WO 2022/072493 PCT/US2021/052647

DETERMINING POINTING ACCURACY USING OPTICAL FIBER BUNDLE

CROSS-REFERENCE TO RELATED APPLICATION

[0001] The present application claims the benefit of U.S. Application No. 17/062,169 filed
October 2, 2020, the entire disclosure of which is incorporated by reference herein.
BACKGROUND

[0002] Communication terminals may transmit and receive optical signals through free
space optical communication (FSOC) links. In order to accomplish this, such terminals
generally use acquisition and tracking systems to establish the optical link by pointing optical
beams towards one another. For instance, a transmitting terminal may use a beacon laser to
illuminate a receiving terminal, while the receiving terminal may use a position sensor to
monitor the beacon laser and extract necessary information to locate the transmitting
terminal. Steering mechanisms may use this information to maneuver the terminals (or the
optical paths in the terminals) to point toward each other and to actively track the alignment
once acquisition is established. Lenses and mirrors at the receiving terminal may further
direct a received laser towards components configured to capture and process the received
laser. A high degree of pointing accuracy may be required to ensure that the optical signal
will be correctly received.

BRIEF SUMMARY

[0003] Aspects of the disclosure provide for a free-space optical communication device that
determines the location of the remote terminal and the pointing direction of the laser beams
without the need of a separate beacon laser or a separate tracking sensor. The FSOC device
may determine the location of the remote terminal or the pointing direction of the laser beams
by using an optical fiber bundle to receive the data-carrying communication beams and by
deriving the necessary pointing information form the relative energy captured by each fiber in
the bundle.

[0004] Aspects of the disclosure provide for a free-space optical communication device that
includes an optical fiber bundle and one or more processors in communication with the first
photodetector and each second photodetector. The optical fiber bundle includes a central
fiber connected to a first photodetector, and a plurality of surrounding fibers, each
surrounding fiber connected to a corresponding second photodetector. The one or more

processors are configured to receive a current or voltage generated at the first photodetector



WO 2022/072493 PCT/US2021/052647

and each second photodetector; and determine a pointing accuracy of a beam received at the
optical fiber bundle based on the current or voltage generated at the second photodetectors.
[0005] In one example, the optical fiber bundle includes four surrounding fibers. In this
example, the central fiber optionally has a diameter of 130 microns, and the four surrounding
fibers optionally have diameters of 200 microns. In another example, the device also
includes a focusing system configured to direct the beam received by the free-space optical
communication device to the optical fiber bundle. In this example, the one or more
processors are also optionally configured to adjust the focusing system based on the
determined pointing accuracy of the beam. Alternatively in this example, the focusing
system includes a tip-tilt mirror.

[0006] In a further example, the one or more processors are configured to determine the
pointing accuracy of the beam based on a location of a centroid of the beam relative to a
center of the optical fiber bundle. In this example, the one or more processors are optionally
configured to determine the location of the centroid of the beam relative to the center of the
optical fiber bundle based on an amount of power received through each surrounding fiber
over a period of time, and an offset of a center of each surrounding fiber from a center of the
central fiber.

[0007] Other aspects of the disclosure provide for a method for determining a pointing
accuracy for an optical beam. The method includes receiving, at an optical fiber bundle that
includes a central fiber and a plurality of surrounding fibers, an optical beam; generating, at
each photodetector of a plurality of photodetectors configured to receive beam portions from
the plurality of surrounding fibers in the optical fiber bundle, a current or voltage based on
the received optical beam; determining, by one or more processors in communication with
the plurality of photodetectors, a pointing accuracy of the received optical beam relative to
the central fiber based on the generated currents or voltages; and adjusting, by the one or
more processors, the received optical beam using a focusing system based on the determined
pointing accuracy.

[0008] In one example, the plurality of surrounding fibers is four fibers having a same
diameter. In another example, the method also includes receiving, at each photodetector of
the plurality of photodetectors, a portion of the optical beam received at a fiber in the

plurality of surrounding fibers. In this example, the generating, at each photodetector, of the
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current or voltage based on the received optical beam optionally includes generating the
current or voltage relative to an amount of energy in the portion of the optical beam.

[0009] In a further example, the determining of the pointing accuracy of the received optical
beam includes determining a location of a centroid of the received optical beam relative to
the optical fiber bundle. In this example, the determining of the location of the centroid of
the received optical beam relative to the optical fiber bundle optionally includes combining
electrical signals generated at each photodetector of the plurality of photodetectors into a
single signal. Further in this example, the combining of electrical signals includes summing
the voltage or current received at each photodetector of the plurality of photodetectors over a
period of time; multiplying the summed voltage or current of a given photodetector with an
offset of a center of a corresponding surrounding fiber relative to a center of the central fiber
to obtain a product for each photodetector; and summing the products of each photodetector.
Alternatively in this example, the location of the centroid includes Cartesian coordinates.
Also alternatively in this example, the location of the centroid includes an angle of incidence.

[0010] In yet another example, the adjusting of the received optical beam using a focusing
system based on the determined pointing accuracy includes moving a mirror in the focusing
system. In a still further example, the method also includes extracting data from the received
beam based on a modulation of a total current or voltage generated at the plurality of
photodetectors and a second photodetector configured to receive a beam portion from the
central fiber.

[0011] Further aspects of the disclosure provide for a tangible, non-transitory computer-
readable storage medium configured to store instructions. The instructions, when executed
by one or more processors, cause the one or more processors to perform a method. The
method includes receiving a current or voltage from each photodetector of a plurality of
photodetectors configured to receive portions of an optical beam from a plurality of fibers in
an optical fiber bundle, the plurality of fibers surrounding a central fiber of the optical fiber
bundle; determining a pointing accuracy of the optical beam relative to the central fiber based
on the received currents or voltages; and adjusting the optical beam using a focusing system
based on the determined pointing accuracy.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIGURE 1 is a block diagram 100 of a first communication device and a second

communication device in accordance with aspects of the disclosure.
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[0013] FIGURES 2A and 2B are pictorial diagrams of example optical fiber bundles in
accordance with aspects of the disclosure.

[0014] FIGURE 3 is a pictorial diagram of a network 300 in accordance with aspects of the
disclosure.

[0015] FIGURE 4 is a flow diagram 400 in accordance with aspects of the disclosure.

[0016] FIGURE 5 is a pictorial diagram of an example scenario 500 in accordance with
aspects of the disclosure.

DETAILED DESCRIPTION

OVERVIEW

[0017] The technology relates to a multi-core fiber bundle for a free-space optical
communications (FSOC) system. Because optical beams in a FSOC link are very narrow
(e.g., 1/500th of a degree), the beams between two terminals need to be accurately pointed so
that they illuminate the receive-terminal aperture and yield good performance. For example,
a requirement of less than 5 microradians (~1 arcsecond) root-mean-square pointing error
may exist for the pointing accuracy for a communication device. By using a multi-core fiber
bundle, the pointing accuracy of a communication beam may be determined and adjusted
without the need for separate architecture for processing a beacon beam, thereby eliminating
the need for (1) a separate beacon laser transmitted from the remote terminal, (2) a separate
tracking receiver path on the local terminal (along with dedicated optics, optomechanics and
electrooptics), and (3) precision alignment of the optical paths (i.e., the boresight) between
the beacon beam receiver and the communication beam receiver.

[0018] For example, a communication beam may be received by the communication device
and focused onto an optical fiber bundle inside the device. The angle of incidence of the
received communication beam may be determined by the displacement of the focused beam
on the surface of the fiber bundle, which can be calculated using measurements of the energy
collected by each fiber in the bundle. This angle may be used to provide feedback to adjust
the pointing of the communication beam relative to the optical fiber bundle of the FSOC
system, such as by moving tilting a mirror in the FSOC system.

[0019] The features of the technology described herein may allow for a more accurate
alignment between two communication devices. In particular, the features of the technology
described herein may allow for using a single laser beam (referred to as the “communication

beam™) for both transmitting data, and providing the necessary tracking information for
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accurate pointing. The boresight error that typically exists between a beacon beam detector
and a communication beam detector may therefore be eliminated, and a higher coupling
efficiency of the laser beam to the central fiber may be achieved. The performance of the
communication device may also be better through the lifetime of the system. The
architecture of a given communication device may be simplified, as well as made cheaper
and smaller in size, by removing components related to transmitting and receiving a beacon
beam.

EXAMPLE SYSTEMS

[0020] FIGURE 1 is a block diagram 100 of a first communication device of a first
communication terminal configured to form one or more links with a second communication
device of a second communication terminal, for instance as part of a system such as a free-
space optical communication (FSOC) system. For example, a first communication device
102 includes one or more processors 104, a memory 106, a transmitter 112, a receiver 114,
and a steering mechanism 116.

[0021] The one or more processors 104 may be any conventional processors, such as
commercially available CPUs. Alternatively, the one or more processors may be a dedicated
device such as an application specific integrated circuit (ASIC) or other hardware-based
processor, such as a field programmable gate array (FPGA). Although FIGURE 1
functionally illustrates the one or more processors 104 and memory 106 as being within the
same block, the one or more processors 104 and memory 106 may actually comprise multiple
processors and memories that may or may not be stored within the same physical housing.
Accordingly, references to a processor or computer will be understood to include references
to a collection of processors or computers or memories that may or may not operate in
parallel.

[0022] Memory 106 may store information accessible by the one or more processors 104,
including data 108, and instructions 110, that may be executed by the one or more processors
104. The memory may be of any type capable of storing information accessible by the
processor, including a computer-readable medium such as a hard-drive, memory card, ROM,
RAM, DVD or other optical disks, as well as other write-capable and read-only memories.
The system and method may include different combinations of the foregoing, whereby

different portions of the data 108 and instructions 110 are stored on different types of media.
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In the memory of each communication device, such as memory 106, calibration information,
such as one or more offsets determined for tracking a signal, may be stored.

[0023] Data 108 may be retrieved, stored or modified by the one or more processors 104 in
accordance with the instructions 110. For instance, although the system and method is not
limited by any particular data structure, the data 108 may be stored in computer registers, in a
relational database as a table having a plurality of different fields and records, XML
documents or flat files. The data 108 may also be formatted in any computer-readable format
such as, but not limited to, binary values or Unicode. By further way of example only, image
data may be stored as bitmaps comprised of grids of pixels that are stored in accordance with
formats that are compressed or uncompressed, lossless (e.g., BMP) or lossy (e.g., JPEG), and
bitmap or vector-based (e.g., SVG), as well as computer instructions for drawing graphics.
The data 108 may comprise any information sufficient to identify the relevant information,
such as numbers, descriptive text, proprietary codes, references to data stored in other areas
of the same memory or different memories (including other network locations) or information
that is used by a function to calculate the relevant data.

[0024] The instructions 110 may be any set of instructions to be executed directly (such as
machine code) or indirectly (such as scripts) by the one or more processors 104. For
example, the instructions 110 may be stored as computer code on the computer-readable
medium. In that regard, the terms "instructions" and "programs" may be used
interchangeably herein. The instructions 110 may be stored in object code format for direct
processing by the one or more processors 104, or in any other computer language including
scripts or collections of independent source code modules that are interpreted on demand or
compiled in advance. Functions, methods and routines of the instructions 110 are explained
in more detail below.

[0025] The one or more processors 104 may be in communication with the transmitter 112
and the receiver 114. Transmitter 112 and receiver 114 may be part of a transceiver
arrangement in the communication device 102. The one or more processors 104 may
therefore be configured to transmit, via the transmitter 112, data in a signal, and also may be
configured to receive, via the receiver 114, communications and data in a signal. The
received signal may be processed by the one or more processors 104 to extract the

communications and data.



WO 2022/072493 PCT/US2021/052647

[0026] The transmitter 112 may be configured to output an optical communication beam 20a
that allows one communication device to communicate with another. For example, the
transmitter 112 may include a light-emitting diode (LED), a laser diode, or other type of
semi-conductor device. In some examples, the transmitter 112 may include a fiber laser or a
solid state laser. Laser diodes may be directly modulated, or in other words, the light output
may be controlled by a current applied directly to the transmitter 112. The transmitter 112
may include a single-mode laser diode that supports one optical mode, or the transmitter 112
may include a multimode laser diode that supports multiple-transverse optical modes. The
transmitter 112 may receive a modulated communication signal from a modulator (not
shown), which modulates a received electrical signal. The transmitter 112 may then convert
the modulated electrical signal into an optical communication signal 24 that is configured to
establish a communication link with another communication device, and then output the
optical communication beam 20a carrying the optical communication signal 24 from the first
communication device 102.

[0027] In some examples, the communication signal 24 may be a signal configured to travel
through free space, such as, for example, a radio-frequency signal or optical signal.

[0028] The transmitter 112 of the first communication device 102 may be configured to
transmit a beam to establish a communication link with the second communication device
122, which receives the beam. When the second communication device 122 receives the
beam, the second communication device 122 may establish a line-of-sight with the first
communication device 102 or otherwise align with the first communication device. As a
result, the communication link that allows for the transmission of the optical communication
beam 20 from the first communication device 102 to the second communication device 122
may be established.

[0029] The receiver 114 may include an optical fiber bundle 118, a plurality of
photodetectors 119, and a focusing system 120 configured to direct the optical
communication beam to the optical fiber bundle 118. The focusing system may also include
one or more lenses, a mirror, a gimbal, or other system configured to relay and/or focus a
received optical communication beam to the optical fiber bundle 118. Each optical fiber in
the optical fiber bundle 118 may then relay portions of the received optical communication

beam to a photodetector of the plurality of photodetectors 119. The receiver 114 may also
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include at least one processor of the one or more processors 104 configured to process
electrical signals that are generated by the plurality of photodetectors 119.

[0030] Furthermore, the one or more processors 104 may be in communication with the
steering mechanism 116 (such as a mirror or a gimbal) for adjusting the pointing direction of
the transmitter 112, receiver 114, and/or optical communication beam. In particular, the
steering mechanism 116 may be a MEMS 2-axis mirror, 2-axis voice coil mirror, or piezo
electronic 2-axis mirror. The steering mechanism 116 may be configured to steer the
transmitter, receiver, and/or optical beam in at least two degrees of freedom, such as, for
example, yaw and pitch. The adjustments to the pointing direction may be made to establish
acquisition and connection link between the first communication device 102 and the second
communication device 122. In addition, the adjustments may optimize transmission of light
from the transmitter and/or reception of light at the receiver. In some implementations, the
one or more processors 104 may provide closed loop control for the steering mechanism 116
to adjust pointing direction based upon the optical beam received over the communication
link from a transmitting communication device, such as an optical beam received over the
communication link from the second communication device 122.

[0031] The one or more processors 104 may also be in communication with the focusing
system 120 for adjusting a pointing direction and/or a focus length of a received optical
communication beam at the receiver 114. The adjustments may include moving a mirror,
such as by altering an angle of a tip-tilt mount attached to the mirror, to change an angle of
incidence of the optical communication beam at the optical fiber bundle 118. Additionally or
alternatively, the adjustments may include moving a position of a lens relative to the optical
fiber bundle 118 to change the focal length of the optical communication beam.

[0032] As shown in FIGURES 2A and 2B the optical fiber bundle 118A may include a
central fiber 202 and a plurality of surrounding fibers 204. The central fiber 202 may be
single mode or dual-core fiber, used for both transmitting and receiving laser beams. The
plurality of surrounding fibers 204 may have a greater diameter than the central fiber 202. In
one example, each of the surrounding fibers may be at least approximately 200 microns in
diameter, and the central fiber may be at least approximately 130 microns in diameter. In this
example, there may be four surrounding fibers arranged around the central fiber. As shown in
FIGURE 2A, a central fiber 202a is surrounded by fibers 204a, 204b, 204c, and 204d. A

cross-section of the optical fiber bundle 118A in this example shows a first surrounding fiber



WO 2022/072493 PCT/US2021/052647

204a in the top left quarter, a second surrounding fiber 204b in the top right quarter, a third
surrounding fiber 204c in the bottom right quarter, and a fourth surrounding fiber 204d in the
bottom left quarter. The central fiber 202a is positioned at a center of the optical fiber bundle.
In this arrangement, the optical fiber bundle may be at least approximately 560 microns in
width and at least approximately in height. The diameters of the surrounding fibers 204a,
204b, 204c, and 204d are the same, and are greater than the diameter of the central fiber
202a. The diameters and arrangement of the fibers may be such that each surrounding fiber is
in contact with the central fiber and two neighboring surrounding fibers. The first
surrounding fiber 204a is in contact with fibers 202a, 204b, and 204d. The second
surrounding fiber 204b is in contact with fibers 202a, 204a, and 204c. The third surrounding
fiber 204c is in contact with fibers 202a, 204b, and 204d. The fourth surrounding fiber 204d
is in contact with fibers 202a, 204a, and 204c.

[0033] In an alternative example, the plurality of surrounding fibers 204 may have diameters
equal to the diameter of the central fiber 202. In this example, there may be six surrounding
fibers arranged around the central fiber. As shown in FIGURE 2B, a central fiber 202b is
surrounded by fibers 204e, 204f, 204g, 204h, 204i, and 204j. A cross-section of the optical
fiber bundle 118B in this example shows, arranged clockwise around the central fiber 202b, a
first surrounding fiber 204e, a second surrounding fiber 204f, a third surrounding fiber 204g,
a fourth surrounding fiber 204h, a fifth surrounding fiber 204i, and a sixth surrounding fiber
204j. Each surrounding fiber may be in contact with the central fiber and two neighboring
surrounding fibers. Other numbers of surrounding fibers having different diameters may be
in the optical fiber bundle than those described above while maintaining the condition that
each surrounding fiber is in contact with the central fiber and two neighboring surrounding
fibers.

[0034] Each fiber in the optical fiber bundle 118 is connected to a photodetector in the
plurality of photodetectors 119. In this way, a photodetector array may be included in the
first communication device 102 including the plurality of photodetectors 119 that correspond
to the fibers in the optical fiber bundle 118. Each photodetector may be configured to receive
a beam from its respective fiber and convert the received beam to an electrical signal carrying
data using, for example, the photoelectric effect. The voltage or current of the electrical
signal generated at each photodetector may be summed together. In one example, the current

from each photodetector may optionally be scaled before being summed together prior to
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reaching a transimpedance amplifier (TIA). In another example, the voltage may be
optionally scaled before being summed together and after first passing through the TIA.
[0035] The electrical signals generated at the output of each photodetector may be used to
calculate the angle information needed for the tracking the optical communication beam (e.g.,
by calculating a centroid), while they are simultaneously combined into one signal for
extracting the data bits most efficiently. At least one processor of the one or more processors
104, such as a processor at the receiver 114, may be configured to combine the electrical
signals. The electrical signals may be combined in a number of different ways known in the
field, such as by directly summing the signals (known as “equal-gain combining”), or
weighting and filtering the signals prior to summing (in order to suppress the signals that
have lower signal-to-noise ratio), or digitizing and processing the signals in a nonlinear
manner for optimal combining (e.g., maximum-likelihood combining).

[0036] Similarly, the second communication device 122 includes one or more processors,
124, a memory 126, a transmitter 132, a receiver 134, and a steering mechanism 136. The
one or more processors 124 may be similar to the one or more processors 104 described
above. Memory 126 may store information accessible by the one or more processors 124,
including data 128 and instructions 130 that may be executed by processor 124. Memory
126, data 128, and instructions 130 may be configured similarly to memory 106, data 108,
and instructions 110 described above. In addition, the transmitter 132, the receiver 134, and
the steering mechanism 136 of the second communication device 122 may be similar to the
transmitter 112, the receiver 114, and the steering mechanism 116 described above.

[0037] Like the transmitter 112, transmitter 132 may be configured to output an optical
communication beam 20b. Transmitter 132 of the second communication device 122 may
output a beam to establish a communication link with the first communication device 102,
which receives the beam. As such, when the first communication device 102 receives the
beam, the first communication device 102 may establish a line-of-sight with the second
communication device 122 or otherwise align with the second communication device. As a
result, a communication link, that allows for the transmission of the optical communication
beam 20b from the second communication device 122 to the first communication device 102,
may be established. Like the receiver 114, the receiver 134 includes an optical fiber bundle
138, a plurality of photodetectors 139 having a photodetector corresponding to each optical

fiber in the optical fiber bundle 138 and configured to receive an optical beam from the
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corresponding optical fiber, and a focusing system 140 configured to direct the optical
communication beam to the optical fiber bundle 138 with the same or similar features as
described above with respect to the receiver 114. The one or more processors 124 may be in
communication with the steering mechanism 136 (such as a mirror or a gimbal) for adjusting
the pointing direction of the transmitter 132, receiver 134, and/or optical communication
beam, in a same or similar way as described above with respect to the one or more processors
104 and the steering mechanism 116. The one or more processors 124 may also be in
communication with the focusing system 140 for adjusting a pointing direction and/or a focus
length of a received optical communication beam at the receiver 134, in a same or similar
way as described above with respect to the one or more processors 104 and the focusing
system 120.

[0038] As shown in FIGURE 1, the optical communication beams 20a, 20b may be
transmitted between the first communication device 102 and the second communication
device 122 when the transmitters and receivers of the first and second communication
devices are aligned. The one or more processors 104 can send communication signals to the
second communication device 122 via optical communication beam 20a, and the one or more
processors 124 can send communication signals to the first communication device 102 via
optical communication beam 20b. In some examples, a communication link between the first
and second communication devices 102, 122, which allows for the bi-directional transmission
of data between the two devices may be established for transmitting the communication
signals between two devices. In other examples, separate communication links may be
established for each transmission direction. The communication links in these examples may
be FSOC links, radio-frequency links, or another type of communication link capable of
travelling through free space.

[0039] In some implementations, the second communication device 122 may be configured
differently than the first communication device 102, but is otherwise still able to
communicate with the first communication device 102 using the optical communication
beams 20a, 20b. For example, the second communication device 122 may have fewer or
more components. The second communication device 122 may additionally or alternatively
have a different type of component than is described above with respect to the first

communication device 102.
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[0040] As shown in FIGURE 3, a plurality of communication devices, such as the first
communication device 102 and the second communication device 122, may be configured to
form a plurality of communication links between a plurality of communication terminals and
form a network 300. For example, the communication terminals in network 300 include two
land-based datacenters 305a and 305b (generally referred to as datacenters 305), two ground
terminals, or ground stations, 307a and 307b (generally referred to as ground stations 307),
and four airborne high altitude platforms (HAPs) 310a-310d (generally referred to as HAPs
310). As shown, HAP 310a is a blimp, HAP 310b is an airplane, HAP 310c is a balloon, and
HAP 310d is a satellite. Arrows shown between a pair of communication terminals represent
possible communication links 320, 322, 330-337 between the communication terminals.
[0041] The network 300 as shown in FIGURE 3 is illustrative only, and in some
implementations the network 300 may include additional or different communication
terminals. For example, in some implementations, the network 300 may include additional
HAPs, which may be balloons, blimps, airplanes, unmanned aerial vehicles (UAVs),
satellites, or any other form of high altitude platform, additional ground communication
terminals, or other types of communication terminals. In alternate implementations, the
network 300 is a terrestrial network comprising a plurality of communication devices on a
plurality of ground communication terminals. The network 300 may be an FSOC network
that includes communication terminals having communication devices equipped to perform
FSOC, such as the first communication device 102 and the second communication device
122. In other implementations, the network 300 may additionally or alternatively be
equipped to perform other forms of communication, such as radio-frequency
communications.

[0042] In some implementations, the network 300 may serve as an access network for client
devices such as cellular phones, laptop computers, desktop computers, wearable devices, or
tablet computers. The network 300 also may be connected to a larger network, such as the
Internet, and may be configured to provide a client device with access to resources stored on
or provided through the larger computer network. In some implementations, HAPs 310 can
include wireless transceivers associated with a cellular or other mobile network, such as
eNodeB base stations or other wireless access points, such as WiMAX or UMTS access
points. Together, HAPs 310 may form all or part of a wireless access network. HAPs 310

may connect to the datacenters 305, for example, via backbone network links or transit
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networks operated by third parties. The datacenters 305 may include servers hosting
applications that are accessed by remote users as well as systems that monitor or control the
components of the network 300. HAPs 310 may provide wireless access for the users, and
may route user requests to the datacenters 305 and return responses to the users via the
backbone network links.

EXAMPLE METHODS

[0043] In addition to the operations described above and illustrated in the figures, various
implementations and methods will now be described. It should be understood that the
described operations and steps do not have to be performed in the precise order provided
below. Rather, various operations and steps can be handled in a different order or
simultaneously, and operations and steps may also be added or omitted.

[0044] Using an optical fiber bundle, a pointing accuracy of a receive optical beam may be
determined and adjusted in order to increase coupling of the optical beam with the optical
fiber bundle. When this technique is implemented, a separate tracking system may be
omitted from the communication device, thereby eliminating (1) hardware and software
components needed for a separate beacon laser transmitter on the remote terminal, (2)
hardware and software components needed for a separate tracking receiver on the local
terminal, and (3) precision alignment of the optical paths (i.e., the boresight) between the
beacon beam receiver and the communication beam receiver. In FIGURE 4, flow diagram
400 is shown that describes an implementation of this technique using the optical fiber
bundle. The blocks in the flow diagram 400 may be performed by the one or more processors
104 of the first communication device 102 and/or the one or more processors 124 of the
second communication device 122. While FIGURE 4 shows blocks in a particular order, the
order may be varied and that multiple operations may be performed simultaneously. Also,
operations may be added or omitted.

[0045] At block 402, one or more first processors 104 of the first communication device 102
may use a transmitter 112 to transmit a beam to the second communication device. The beam
may be an optical communication beam carrying data to be relayed to a destination node in a
network, such as optical communication beam 20a. Conversely, the second communication
device 122 may receive the beam from the first communication device 102 at a receiver 134.
[0046] At block 404, the received beam may pass through a focusing system 140 of the

second communication device 122. The focusing system 140 directs the received beam
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towards an optical fiber bundle 138 of the second communication device 122. For example,
one or more lenses may focus the received beam to have a same or similar diameter as the
optical fiber bundle 138 or a central fiber 202 of the optical fiber bundle 138. Additionally or
alternatively, one or more lenses or a mirror may refract or reflect the received beam to an
angle towards the optical fiber bundle 138.

[0047] At block 406, the received beam may be received at the optical fiber bundle 138 of
the second communication device 122. The optical fiber bundle 138 includes a central fiber
202 and a plurality of surrounding fibers 204. Each fiber of the optical fiber bundle 138 may
direct a received portion of the beam towards a corresponding photodetector of a plurality of
photodetectors 139 of the second communication device 122. When a center of the received
beam falls on an area of the optical fiber bundle 138, one or more fibers in the area may
receive portions of the beam that has a higher amount of energy than portions that other fibers
outside of the area receive. In addition, a fiber closer to the area may receive a portion of the
beam that has a higher amount of energy than a portion that a fiber farther away from the area
receives. In some scenarios, one or more fibers may receive no portion of the beam when the
received beam does not fall on the one or more fibers, in which case no energy is received at
the corresponding one or more photodetectors.

[0048] As shown in example scenario 500 in FIGURE 5, a received beam 506 may be
received at optical fiber bundle 138, which is arranged the same as optical fiber bundle 118A
in FIGURE 2A. As described above, the optical fiber bundle 138 includes central fiber 202a,
first surrounding fiber 204a, second surrounding fiber 204b, third surrounding fiber 204c, and
fourth surrounding fiber 204d. Each of these fibers has centers 502a, 504a, 504b, 504c, and
504d, respectively. The received beam 506 has a center 508, which falls on the first
surrounding fiber 204a. In addition, a greatest percentage of the cross-section of the first
surrounding fiber 204a is covered by a first portion of the received beam 506, about 100%;
about 33% of the cross-section of the fourth surrounding fiber 204d is covered by a second
portion of the received beam 506; about 25% of the cross-section of the second surrounding
fiber 204b is covered by a third portion of the received beam 506; and about 1% of the cross-
section of the third surrounding fiber 204c is covered by a fourth portion of the received
beam 506. As a result, the first surrounding fiber 204a directs a highest amount of energy to
a corresponding photodetector, followed by, in descending order, the fourth surrounding fiber

204d, the second surrounding fiber 204b, and the third surrounding fiber 204c. A first
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photodetector may correspond with the first surrounding fiber 204a, a second photodetector
may correspond with the second surrounding fiber 204b, a third photodetector may
correspond with the third surrounding fiber 204c, and a fourth photodetector may correspond
with the fourth surrounding fiber 204d.

[0049] At block 408, voltage or current may be generated at each photodetector in the
plurality of photodetectors 139. For example, a given photodetector may convert the portion
of the beam received from the corresponding optical fiber to an electrical signal carrying
data. The voltage or current of the electrical signal corresponds to an amount of energy in the
portion of the beam. In the scenario 500, the first photodetector corresponding to the first
surrounding fiber 204a may output a highest voltage or current, followed by, in descending
order, the fourth photodetector corresponding to the fourth fiber 204d, the second
photodetector corresponding to the second surrounding fiber 204b, and the third
photodetector corresponding to the third surrounding fiber 204c.

[0050] At block 410, one or more processors 124 may determine a location of a centroid of
the received beam (or a center of irradiance) or an angle of incidence of the received beam
based on the voltage or current from each photodetector. In particular, the voltage or current
received at each photodetector corresponding to a surrounding fiber may be summed over a
period of time, such as approximately 10 milliseconds to 1 seconds, and then voltage or
current over the period of time may be compared. When the voltage or current generated at
each photodetector corresponding to a surrounding fiber over the period of time is the same,
the laser beam is determined to be centered on the central fiber. For example, a centroid
location of the received beam may be calculated by multiplying the total voltage or current or
the total power generated over the period of time with an (x, y) offset of a center of the
corresponding fiber of a given photodetector from a center of the central fiber, and summing
all the resulting products to obtain (x, y) coordinates for the centroid location, (a, b). The
centroid location may be converted to an angle of incidence for the laser beam using the
coordinates (a, b) and a focal length ¢ of a focusing system of the second communication
device. For instance, when a steering mechanism is configured to move along two axes, the
centroid location may first be converted to a first angle along a first axis of the steering
mechanism and a second angle along a second axis of the steering mechanism. In this
example, the first angle is arctan(a/c), and the second angle is arctan(b/c). The first angle and

the second angle may be combined, such as by summing, to determine the angle of incidence.
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While Cartesian coordinates are used in the above example, other types of coordinates may
be used.

[0051] At block 412, based on a distance from the centroid location to the central fiber or the
angle of incidence, the one or more processors 124 may adjust the focusing system 140 of the
second communication device 122. For example, the one or more processors 124 may cause
a tip-tilt mirror in the focusing system 140. In particular, the one or more processors may
adjust the focusing system 140 according to the angle of incidence determined based on the
location of the centroid of the received beam or an equivalent drive voltage or current
determined to move the mirror by a desired angle. Adjusting the focusing system 140 may
include moving a gimbal or a mirror of the focusing system 140 to change a pointing
direction of an incoming beam to keep a focused spot of the beam centered on the optical
fiber bundle 138. In particular, the adjustment may shift the centroid of the beam closer
towards the central fiber or make the angle of incidence smaller (i.e., aimed more directly on
the central fiber).

[0052] At block 414, the one or more processors 124 of the second communication device
122 may extract the data from the received beam. For example, the electrical signals
generated at the output of the photodetectors may be used to calculate the angle information
needed for the tracking system, while they are simultaneously combined into one signal for
extracting the data bits. The electrical signals may be combined in a number of different
ways. For example, they may be directly summed (known as “equal-gain combining™), or
they may each be weighted and filtered prior to summation (in order to suppress the signals
that have lower signal-to-noise ratio), or they may be digitized and processed in a nonlinear
manner for optimal combining (e.g., maximum-likelihood combining). The one or more
processors 124 may receive the combined signal from the plurality of photodetectors 139,
detect a modulation of the combined signal (such as voltage or current) corresponding with
the data, and extract the data. The extracted data may include routing instructions, which the
one or more processors 124 may then execute.

[0053] At block 416, the one or more processors 124 may forward data bits from the
extracted data as necessary along a routing path through the network. The routing path may
be determined from routing instructions, destination information, or other routing information
in the extracted data. The one or more processors 124 may transmit the data to a next hop for

the data to be transmitted to a destination node or may fully extract data from the payload
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when the destination node is the second communication device 122. In some
implementations, the extraction of data may occur at every node along a path through the
network. In other implementations, the extraction of data may occur at edge nodes.

[0054] The features of the technology described herein may allow for a more accurate
alignment between two communication devices. The boresight error that typically exists
between a beacon beam detector and a communication beam detector may be eliminated, and
a higher coupling efficiency of the laser beam to the central fiber may be achieved. The
performance of the communication device may also be better through the lifetime of the
system. The architecture of a given communication device may be simplified, cheaper, and
smaller in size by removing components related to transmitting and receiving a beacon beam.
[0055] Unless otherwise stated, the foregoing alternative examples are not mutually
exclusive, but may be implemented in various combinations to achieve unique advantages.
As these and other variations and combinations of the features discussed above can be
utilized without departing from the subject matter defined by the claims, the foregoing
description of the embodiments should be taken by way of illustration rather than by way of
limitation of the subject matter defined by the claims. In addition, the provision of the

examples described herein, as well as clauses phrased as "such as," "including" and the like,
should not be interpreted as limiting the subject matter of the claims to the specific examples;
rather, the examples are intended to illustrate only one of many possible embodiments.
Further, the same reference numbers in different drawings can identify the same or similar

elements.
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CLAIMS
1. A free-space optical communication device comprising:
an optical fiber bundle including:
a central fiber connected to a first photodetector, and
a plurality of surrounding fibers, each surrounding fiber connected to a
corresponding second photodetector; and
one or more processors in communication with the first photodetector and each
second photodetector, the one or more processors being configured to:
receive a current or voltage generated at the first photodetector and each
second photodetector; and
determine a pointing accuracy of a beam received at the optical fiber bundle

based on the current or voltage generated at the second photodetectors.

2. The free-space optical communication device of claim 1, wherein the optical

fiber bundle includes four surrounding fibers.

3. The free-space optical communication device of claim 2, wherein the central
fiber has a diameter of 130 microns, and the four surrounding fibers have diameters of 200

microns.

4. The free-space optical communication device of claim 1, further comprising a
focusing system configured to direct the beam received by the free-space optical

communication device to the optical fiber bundle.

5. The free-space optical communication device of claim 4, wherein the one or
more processors are further configured to adjust the focusing system based on the determined

pointing accuracy of the beam.

6. The free-space optical communication device of claim 4, wherein the focusing

system includes a tip-tilt mirror.
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7. The free-space optical communication device of claim 1, wherein the one or
more processors are configured to determine the pointing accuracy of the beam based on a

location of a centroid of the beam relative to a center of the optical fiber bundle.

8. The free-space optical communication device of claim 7, wherein the one or
more processors are configured to determine the location of the centroid of the beam relative
to the center of the optical fiber bundle based on:

an amount of power received through each surrounding fiber over a period of time,

and

an offset of a center of each surrounding fiber from a center of the central fiber.

9. A method for determining a pointing accuracy for an optical beam, the method
comprising:

receiving, at an optical fiber bundle that includes a central fiber and a plurality of
surrounding fibers, an optical beam;

generating, at each photodetector of a plurality of photodetectors configured to
receive beam portions from the plurality of surrounding fibers in the optical fiber bundle, a
current or voltage based on the received optical beam;

determining, by one or more processors in communication with the plurality of
photodetectors, a pointing accuracy of the received optical beam relative to the central fiber
based on the generated currents or voltages; and

adjusting, by the one or more processors, the received optical beam using a focusing

system based on the determined pointing accuracy.

10.  The method of claim 9, wherein the plurality of surrounding fibers is four

fibers having a same diameter.

11.  The method of claim 9, further comprising receiving, at each photodetector of
the plurality of photodetectors, a portion of the optical beam received at a fiber in the

plurality of surrounding fibers.
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12.  The method of claim 11, wherein the generating, at each photodetector, of the
current or voltage based on the received optical beam includes generating the current or

voltage relative to an amount of energy in the portion of the optical beam.

13.  The method of claim 9, wherein the determining of the pointing accuracy of
the received optical beam includes determining a location of a centroid of the received optical

beam relative to the optical fiber bundle.

14.  The method of claim 13, wherein the determining of the location of the
centroid of the received optical beam relative to the optical fiber bundle includes combining
electrical signals generated at each photodetector of the plurality of photodetectors into a

single signal.

15.  The method of claim 14, wherein the combining of electrical signals includes:

summing the voltage or current received at each photodetector of the plurality of
photodetectors over a period of time;

multiplying the summed voltage or current of a given photodetector with an offset of
a center of a corresponding surrounding fiber relative to a center of the central fiber to obtain
a product for each photodetector; and

summing the products of each photodetector.

16. The method of claim 13, wherein the location of the centroid includes

Cartesian coordinates.

17.  The method of claim 13, wherein the location of the centroid includes an angle

of incidence.

18.  The method of claim 9, wherein the adjusting of the received optical beam
using a focusing system based on the determined pointing accuracy includes moving a mirror

in the focusing system.
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19.  The method of claim 9, further comprising extracting data from the received
beam based on a modulation of a total current or voltage generated at the plurality of
photodetectors and a second photodetector configured to receive a beam portion from the

central fiber.

20. A tangible, non-transitory computer-readable storage medium configured to
store instructions, the instructions, when executed by one or more processors, cause the one
or more processors to perform a method, the method comprising:

receiving a current or voltage from each photodetector of a plurality of photodetectors
configured to receive portions of an optical beam from a plurality of fibers in an optical fiber
bundle, the plurality of fibers surrounding a central fiber of the optical fiber bundle;

determining a pointing accuracy of the optical beam relative to the central fiber based
on the received currents or voltages; and

adjusting the optical beam using a focusing system based on the determined pointing

accuracy.



