieved by physically shifting the lens 102
together with the optical switch network 104, such as by an x-y stage 900, and the optical switch
network in the optical transmit/receive terminal 100 may be used to achieve fine and fast beam
movement.

[0078] Alternatively, as schematically illustrated in Fig. 10, an intermediate optic 1000,
such as a lenslet array, may be disposed optically between the lens 102 and the ports 200 of the
optical switch network 104, and the intermediate optic 1000 may be physically shifted, such as
by an x-y stage (not shown). The lenslet array may include one lenslet for each port of the ports
200. Each lenslet, represented by lenslet 1002, of the lenslet array should, in its unshifted
position, register on the center of a corresponding port, represented by port 1004 of the ports
200.

[0079] Shifting the intermediate optic 1000, for example as indicated by an arrow 1006,
shifts the light beam between the port 1004 and the lens 102, as indicated by an arrow 1008,
which shifts the light beam emitted or received by the lens 102 to or from free space, as indicated
by an arrow 1010. The intermediate optic 1000 may be scanned, thereby scanning the light rays
106, such as to perform a raster scan.

[0080] A single array of lenslets used as the intermediate optic 1000 may be limited in
diversion angle and may introduce aberrations. Several arrays of lenslets, exemplified by lenslet
arrays 1100, 1102 and 1104 shown schematically in Fig. 11, may be disposed in series following
the optical switch network 104 to overcome these issues. In this case, the lens 102 may be
replaced by one or more of the lenslet arrays, such as lenslet arrays 1102 and 1104, disposed
optically furthest from the optical switch network 104. Two or more of the lenslet arrays 1100-
1102 may be physically shifted, separately such as by respective x-y stages (not shown), to shift
or scan the light rays 106. In the embodiment shown in Fig. 11, the last two lenslet arrays 1102
and 1104 are shifted together, such as by a single x-y stage.

[0081] Alternatively, the intermediate optic 1000 may include a single large lens (not

shown) that is shiftable, such as by an x-y stage, and large enough to optically encompass,
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throughout its range of shifting, the entire field between all the ports 200 of the optical switch
network 104 and the lens 102.

Multiple beams

[0082] In the above described embodiments, the binary optical switches 300-310 fully
direct the light down one path or another. In other embodiments, some or all the binary optical
switches split the light evenly or arbitrarily among more than one path through the H-tree,
making it possible to direct multiple beams 106 in different directions simultaneously. To
achieve this, suitable changes are made to the binary optical switches and addressing scheme

described herein, since multiple switches at each level may need to be addressed.

Integrated MEMS Switches for Selectively Coupling
Light In and Out of a Waveguide

[0083] Limitations on the densities at which the binary optical switches 300-310 may be
fabricated may limit spatial resolution of the transmit/receive terminal 100, ie., density of
possible transmit or receive beam positions. Fig. 12 is a schematic diagram illustrating an optical
switch network 1200 that may replace the optical switch network 104 (Fig. 1), according to
another embodiment of the present invention. The optical switch network 1200 may provide
higher switch densities than the optical switch network 104 described above. In this embodiment,
an optical switch network employs MEMS-based binary optical switches to steer an optical
beam.

[0084] The MEMS-based binary optical switches may be significantly smaller than the
H-tree based binary optical switches 300-310. Consequently, the MEMS-based binary optical
switches may be fabricated or packed at a higher density than in the prior art, providing higher
spatial resolution of a transmit/receive terminal, i.e., density of possible transmit/receive beam
positions. As with the all-solid state optical transmit/receive terminal 100, a relatively small
subset of the MEMS-based switches needs to be operated, therefore powered, at any given time.
Therefore, a terminal that includes the optical switch network 1200 overcomes the mechanical,
switch density, emitter density and high power problems associated with the prior art.

[0085] The optical switch network 1200 includes a common input/output port 1202.
Light may enter and/or exit the common input/output port 1202, as indicated by a double-headed
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arrow 1204. The common input/output port 1202 is optically coupled to a first optical waveguide
1206. The optical switch network 1200 also includes a plurality of second optical waveguides,
represented by optical waveguides 1208, 1210, 1212, 1214 and 1216. Each second optical
waveguide 1208-1216 is optically coupled to the first optical waveguide 1206 via a respective
first binary optical switch, represented by first binary optical switches 1218, 1220, 1222, 1224
and 1226.

[0086] In some embodiments, each first binary optical switch 1218-1226 acts as a single-
pole, double-throw (SPDT) switch. Thus, assuming light enters the common input/output port
1202, the first binary optical switch 1218 selectively either allows the light to continue along the
first optical waveguide 1206 or diverts the light to the second optical waveguide 1208, but not
both. Thus, collectively, the first binary optical switches 1218-1226 control to which second
optical waveguide 1208-1216 the light is diverted. Similarly, collectively the first binary optical
switches 1218-1226 control from which second optical waveguide 1208-1216 light is routed to
the first optical waveguide 1206 and, thence, to the common input/output port 1202, in a receive
mode. Although five second optical waveguides 1208-1216 and five first binary optical switches
1218-1226 are shown, any suitable number of second waveguides and first binary optical
switches may be included.

[0087] A respective plurality of second binary optical switches, represented by second
binary optical switches 1228, 1230, 1232, 1234, 1236, 1238, 1240 and 1242, is optically coupled
to each second optical waveguide 1208-1216. For example, second binary optical switches 1228-
1232 are optically coupled to the second optical waveguide 1208. Each second binary optical
switch 1228-1242 may selectively optically couple the respective second optical waveguide
1208, 1210, 1212, 1214 or 1216 to free space. The second binary optical switches 1228-1242
may be coupled between the second optical waveguides 1208-1216 and the N ports 202-210
(Fig. 2), or each second binary optical switch 1228-1242 may form part or all of one of the N
ports 202-210.

[0088] In some embodiments, each second binary optical switch 1228-1242 acts as a
single-pole, double-throw (SPDT) switch. Thus, assuming light enters the common input/output
port 1202 and is routed by the first binary optical switch 1222 to the second optical waveguide
1212, as indicated by a dashed line 1244, the second binary optical switch 1238 selectively either

allows the light to continue along the second optical waveguide 1212 or diverts the light out of
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the second optical waveguide 1212, as indicated by a two-headed arrow 1246. The two-headed
arrow 1246 extends out of the plane of the drawing. Thus, collectively, the second binary optical
switches 1228-1242 control to which port of the N ports 202-210 the light is diverted. Similarly,
collectively, the second binary optical switches 1228-1242 control from which port of the N
ports 202-210 light is routed to the first optical waveguide 1206 and, thence, to the common
input/output port 1202 in the receive mode.

[0089] Although 14 second binary optical switches are shown coupled to each second
optical waveguide 1208-1216, any number of second binary optical switches may be included.
All the second optical waveguides 322-1242 need not have equal numbers of second binary
optical switches 1228-1242.

[0090] Each first and second binary optical switch 1218-1226 and 1228-1242 is binary,
i.e., an ON-OFF or other switch having exactly two positions or states. Thus, the first and second
binary optical switches 1218-1226 and 1228-1242 determine an optical route for an optical
signal traveling through the switch array 1200, between the common input/output port 1202 and
a selected port of the N ports 202-210, for example as exemplified by the dashed line 1244.
[0091] Each first binary optical switch 1218-1226 may be implemented by any suitable
optical switch. In some embodiments, each first binary optical switch 1218-1226 is implemented
by a pair of MEMS-actuated adiabatic optical couplers. Such a switch cell is described in Tae
Joon Seok, et al., “Large-scale broadband digital silicon photonic switches with vertical adiabatic
couplers,” Optica, Vol. 3, No. 1, pp. 64-70, January, 2016, (“Seok”) and Tae Joon Seok, et al.,
“Large-scale broadband digital silicon photonic switches with vertical adiabatic couplers:
supplemental material,” (“Seok supplement”). Each first binary optical switch 1218-1226 may be
implemented using two optical waveguides. However, unlike what is described in Seok, the two
waveguides need not cross, but the principal of the switch is similar. A switching element that
includes a pair of MEMS-actuated adiabatic couplers may be disposed optically between the two
optical waveguides. See, for example, Seok, Fig. 1 (reproduced in the present application, with
annotations, as Fig. 13).

[0092] In an OFF state (Fig. 13c), the adiabatic couplers, exemplified by adiabatic
couplers 1300 and 1302, are located far enough 1304, such as about 1um above, the optical

waveguides, exemplified by optical waveguides 1306 and 1308, so light continues to propagate
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along one of the waveguides 1306 (as indicated by “Through”), without appreciably coupling to
the other waveguide 1308. However, in the ON state (Fig. 13d), the adiabatic couplers 1300 and
1302 are physically moved toward the waveguides 1306 and 1308 by MEMS electrostatic gap-
closing actuators, and light is therefore efficiently coupled from one of the waveguides 1306 into
one of the adiabatic couplers 1300, and between the other adiabatic coupler 1302 and the other
waveguide 1308 (as indicated by “Drop”).

[0093] Alternatively, each first binary optical switch 1218-1226 (Fig. 12) may be
implemented using a standard Mach-Zehnder interferometer type switch, for example with
thermal phase shifters, as discussed above, with respect to Fig. 4.

[0094] As noted, the surface 107 (Fig. 1) of the optical switch network 104 has N ports
202-210, and the lens 102 focuses incoming light rays 106 onto the N ports 202-210, and/or the
lens 102 projects optical signals emitted via any subset of the N ports 202-210 into space.
Optical gratings are efficient devices for emitting light out of the plane of the second optical
waveguides 1208-1216 or coupling out-of-plane light into the second optical waveguides 1208-
1216, as indicated by the two-headed arrow 1246 (Fig. 12). An optical grating is a spatially
periodic structure that defines a plurality of regions having a first refractive index, interspersed
with regions having a different second refractive index. The spatial period is selected based on
the wavelength of interest. In some cases, periodic grooves are defined in a material. In other
cases, two different materials, having different refractive indexes, are alternated. For simplicity
of explanation, the term “groove” is used herein to represent an actual groove, i.e., void, or one
of the two alternating materials of an optical grating.

[0095] Such optical gratings may be disposed at or near the surface 107 (Fig. 1). Each
second binary optical switch 1228-1242 (Fig. 12) may include such an optical grating. In
particular, each second binary optical switch 1228-1242 may be implemented by a physically
translatable optical grating, i.e., an optical grating that is configured to physically translate
between at least two positions. In a first (“ON”) position, the optical grating is sufficiently close
to one of the second optical waveguides 1208-1216 to optically couple with the second optical
waveguide with a coupling efficiency, at a wavelength of interest, of at least about 25%. In a
second (“OFF”) position, the optical grating is sufficiently far from the second optical waveguide

to optically couple with the second optical waveguide with a coupling efficiency, at the
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wavelength of interest, of at most about 5%, preferably less than 1%. Fig. 12 shows three of the
second binary optical switches 1228-1242 enlarged at 1244,

[0096] Each second binary optical switch 1228-1242 may include a MEMS structure that
is configured to selectively translate the translatable optical grating to the ON position and to the
OFF position. Fig. 14 is a schematic top view of one binary optical switch 1400 of the second
binary optical switches 1228-1242. The binary optical switch 1400 includes a translatable grating
1402. The translatable grating 1402 defines a plurality of parallel or approximately parallel
periodic grooves. The grooves are separated by walls, represented by walls 1404, 1406 and 1408.
As noted, the grooves and walls may be implemented by respective materials having different
refractive indexes. The walls 1404-1408 may be made of silicon, silicon nitride or another
suitable material using conventional semiconductor fabrication techniques. The grooves may be
voids or made of a suitable material different from the walls 1404-1408. Although the
translatable grating 1402 is shown with six walls 1404-1408, any suitable number of walls and/or
grooves may be used. The translatable grating 1402 is disposed above a second optical
waveguide 1410, one of the second optical waveguides 1208-1216 (Fig. 12).

[0097] Fig. 15 is a schematic side view of the binary optical switch 1400 in the OFF
position. In the OFF position, the translatable optical grating 1402 is disposed a distance 1500
from the second optical waveguide 1410 sufficient to optically couple with the second optical
waveguide 1410 with a coupling efficiency of at most about 5%, preferably less than 1%, and in
some embodiments less than 0.1%. In some embodiments, the distance 1500 is about 1 pum
(1,000 nm). In some embodiments, the distance 1500 may be about 800 nm. In some
embodiments, the distance 1500 may be about 250 nm. In the OFF position, most or substantially
all light 1502 in the second optical waveguide 1410 continues along the second optical
waveguide 1410, as indicated by an arrow 1504. Similarly, very little or substantially no light
from free space couples via the optical grating 1402 into the second optical waveguide 1410.
[0098] The second optical waveguide 1410 may be fabricated using conventional
semiconductor fabrication techniques on a suitable semiconductor wafer, such as a silicon or
silicon nitride wafer. The second optical waveguide 1410 may be fabricated on a suitable oxide
or other passivation layer 1506.

[0099] Fig. 16 is a schematic side view of the binary optical switch 1400 in the ON

position. In the ON position, the translatable optical grating 1402 is disposed a distance 1600
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from the second optical waveguide 1410 sufficient to optically couple with the second optical
waveguide 1410 with a coupling efficiency of at least about 25%. In some embodiments, the
distance 1600 is about 10-50 nm. In the ON position, much, most or substantially all light 1502
in the second optical waveguide 1410 is emitted by the translatable optical grating 1402 into free
space, as indicated by an arrow 1602. Similarly, much, most or substantially all light of a suitable
mode from free space couples via the optical grating 1402 into the second optical waveguide
1410.

[0100] Fig. 17 is another schematic side view of the binary optical switch 1400 in the ON
position showing representative dimensions, according to an embodiment of the present
invention. The translatable grating 1402 is disposed a distance (D) about 20 nm from the second
optical waveguide 1410. The second optical waveguide 1410 is about 150 nm thick (T) silicon
on an oxide substrate 1506. The input light beam 1502 is a Gaussian with an about 2.5 pm
radius. The translatable grating 1402 is about 50 nm thick (H). The translatable grating 1402 has
a groove period (A) of about 580 nm. Appropriate modifications may be made, such as changing
the groove period (A) for other wavelengths of light, as would be known by one of ordinary skill
in the art.

[0101] As discussed with respect to Figs. 14-16, each second optical switch 1228-1242
may include a MEMS structure that is configured to selectively translate the translatable optical
grating 1402 to the ON position and to the OFF position. Figs. 18 and 19 are respective
schematic perspective and side views of the optical switch 1400 in the OFF position, showing an
electrostatic MEMS structure 1800 configured to selectively translate the translatable optical
grating 1400 to the ON position and to the OFF position. Fig. 20 is a schematic perspective side
view of the optical switch 1400 in the ON position. The translatable optical grating 1402 is
shown within a dashed ellipse 1802.

[0102] The translatable optical grating 1402 is part of a bridge 1804. The bridge 1804 is
spaced apart from, and disposed above, the substrate 1506. The substrate 1506 may include a
buried oxide layer 1900 (Figs. 19 and 20). The bridge 1804 is supported by respective piers 1808
and 1810. The second optical waveguide 1410 is disposed in or on the substrate 1506 under the
translatable optical grating 1402.

[0103] The bridge 1804 includes two first electrostatic actuation electrodes 1812 and

1814. Two corresponding second electrostatic actuation electrodes 1816 and 1818 are disposed
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on the substrate 1506, such that the two first actuation electrodes 1812 and 1814 register over the
two second actuation electrodes 1816 and 1818, respectively. The bridge 1804 also includes two
flexures 1820 and 1822.

[0104] Thus, if an electric potential 2000 is applied across the first and second actuation
electrodes 1812-1814 and 1816-1818, as shown schematically in Fig. 20, a resulting electrostatic
force urges the first actuation electrodes 1812-1814 and the translatable optical grating 1402
toward the substrate 1506, thereby bringing the translatable optical grating 1402 within an
appropriate distance of the second optical waveguide 1410 to turn the optical switch 1400 ON.
Absent such an electric potential and the resulting electrostatic force, the flexures 1820 and 1822
return the translatable optical grating 1402 to the OFF position. A boss 1902 (Fig. 19) may be
included to limit travel distance of the translatable optical grating 1402 in the ON position. Other
aspects of the MEMS structure 1800 are similar to MEMS structures described in Seok and Seok
supplement.

[0105] Figs. 21 and 22 contain graphs 2100 and 2200 illustrating results of computer
modeled E-field strength versus z-x location within the optical switch 1400 in the ON and OFF
positions, respectively. In both plots, the second optical waveguide 1410 is vertical, and light
travels down the second optical waveguide 1410, as indicated by arrows 2102. In Fig. 21, light
that couples into the translatable grating 1402 and exits the switch 1400 is indicated by an arrow
2104. In both plots 2100 and 2200 the light wavelength is 1.5-1.6 um, and the E-field strength is
color coded 2106. For the plot 2100 (optical switch 1400 ON), the translatable grating 1402 is
disposed 20 nm from the second optical waveguide 1410, whereas for the plot 2200 (optical
switch 1400 OFF), the translatable grating 1402 is disposed 250 nm from the second optical
waveguide 1410.

[0106] As can be seen in Fig. 12, a relatively small number, such as one each, of the first
and second optical switches 1218-1226 and 1228-1242 needs to be operated, i.e., ON, to route an
optical signal from the common input/output port 1202 to the selected port 1238 This small
number of switches therefore consumes much less energy than phase shifters in a comparable
optical phased array. In addition, the MEMS-based first and second optical switches 1218-1226
and 1228-1242 may be smaller, and may therefore be fabricated or packed more densely, than

phase shifters or binary optical switches of an H-tree.
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[0107] In the described embodiments, the first and second optical switches 1218-1226
and 1228-1242 fully direct the light down one path or another. In other embodiments, the optical
switch network 1200 (Fig. 12) is partitioned into multiple optical switch networks, each
operating independently and each handling a non-overlapping subset of the N ports 202-210.
This is similar to including multiple optical switches 104 in the optical transmit/receive terminal
100 (Fig. 1). Multiple optical switch networks 104, or a partitioned optical switch network 104,
can handle multiple diverse light rays 106, i.e., each light ray 106 being directed in a different

direction is space.

Tiled Display

[0108] Fig. 23 is a schematic diagram of a display projector 2300 capable of projecting
an image that is perceived differently by viewers observing the projection from different angles.
An optical switch network 2302, such as any of the optical switch networks described herein,
receives light via an optical input 2304, such as from a modulated laser (not shown), and routes
the light to an output port of a plurality of output ports 2306, as directed by a controller 2308.
Each output port 2306 may be an optical coupler, such as described herein. The controller may
use data from a data source 2310 to command the optical switch network 2302. The data source
2310 may contain predefined data or the data may be generated in real time. The data source
2310 may contain data defining, for example, a 3-dimensional representation of an object.

[0109] A lenticular lens 2312 optically couples the output ports 2306 to free space 2314.
Due to the nature of the lenticular lens 2312, each observation angle, represented by observers
2316, 2318 and 2320, sees a different portion of the output ports 2306. Specifically, each
observer 2316-2320 sees a different output port of the output ports 23006, as indicated by lines
2322, 2324 and 2326.

[0110] The display projector 2300 may project one pixel of an image, and each observer
2300 may see that pixel differently, based on the observer’s position, relative to the lenticular
lens 2312. For example, the pixel may represent a portion of a flower. That portion of the flower
would appear different to different observers observing the flower from different locations. For
example, if the portion of the flower is illuminated, and an observer’s line of sight to the portion
of the flower is not blocked, the observer would see the portion of the flower. However, if the

observer’s line of sight is blocked, the portion of the flower would be invisible. Similarly, the
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portion of the flower may appear elongated or compressed, depending on the angle of
observation. Thus, depending on the observer’s angle, a given pixel may be bright, dim or blank
(invisible).

[0111] To project a multi-pixel image, including an apparently 3-dimensional image, to
the observers 2316-2320, the display projector 2300 may include a set 2400 of optical switch
networks, output ports and lenticular lens, one optical switch network, one output port and one
lenticular lens for each pixel to be projected, as schematically illustrated in Fig. 24. Thus, from
the point of view of the observers 2316-2320, the respective pixels represented by the set 2400 of
optical switch networks, output ports and lenticular arrays are tiled to form a multi-pixel image.
[0112] Each optical switch network, output port and lenticular array group, represented
by group 2402, may project a single color, such as white or red, to form a monochrome image.
Alternatively, each group 2402 may include three optical switch networks, three output ports and
three lenticular lenses, as shown at 2404, where each optical switch network, output port and
lenticular lens projects a different color, such as red, green and blue.

[0113] Returning to Fig. 23, the controller 2308 may scan through the output ports 2306,
i.e., through the possible view angles, to project a different amplitude and/or color for each view
angle. The controller 2308 may modulate a light source 2328 to control the amplitude and/or
color of the input light 2304 If the light source 2328 is capable of projecting red, green and blue,
or another suitable range of colors, the controller 2308 may cycle through the colors for each
output port 2306 and thereby project a color image to the observers 2316-2320. In any case, the
scanning should be done quickly enough that the observers 2316-2320 do not perceive flicker.
[0114] Although the display projector 2300 is described as having a separate lenticular
lens for each pixel, a single lenticular lens may be large enough to project several pixels, such as
all or some of the pixels in a given column. A lenslet array of lenticular lenses may be used.
[0115] Fig. 25 is a schematic illustration of another embodiment of an optical switch
network 2500, according to an embodiment of the present invention. The optical switch network
2500 includes a wavelength filter 2502, such as a prism. Depending on the wavelength of the
input light 2304, the wavelength filter 2502 directs the light to one of the output ports 2306. The
source of the input light 2304 may be, for example, a tunable laser 2504, and a controller 2506
may control the wavelength of the tunable laser 2504, based on information from the data source

2310, to select which output port 2306 is to project light. As with the embodiment discussed with
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respect to Fig. 23, the controller 2506 may scan through the wavelengths and modulate the
amplitude of the tunable laser 2504 to affect the amplitude of the pixel projected at each angle,
i.e. to the observers 2316-2320.

[0116] In some embodiments, the output ports 2306 pass the wavelength of light they
receive. In other embodiments, the output ports 2306 are configured to be stimulated by the
incoming light, regardless of wavelength, and emit a predetermined wavelength of light, such as
red, green or blue.

[0117] If the range of wavelengths in the input light 2304 and pass band of wavelength
filter 2502 are relatively narrow, so the light 2304 would be perceived by a human observer
2316-2320 as a single color or nearly a single color, optical switch network 2500 may be used to
project monochrome pixels. If color pixels are to be projected, the scheme described with respect
to Fig. 25 may be replicated for each pixel, and each replica may project a different color, such
as red, green and blue, as discussed with respect to group 2404 (Fig. 24). In each of the replicas,
the wavelength filter 2502 is different, so as to enable three suitable different colors, such as red,
green and blue, to reach a given output port 2306 in each replica, where the three colors can be
used in combination to be perceived by a human observer 2316-2320 as a given color.

[0118] For example, the wavelength filter 2502 in one of three replicas may be
configured such that red light reaches a given output port 2306 in the replica, the wavelength
filter 2502 in a second of the three replicas may be configured such that green light reaches the
corresponding, i.e., same output direction, output port 2306 in the second replica, and the
wavelength filter 2502 in a third of the three replicas may be configured such that blue light
reaches the corresponding, i.e., same output direction, output port 2306 in the third replica.
[0119] On the other hand, if the range of wavelengths in the input light 2304 and pass
band of wavelength filter 2502 are relatively wide, so the light 2304 would be perceived by a
human observer 2316-2320 as having different colors, the scheme described with respect to Fig.
25 may be replicated for each pixel, as discussed above. In each of the replicas, the wavelength
filter 2502 is different, so as to enable three suitable different colors, such as red, green and blue,
to reach a given output port 2306 in each replica, where the three colors can be used in
combination to be perceived by a human observer 2316-2320 as a given color. For example, the
wavelength filter 2502 in one of three replicas may be configured such that red light reaches a

given output port 2306 in the replica, the wavelength filter 2502 in a second of the three replicas
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may be configured such that yellow light reaches the corresponding, i.e., same output direction,
output port 2306 in the second replica, and the wavelength filter 2502 in a third of the three
replicas may be configured such that orange light reaches the corresponding, i.e., same output
direction, output port 2306 in the third replica. However, this scheme may limit the range or
number of colors that are projectable to each observer 2316-2320.

[0120] Although the display projector 2300 and the optical switch network 2500 have
been described in the context of outputting optical signals, the observers 2316-2320 may be
replaced by optical sources, such as light reflected from objects, and the light source 2328 and
the tunable laser 2504 may be replaced by suitable optical receivers to form receive terminals.
[0121] As used herein, “optical coupler” means an optical antenna or other interface
device between optical signals traveling in free space and optical signals traveling in a
waveguide, such as an optical fiber or solid glass. In some embodiments, ports 200 discussed
with reference to Figs. 2 and 12 may be implemented with optical couplers. In embodiments
where optical waveguides extend perpendicular to a desired direction of free-space propagation,
an optical coupler should facilitate this change of direction. Examples of optical couplers include
compact gratings, prisms fabricated in waveguides and facets etched in wafers and used as
mirrors. An optical antenna is a device designed to efficiently convert free-propagating optical
radiation to localized energy, and vice versa. Optical antennas are described by Palash
Bharadwaj, ef al., “Optical Antennas,” Advances in Optics and Photonics 1.3 (2009), pp. 438-
483.

[0122] In some embodiments, the optical switch network 104 or 1200 may be
implemented on a photonic chip, such as a silicon waver. “Wafer” means a manufactured
substrate, such as a silicon wafer. The surface of the earth, for example, does not fall within the
meaning of wafer. The photonic chip provides a substrate, and the photonic chip may be
fabricated to provide optical waveguides within a thickness of the substrate. The optical
waveguides may be made of glass or another material that is optically transparent at wavelengths
of interest. The optical waveguides may be solid or they may be hollow, such as a hollow
defined by a bore in the thickness of the substrate, and partially evacuated or filled with gas, such
as air or dry nitrogen. The optical waveguides may be defined by a difference in refractive index

of the optical medium of the waveguides and refractive index of the substrate or other material
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surrounding the optical waveguides. The photonic chip may be fabricated using conventional
semiconductor fabrication processes, such as the conventional CMOS process.

[0123] Depending on wavelength at which operation of the optical switch network 104 or
1200 is desired, an appropriate material should be used. For example, passive waveguides can be
made of a variety of well-known materials, preferably silicon nitride, because of its compatibility
with CMOS fabrication processes and high index contrast. Alternative materials for passive
waveguides include doped silica or polymers. Active materials include GaN, AIN, and certain
polymers.

[0124] As used herein, “light” means electromagnetic radiation having a wavelength
between about 100 nm and about 1 mm.

[0125] While the invention is described through the above-described exemplary
embodiments, modifications to, and variations of, the illustrated embodiments may be made
without departing from the inventive concepts disclosed herein. For example, although specific
parameter values, such as dimensions and materials, may be recited in relation to disclosed
embodiments, within the scope of the invention, the values of all parameters may vary over wide
ranges to suit different applications. Unless otherwise indicated in context, or would be
understood by one of ordinary skill in the art, terms such as “about” mean within +20%.

[0126] As used herein, including in the claims, the term “and/or,” used in connection
with a list of items, including in the claims, means one or more of the items in the list, i.e., at
least one of the items in the list, but not necessarily all the items in the list. As used herein,
including in the claims, the term “or,” used in connection with a list of items, means one or more
of the items in the list, i.e., at least one of the items in the list, but not necessarily all the items in
the list. “Or” does not mean “exclusive or.”

[0127] As used herein, including in the claims, an element described as being configured
to perform an operation “or” another operation is met by an element that is configured to perform
only one of the operations. That is, the element need not be configured operate in one mode in
which it performs one of the operations, and in another mode in which it performs the other
operation. The element may, but need not, be configured to perform more than one of the
operations.

[0128] Although aspects of embodiments may be described with reference to block

diagrams, functions, operations, decisions, etc. of all or a portion of each block, or a combination
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of blocks, may be combined, separated into separate operations or performed in other orders. All
or a portion of each block or combination thereof may be implemented as computer program
instructions (such as software), hardware (such as combinatorial logic, Application Specific
Integrated Circuits (ASICs), Field-Programmable Gate Arrays (FPGAs), processor or other
hardware), firmware or combinations thereof. For example, selecting a direction in which to
transmit or receive light by a transmit/receive terminal 100, including selecting one or more
binary optical switches to activate and/or to command to direct light in a particular direction,
such as via the described row-and-column matrix, may be performed by a processor executing
instructions stored in a memory.

[0129] Embodiments, or portions thereof, may be implemented by one or more
processors executing, or controlled by, instructions stored in a memory. Each processor may be a
general purpose processor, such as a central processing unit (CPU), a graphic processing unit
(GPU), digital signal processor (DSP), a special purpose processor, etc., as appropriate, or
combination thereof.

[0130] The memory may be random access memory (RAM), read-only memory (ROM),
flash memory or any other memory, or combination thereof, suitable for storing control software
or other instructions and data. Instructions defining the functions of the present invention may be
delivered to a processor in many forms, including, but not limited to, information permanently
stored on tangible non-writable storage media (e.g., read-only memory devices within a
computer, such as ROM, or devices readable by a computer 1/0 attachment, such as CD-ROM or
DVD disks), information alterably stored on tangible writable storage media (e.g., floppy disks,
removable flash memory and hard drives) or information conveyed to a computer through a
communication medium, including wired or wireless computer networks. Moreover, while
embodiments may be described in connection with various illustrative data structures, systems
may be embodied using a variety of data structures.

[0131] Disclosed aspects, or portions thereof, may be combined in ways not listed above
and/or not explicitly claimed. In addition, embodiments disclosed herein may be suitably
practiced, absent any element that is not specifically disclosed herein. Accordingly, the invention

should not be viewed as being limited to the disclosed embodiments.
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THE SUBJECT-MATTER OF THE INVENTION FOR WHICH AN EXCLUSIVE
PROPERTY OR PRIVILEGE IS CLAIMED IS DEFINED AS FOLLOWS:

1. An optical switch network, comprising:

a common input/output port;

a waveguide having a length and being optically coupled to the common input/output
port; and

a plurality of binary optical switches disposed on a planar surface, the plurality of binary
optical switches being disposed along the length of the waveguide, each binary optical switch of
the plurality of binary optical switches comprising:

a translatable optical grating configured to translate between at least two
positions, a first position of the at least two positions being sufficiently close to the
waveguide to optically couple between the waveguide and free space beyond the planar
surface with a coupling efficiency of at least about 25%, and a second position of the at
least two positions being sufficiently far from the waveguide to optically couple between
the waveguide and the free space with a coupling efficiency of at most about 5%; and

a MEMS structure configured to selectively translate the translatable optical

grating to the first position and to the second position.

2. An optical switch network, comprising:

a common input/output port;

a plurality of N other ports;

a first waveguide optically coupled to the common input/output port;

a plurality of first binary optical switches optically coupled to the first waveguide, the
plurality of first binary optical switches being disposed along the length of the first waveguide;

a plurality of second waveguides, each second waveguide of the plurality of second
waveguides being optically coupled to the first waveguide via a respective first binary optical
switch of the plurality of first binary optical switches;

for each second waveguide of the plurality of second waveguides, a respective plurality
of second binary optical switches optically coupled to the second waveguide of the plurality of

second waveguides, each plurality of second binary optical switches being disposed along the
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length of the respective second waveguide, wherein each second binary optical switch of the
plurality of second binary optical switches is optically coupled between the respective second
waveguide of the plurality of second waveguides and a respective port of the plurality of N other
ports and comprises:

a translatable optical grating configured to translate between at least two
positions, a first position of the at least two positions being sufficiently close to the
respective second waveguide to optically couple with the second waveguide with a
coupling efficiency of at least about 25%, and a second position of the at least two
positions being sufficiently far from the respective second waveguide to optically couple
with the second waveguide with a coupling efficiency of at most about 5%; and

a MEMS structure configured to selectively translate the translatable optical

grating to the first position and to the second position.

3. The optical switch network according to claim 2, wherein the N other ports are arranged

in a rectangular array.

4. The optical switch network according to claim 2 or claim 3, wherein the N other ports are

disposed on a planar surface.

5. The optical switch network of claim 4, wherein each second binary optical switch of the
plurality of second binary optical switches is configured, when the second binary optical switch
is in the first position, to optically couple between the respective second waveguide and free

space beyond the planar surface.

6. The optical switch network according to any one of claims 2-5, wherein the optical

switch network comprises a photonic chip.

7. The optical switch network according to any one of claims 2-6, wherein each port of the

N other ports comprises an optical coupler.
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8. The optical switch network according to any one of claims 2-7, further comprising:
a row-and-column addressing matrix having a plurality of rows and a plurality of
columns; wherein:
each first binary optical switch of the plurality of first binary optical switches and each
second binary optical switch of the plurality of second binary optical switches is:
coupled to a row of the plurality of rows;
coupled to a column of the plurality of columns; and
configured to actuate in response to signals being present on both the row of the

plurality of rows and the column of the plurality of columns.

9. An optical send/receive terminal, comprising:
a lens having a field of view;
an optical switch network, the optical switch network comprising:

a common input/output port;

a plurality of N other ports optically coupled to the lens, such that each port of the
plurality of N other ports is optically coupled to a unique portion of the lens field of view;

a first waveguide optically coupled to the common input/output port;

a plurality of first binary optical switches optically coupled to the first waveguide,
the plurality of first binary optical switches being disposed along the length of the first
waveguide;

a plurality of second waveguides, each second waveguide of the plurality of
second waveguides being optically coupled to the first waveguide via a respective first
binary optical switch of the plurality of first binary optical switches;

for each second waveguide of the plurality of second waveguides, a respective
plurality of second binary optical switches optically coupled to the second waveguide of
the plurality of second waveguides, each plurality of second binary optical switches being
disposed along the length of the respective second waveguide, wherein each second
binary optical switch of the plurality of second binary optical switches is optically
coupled between the respective second waveguide of the plurality of second waveguides

and a respective port of the plurality of N other ports and comprises:
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a translatable optical grating configured to translate between at least two
positions, a first position of the at least two positions being sufficiently close to
the respective second waveguide to optically couple with the second waveguide
with a coupling efficiency of at least about 25%, and a second position of the at
least two positions being sufficiently far from the respective second waveguide to
optically couple with the second waveguide with a coupling efficiency of at most
about 5%; and

a MEMS structure configured to selectively translate the translatable
optical grating to the first position and to the second position; and

an optical transmitter and/or an optical receiver optically coupled to the common

input/output port of the optical switch network.

10.  The optical send/receive terminal according to claim 9, further comprising a plurality of

optical fibers optically coupling the N other ports to the lens.

11.  The optical send/receive terminal according to claim 9 or claim 10, wherein the optical
switch network defines a surface and each second binary optical switch of the plurality of second
binary optical switches is configured, when the second binary optical switch is in the first
position, to optically couple between the respective second waveguide and free space beyond the

surface of the optical switch network.

12.  The optical send/receive terminal according to any one of claims 9-11, wherein each

translatable optical grating comprises a respective MEMS structure.

13.  The optical send/receive terminal according to any one of claims 9-12, wherein each first
binary optical switch of the plurality of first binary optical switches comprises a respective

MEMS structure.
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14.  The optical send/receive terminal according to any one of claims 9-13, further
comprising:
a row-and-column addressing matrix having a plurality of rows and a plurality of
columns; wherein:
each first binary optical switch of the plurality of first binary optical switches and each
second binary optical switch of the plurality of second binary optical switches is:
coupled to a row of the plurality of rows;
coupled to a column of the plurality of columns; and
configured to actuate in response to signals being present on both the row of the

plurality of rows and the column of the plurality of columns.

15. An optical terminal, comprising:

a lens having a field of view;

a planar optical switch network defining a planar surface and comprising a plurality of
optical switch arrays, each optical switch array of the plurality of optical switch arrays
comprising:

a common port;

a waveguide having a length and being optically coupled to the common port; and

a plurality of binary optical switches disposed on the planar surface, the plurality
of binary optical switches being disposed along the length of the waveguide, each binary
optical switch of the plurality of binary optical switches comprising:

a translatable optical grating configured to translate between at least two
positions, a first position of the at least two positions being sufficiently close to
the waveguide to optically couple between the waveguide and free space beyond
the planar surface with a coupling efficiency of at least about 25%, and a second
position of the at least two positions being sufficiently far from the waveguide to
optically couple between the waveguide and the free space with a coupling
efficiency of at most about 5%; and

a MEMS structure configured to selectively translate the translatable

optical grating to the first position and to the second position.
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16.  The optical switch network according to any one of claims 1-8 or the optical send/receive
terminal according to any one of claims 9-14 or the optical terminal according to claim 15,
wherein the optical switch network comprises:

a wavelength filter; and

a wavelength tunable light source.
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