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(57) Abstract: A method (900) includes receiving a first optical signal (320, 320a) at a first communication terminal (302, 302a) from
a second communication terminal (302, 302b) through a free space optical link (322). The received optical signal contains a modulated
unique frequency tone (318, 318a, 318b). The method also includes mixing the modulated unique frequency tone with a reference
signal (411) to provide a mixed output signal (413) and determining a signal strength (415) of the modulated unique frequency tone
based on the mixed output signal. The reference signal includes a same frequency as the modulated unique frequency tone. The method
adjusts an optical head (310, 310a, 310b) of the first communication terminal to establish acquisition and optical beam pointing with
the second communication terminal based on the signal strength of the modulated unique frequency tone received from the second

communication terminal.
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ACQUISITION AND TRACKING APPARATUS FOR FREE
SPACE OPTICAL COMMUNICATIONS

TECHNICAL FIELD
[0001] This disclosure relates to acquisition and tracking for free space optical

communications between communication terminals.

BACKGROUND
[0002] Communication terminals may transmit and receive optical signals through
free space optical links. Communicating terminals generally use acquisition and tracking
systems to establish the optical link by pointing optical beams toward 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 locate the transmitting terminal
to monitor the beacon laser. Additionally, steering mechanisms may maneuver the
terminals to point toward each other and to track the pointing once acquisition is
established. For communication terminals that move relative to one another at high
speeds, such as satellites or high altitude communication devices, a fast steering mirror or
a fast gimbal is generally used as the steering mechanism. Such acquisition and tracking
systems used to connect moving communication terminals are costly due to the high level
of sophistication required for moving terminals. Communication terminals installed on
buildings, however, are relatively stable, and may therefore establish the optical link
using a simpler acquisition and tracking functionality than those associated with

communication terminals that move relative to one another.

SUMMARY
[0003] One aspect of the disclosure provides a method for acquisition and tracking of
free spec optical communication. The method includes receiving, at a first
communication terminal, an optical signal from a second communication terminal
through a free space optical link, the received optical signal containing a modulated
unique frequency tone. The method also includes mixing, by control hardware of the first

communication terminal, the modulated unique frequency tone with a reference signal to
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provide a mixed output signal. The reference signal includes a same frequency as the
modulated unique frequency tone. The method further includes determining, by the
control hardware, a signal strength of the modulated unique frequency tone based on the
mixed output signal. The method also includes adjusting, by the control hardware, an
optical head of the first communication terminal to establish acquisition and optical beam
pointing with the second communication terminal based on the signal strength of the
modulated unique frequency tone received from the second communication terminal.
[0004] Implementations of the disclosure may include one or more of the following
optional features. In some implementations, the second communication terminal
combines a data signal including one or more data packets and a beacon signal modulated
at the unique frequency tone onto a multiplexed optical carrier including the optical
signal for transmission to the first communication terminal. The second communication
terminal may use one of a wavelength division multiplexer or a polarization multiplexer
to combine the data signal and the beacon signal onto the multiplexed optical carrier.
[0005] In some examples, when the first communication terminal receives the optical
signal from the second communication terminal, the method includes de-multiplexing, by
the control hardware, the received optical signal into the data signal and the beacon
signal. In these examples, mixing the modulated unique frequency tone includes mixing
the received beacon signal with the reference signal from a local oscillator of the first
communication terminal to provide the mixed output signal. The second communication
terminal may combine the modulated unique frequency tone onto a modulated data signal
containing a stream of data packets to produce the optical signal for transmission to the
first communication terminal. The modulated unique frequency tone may include a lower
frequency than a frequency of the modulated data signal. The modulated unique
frequency tone may also include a smaller power modulation depth than the modulated
data signal.

[0006] In some implementations, when the first communication terminal receives the
optical signal from the second communication terminal, the method includes splitting, by
the control hardware, the optical signal into the modulated data signal and the modulated
unique frequency tone, and encoding, by the control hardware, the stream of data packets

on the modulated data signal. Mixing the modulated unique frequency tone may include
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mixing the modulated unique frequency tone with the reference signal from a local
oscillator of the first communication terminal to provide the mixed output signal.
Moreover, mixing the modulated unique frequency tone with the reference signal may
eliminate noise from the modulated unique frequency tone when the optical signal is
received by the first communication terminal.

[0007] Determining the signal strength of the modulated unique frequency tone may
include filtering the mixed output signal to extract a direct-current component from the
mixed output signal, and determining the signal strength of the modulated unique
frequency tone based on a value of the direct-current component extracted from the
mixed output signal. Adjusting the optical head of the first communication terminal may
establish the acquisition and optical beam pointing with the second communication
terminal by increasing the signal strength of the modulated unique frequency tone of the
optical signal received from the second communication terminal.

[0008] After optical beam acquisition and pointing is established between the first
communication terminal and the second communication terminal, the method may
include transmitting a first telemetry signal from the first communication terminal to the
second communication terminal through the optical link. The first telemetry signal may
inform the second communication terminal to reduce a divergence angle of the optical
signal during subsequent transmissions to the first communication terminal through the
optical link. The method may also include receiving, at the first communication terminal,
a second telemetry signal from second communication terminal through the optical link.
The second telemetry signal may inform the first communication terminal to reduce a
divergence angle of optical beams transmissions to the second communication terminal
through the optical link. The first telemetry signal may additionally or alternatively
inform the second communication terminal to redirect a transmitting angle of the optical
signal during subsequent transmissions to the first communication terminal through the
optical link. By redirecting the transmitting angle of the optical signal during subsequent
transmissions to the first communication terminal, a received data signal and/or a
received modulated unique frequency tone at the first communication terminal may be
maximized. Similarly, the second telemetry signal may additionally or alternatively

inform the second communication terminal to redirect a transmitting angle of subsequent
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optical beam transmissions to the second communication terminal through the optical
link. By redirecting the transmitting angle of the subsequent optical beam transmissions
to the second communication terminal, a received data signal and/or a received
modulated unique frequency tone at the second communication terminal may be
maximized.

[0009] The method may also include determining, by the controller hardware, a
received power of the optical signal received from the second communication terminal at
each one of three or more photodetectors associated with receiving optics of the first
communication terminal, and determining, by the control hardware, whether the received
power at each of the photodetectors is balanced. When the received power at the
photodetectors is unbalanced, the method may include adjusting, by the control hardware,
the pointing of the receiving optics of the first communication terminal until the receiving
optics are centered with the optical signal received from the second communication
terminal. The first communication terminal and the second communication terminal may
be stationary optical terminals.

[0010] Another aspect of the disclosure provides a first communication terminal. The
communication terminal includes an optical head including transmitter optics and
receiving optics, control hardware in communication with the optical head, and memory
hardware in communication with the control hardware. The receiving optics are
configured to receive an optical signal from a second communication terminal through a
free space optical link. The received optical signal includes a modulated unique
frequency tone. The memory hardware stores instructions, that when executed on the
control hardware, cause the control hardware to perform operations. The operations
include: mixing the modulated unique frequency tone with a reference signal to provide a
mixed output signal; determining a signal strength of the modulated unique frequency
tone based on the mixed output signal; and adjusting an optical head of the first
communication terminal to establish acquisition and optical beam pointing with the
second communication terminal based on the signal strength of the modulated unique
frequency tone received from the second communication terminal. The reference signal

includes a same frequency as the modulated unique frequency tone.



10

15

20

25

30

WO 2017/200726 PCT/US2017/029661

[0011] Implementations of the disclosure may include one or more of the following
optional features. In some implementations, the second communication terminal
combines a data signal including one or more data packets and a beacon signal modulated
at the unique frequency tone onto a multiplexed optical carrier comprising the optical
signal for transmission to the first communication terminal. The second communication
terminal may use one of a wavelength division multiplexer or a polarization multiplexer
to combine the data signal and the beacon signal onto the multiplexed optical carrier.
[0012] In some examples, when the first communication terminal receives the optical
signal from the second communication terminal, the operations include de-multiplexing
the received optical signal into the data signal and the beacon signal. In these examples,
mixing the modulated unique frequency tone includes mixing the received beacon signal
with the reference signal from a local oscillator of the first communication terminal to
provide the mixed output signal. The second communication terminal may combine the
modulated unique frequency tone onto a modulated data signal containing a stream of
data packets to produce the optical signal for transmission to the first communication
terminal. The modulated unique frequency tone may include a lower frequency than a
frequency of the modulated data signal. The modulated unique frequency tone may
include a smaller power modulation depth than the modulated data signal.

[0013] When the first communication terminal receives the optical signal from the
second communication terminal, the operations include splitting the optical signal into
the modulated data signal and the modulated unique frequency tone, and encoding the
stream of data packets on the modulated data signal. Mixing the modulated unique
frequency tone may include mixing the modulated unique frequency tone with the
reference signal from a local oscillator of the first communication terminal to provide the
mixed output signal. Mixing the modulated unique frequency tone with the reference
signal may eliminate noise from the modulated unique frequency tone when the optical
signal is received by the first communication terminal.

[0014] In some implementations, determining the signal strength of the modulated
unique frequency tone includes filtering the mixed output signal to extract a direct-
current component from the mixed output signal and determining the signal strength of

the modulated unique frequency tone based on a value of the direct-current component
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extracted from the mixed output signal. Adjusting the optical head of the first
communication terminal may establish the acquisition and optical beam pointing with the
second communication terminal by increasing the signal strength of the modulated
unique frequency tone of the optical signal received from the second communication
terminal.

[0015] In some examples, the operations include, after optical beam acquisition and
pointing is established between the first communication terminal and the second
communication terminal, transmitting a first telemetry signal from the first
communication terminal to the second communication terminal through the optical link
and receiving a second telemetry signal at the first communication terminal from second
communication terminal through the optical link. The first telemetry signal may inform
the second communication terminal to reduce a divergence angle of the optical signal
during subsequent transmissions to the first communication terminal through the optical
link. The second telemetry signal may inform the first communication terminal to reduce
a divergence angle of optical beams transmissions to the second communication terminal
through the optical link. The first telemetry signal may additionally or alternatively
inform the second communication terminal to redirect a transmitting angle of the optical
signal during subsequent transmissions to the first communication terminal through the
optical link. By redirecting the transmitting angle of the optical signal during subsequent
transmissions to the first communication terminal, a received data signal and/or a
received modulated unique frequency tone at the first communication terminal may be
maximized. Similarly, the second telemetry signal may additionally or alternatively
inform the second communication terminal to redirect a transmitting angle of subsequent
optical beam transmissions to the second communication terminal through the optical
link. By redirecting the transmitting angle of the subsequent optical beam transmissions
to the second communication terminal, a received data signal and/or a received
modulated unique frequency tone at the second communication terminal may be
maximized.

[0016] The operations may also include determining a received power of the optical
signal received from the second communication terminal at each one of three or more

photodetectors associated with receiving optics of the first communication terminal, and
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determining whether the received power at each of the photodetectors is balanced. When
the received power at the photodetectors is unbalanced, the operations include adjusting
the pointing of the receiving optics of the first communication terminal until the receiving
optics are centered with the optical signal received from the second communication
terminal. The first communication terminal and the second communication terminal may
be stationary optical terminals.

[0017] The details of one or more implementations of the disclosure are set forth in
the accompanying drawings and the description below. Other aspects, features, and

advantages will be apparent from the description and drawings, and from the claims.

DESCRIPTION OF DRAWINGS
[0018] FIG. 1 is a schematic view of an example communication system.
[0019] FIGS. 2A and 2B are perspective views of example stationary communication
terminals.
[0020] FIG. 3 is a schematic view of an example communication system providing
optical signals through a free space optical link between a first communication terminal
and a second communication terminal.
[0021] FIG. 4 is a schematic view of an example communication system providing
optical signals each including a beacon signal modulated at a unique frequency tone
through a free space optical link between a first communication terminal and a second
communication terminal.
[0022] FIG. 5 is a schematic view of an example communication system providing
optical signals each including a modulated unique frequency tone through a free space
optical link between a first communication terminal and a second communication
terminal.
[0023] FIG. 6 is a schematic view of an example communication system providing
telemetry signals through a free space optical link between a first communication
terminal and a second communication terminal.
[0024] FIG. 7 is a schematic view of an example tracking analyzer using a phase-
locked loop to increase detecting sensitivity of receiving optics at a communication

terminal.
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[0025] FIG. 8 is a schematic view of example control hardware of a communication
terminal.

[0026] FIG. 9 is a flowchart of an example method for adjusting an optical head of a
communication terminal based on a signal strength of a received modulated unique
frequency tone.

[0027] Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION
[0028] Referring to FIG. 1, in some implementations, a global-scale communication
system 100 includes stationary communication terminals 200 (e.g., destination ground
stations 200a and source ground stations 200b) and satellites 301. The stationary
communication terminals 200 may communicate with one another, and in some
examples, the stationary communication terminals 200 also operate as linking-gateways
between two or more satellites 301. The destination ground stations 200a may be user
terminals (e.g., mobile devices, residential WiFi devices, home networks, etc.) and the
source ground stations 200b may be connected to one or more service providers. The
stationary communication terminals 200 may receive a communication 20 from one of
the satellites 301 and reroute the communication 20 to another communication terminal
200. The system 100 may also include high altitude platforms (HAPs) that include aerial
communication devices that operate at high altitudes (e.g., 17-22 km). For instance,
HAPs may be released into the earth’s atmosphere, e.g., by an air craft, or flown to the
desired altitude. The satellite 301 may be in Low Earth Orbit (LEO), Medium Earth
Orbit (MEO), or High Earth Orbit (HEO), including Geosynchronous Earth Orbit (GEO).
[0029] Referring to FIGS. 2A and 2B, in some implementations, the communication
terminal 200 includes a transceiver 210 that receives the communication 20 from another
communication terminal 200, a HAP, or the satellite 301 and transmits the
communication 20 to another communication terminal 200, HAP, or satellite 301. The
communication terminal 200 may include control hardware 800 that processes the
received communication 20 and establishes acquisition and tracking with the other
communication terminal 200 or satellite 301. In some implementations, two stationary

communication terminals 200 are capable of communicating with one another by



10

15

20

25

30

WO 2017/200726 PCT/US2017/029661

transmitting optical signals 320 (FIG. 3) through a free space optical link 322 (FIG. 3).
The stationary communication terminals 200 may establish acquisition and tracking with
one another without using position sensors, fast steering mirrors, and/or fast gimbals that
are employed by sophisticated acquisition and tracking systems required by
communication terminals that move fast and relative to one another.

[0030] FIG. 2A illustrates an example destination ground station 200a that includes a
base 214 and a reflector 212 supported by the base 214. The ground station 200a also
includes a transceiver 210, such as transmitter optics 306 (FIG. 3) and receiving optics
308 (FIG. 3), and control hardware 800 in communication with the transceiver 210. The
control hardware 800 executes algorithms to determine a signal strength 415 (FIG. 4) of a
modulated unique frequency tone 318 (FIG. 3) included within an optical signal 320
received from another communication terminal 200 and thereafter adjust the transceiver
210 to establish acquisition and optical beam pointing with the other terminal 200 based
on the signal strength 415 of the modulated unique frequency tone 318 received from the
other terminal 200. In some examples, the control hardware 800 is associated with
pointing steering hardware 420 (e.g., a gimbal) for adjusting the transceiver 210 to point
toward the other terminal 200. The base 214 may mount the destination ground station
200a on a building or other venue and allow the destination ground station 200a to
remain stationary with respect to the building.

[0031] FIG. 2B illustrates an example source ground station 200b that also includes
the transceiver 212 and control hardware 800 for determining signal strengths of
modulated unique frequency tones 318 included within optical signals 320 received from
other communication terminals 200. The control hardware 800 of the source ground
station 200b may also adjust the transceiver 210 to establish acquisition and optical beam
pointing with the other terminals 200 based on the signal strength of the modulated
unique frequency tone 318 received from the other terminal 200.

[0032] Referring to FIG. 3, in some implementations, a communication system 300
300a provides optical signals 320, 320a—b between a first communication terminal 302a
(hereinafter “first terminal 302a’) and a second communication terminal 302b (hereinafter
‘second terminal 302b’) through the free space optical link 322. The optical signals 320
may include data 321, such as internet packets, being routed through the global-scale
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communication system 100. The terminals 302a, 302b may be stationary terminals
mounted on buildings or other non-moving or slow moving structures that do not require
sophisticated acquisition and optical beam pointing systems required by fast moving
terminals, such as HAPs and satellites. Each terminal 302a, 302b may include a
frequency tone module 330, 330a—b, a transmitter module 400, 400a—b, an optical head
310, 310a-b, a receiver module 500, 500a-b, the control hardware 800, 800a—b, and
memory hardware 802, 802a—b. The optical head 310 includes transmitter optics 306,
306a-b and receiver optics 308, 308a—b. The memory hardware 802 stores information,
such as instructions executable by the control hardware 800, non-transitorily at the
control hardware 800. The memory hardware 802 may be a computer-readable medium,
a volatile memory unit(s), or non-volatile memory unit(s). The memory hardware 802
may be physical devices used to store programs (e.g., sequences of instructions) or data
(e.g., program state information) on a temporary or permanent basis for use by the control
hardware 800. Examples of non-volatile memory include, but are not limited to, flash
memory and read-only memory (ROM) / programmable read-only memory (PROM) /
erasable programmable read-only memory (EPROM) / electronically erasable
programmable read-only memory (EEPROM) (e.g., typically used for firmware, such as
boot programs). Examples of volatile memory include, but are not limited to, random
access memory (RAM), dynamic random access memory (DRAM), static random access
memory (SRAM), phase change memory (PCM) as well as disks or tapes. The control
hardware 800 can be, for example, a processor executing computer-readable instructions
stored in the memory hardware 802, a field programmable gate array (FGPA), a digital
signal processor (DSP), or any other suitable circuitry.

[0033] In some implementations, the terminals 302 establish acquisition and optical
beam pointing with one another based upon signal strengths 415 of modulated unique
frequency tones 318 included within optical signals 320 communicated between the
terminals 302 via the optical link 322. For instance, each optical signal 320 received by a
receiving one of the terminals 302 may include a modulated unique frequency tone 318
associated with the transmitting one of the terminals 302. The receiving terminal 302
may determine a signal strength 415 of the modulated unique frequency tone 318 and
then adjust the optical head 310 to increase the signal strength 415 of the modulated

10
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unique frequency tone 318, thereby establishing acquisition and optical beam pointing
with the transmitting one of the terminals 302. Accordingly, the receiving terminal 302
may search the optical space to listen for the modulated unique frequency tone 318
transmitted by the transmitting terminal 302 and adjust the optical head 310 to maximize
the signal strength of the modulated unique frequency tone 318.

[0034] The transmitter optics 306 transmit the optical signals 320 and the receiver
optics 308 receive the optical signals 320 through the optical link 322. For instance, the
transmitter optics 306b at the second terminal 302b may transmit a first optical signal
320a through the optical link 322 to the receiver optics 308a at the first terminal 302a.
Similarly, the transmitter optics 306a at the first terminal 302a may transmit a second
optical signal 320b through the optical link 322 to the receiver optics 308b at the second
terminal 302b. In some implementations, the transmitter optics 306 includes an
adjustable lens set to adjust a divergence angle of the optical signal 320 when
transmitting the optical signal 320. For instance, the optical signal 320 may include a
highly divergent pilot beam for transmission prior to establishing acquisition and optical
beam pointing between the terminals 302. Once the acquisition and optical beam
pointing is established, the transmitter optics 306 may reduce the divergence angle
associated with the pilot beam to optimize the optical beam pointing between the
terminals 302.

[0035] The receiver optics 308 may provide the received optical signal 320 to the
receiver module 500. The receiver optics 308 and the receiver module 500 may include,
but are not limited to, a de-multiplexer, an optical pre-amplifier, photodiodes, the photo
receiver, transimpedance amplifiers, clock/phase recovery circuits, decision circuits,
and/or forward error correction circuits to separate (e.g., de-multiplex or split) the optical
signals 320 into the modulated unique frequency tone 318 and electrical binary bits to
interpret the data 321. The control hardware 800 may be in communication with the
receiver module 500 and the receiver optics 308. In some implementations, the control
hardware 800 determines the signal strength 415 of the modulated unique frequency tone
318 received within the optical signal 320 last received by the associated receiver optics
308 and provides pointing adjustments 324 to the receiver optics 308 and/or the
transmitter optics 306 of the optical head 310 to establish acquisition and optical beam

11
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pointing with the other terminal 302. Accordingly, the control hardware 800 may provide
closed loop control for the optical head 310 to adjust optical beam pointing at the
associated terminal 302 based upon the signal strength 415 for the modulated unique
frequency tone received over the optical link 322 from the other terminal 302.

[0036] The frequency tone module 330 may provide the modulated unique frequency
tone 318 to the transmitter module 400 and the transmitter module 400 may combine the
unique frequency tone 318 and the data 321 to produce the optical signal 320 for
transmission by the transmitter optics 306 at the associated terminal 302 to the other
terminal 302. For instance, the transmitter module 400b at the second terminal 400b may
produce a first optical signal 320a by combining data 321 and a unique frequency tone fi
associated with the second terminal 302b from the frequency tone module 330b at the
second terminal 302b. Similarly, the transmitter module 400a at the first terminal 400a
may produce a second optical signal 320b by combining data 321 and a unique frequency
tone f2 associated with the first terminal 302a from the frequency tone module 330a at the
first terminal 302a. The unique frequency tones fi and 2 associated with the respective
terminals 302 may be the same or different. In some examples, the terminals 302
periodically change the values of the modulated unique frequency tones fi and f> for
security and/or to avoid pointing to a wrong source having a same frequency tone.

[0037] In some implementations, the transmitter optics 306b at the second terminal
302b transmit the first optical signal 320a over the optical link 322 to the receiver optics
308a at the first terminal 302a. Upon receiving the first optical signal 320a, the receiver
optics 308a at the first terminal 302a may provide the optical signal 320a, or information
associated with optical signal 320a, to the receiver module 500a for separating the
modulated unique frequency tone f1 318a and the data 321 from the first optical signal
320a. The control module 800a at the first terminal 302a determines the signal strength
415 of the modulated unique frequency tone fi 318a and provides pointing adjustments
324 to the optical head 310a to increase the signal strength 415 of the modulated unique
frequency tone f1 318a received from the second terminal 302b to thereby establish
acquisition and optical beam pointing with the second terminal 302b. In some examples,
the control hardware 800a determines the signal strength 415 of the modulated unique

frequency tone f1 318a associated with the second terminal 302b by extracting a direct
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current (DC) component 335 (FIG. 4) from the modulated unique frequency tone f1 318a
which is proportional to the signal strength 415. In some implementations, the pointing
adjustments 324 direct a gimbal to steer the entire optical head 310a, or a beam steering
device, such as a siderostat or steering mirror, to steer the optical beams at the receiver
optics 308a and/or the transmitter optics 306a. In some scenarios, the control hardware
800 is in communication with an optical amplifier downstream of the transmitter module
400 to adjust an output amplification of a subsequently transmitted optical signal 320
based upon the received modulated unique frequency tone 318.

[0038] Similar to the transmitter optics 306b at the second terminal 302b, the
transmitter optics 306a at the first terminal 302a may transmit the second optical signal
320b over the optical link 322 to the receiver optics 308b at the second terminal 302b.
Upon receiving the second optical signal 320b, the receiver optics 308b at the second
terminal 302b provides the optical signal 320b, or information associated with optical
signal 320b, to the receiver module 500b for separating the modulated unique frequency
tone f> 318b and the data 321 from the second optical signal 320b. The control module
800b at the second terminal 302b determines the signal strength 415 (FIG. 4) of the
modulated unique frequency tone f2 318b and provides pointing adjustments 324 to the
optical head 310b to increase the signal strength 415 of the modulated unique frequency
tone f> 318b received from the first terminal 302a to thereby establish acquisition and
optical beam pointing with the first terminal 302a.

[0039] Referring to FIG. 4, in some implementations, a communications system 300,
300b provides the optical signals 320 between the first terminal 302a and the second
terminal 302b through the free space optical link 322. A frequency module 332, a DC
bias module 334, a combiner 336, and a beacon driver 338 are associated with each of the
frequency tone modules 330a, 330b.

[0040] The combiner 336 receives the associated unique frequency tone fi or f2 from
the frequency module 332 and a DC component 335 from the DC bias module 334 to
produce an output signal 337 the beacon driver 338 uses to modulate a beacon signal 318
at the associated unique frequency tone fi or f2. The beacon driver 338 provides the

beacon signal 318 modulated at the unique frequency tone to the transmitter module 400.
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For example, the beacon driver 338 at the first terminal 302a provides the beacon signal
318b modulated at the unique frequency tone f2 to the transmitter module 400b.

[0041] In some examples, one or more data transmitters 402, a beacon transmitter
404, and a multiplexer 406 are associated with each of the transmitter modules 400a,
400b. Each data transmitter 402 may include a directly modulated laser diode at any
suitable wavelength or a laser diode followed by a modulator. The beacon transmitter
404 may also include a laser diode. In some implementations, each data transmitter
transmits portions of the data 321a—n (e.g., data packets) to the multiplexer 406 while the
beacon transmitter 404 transmits the beacon signal 318 modulated at the unique
frequency tone fi, > provided from the beacon driver 338 to the multiplexer 406. In these
examples, the multiplexer 406 combines the data signal 321 including the one or more
data packets 321a—n and the beacon signal 318 modulated at the unique frequency tone
f1, £> onto a multiplexed optical carrier that includes the optical signal 320 for
transmission to the other terminal 302. The multiplexer 406 may include a wavelength
division multiplexer (WDM) or a polarization multiplexer. In some examples, the
transmitters 402 include optical transmitters that transmit optical signals including
associated portions of the data 321a-—n. The multiplexer 406 multiplexes the data
portions 321a—n and the beacon signal 318 to propagate the optical signal 320 with the
data 321 and the beacon signal 318. In some examples, the multiplexer 406 provides the
optical signal 320 with a dedicated channel for transmission over the optical link 322.
The multiplexer 406 is followed by an amplifier for adjusting an output amplification of
the optical signal 320 before transmission from the transmitter optics 306.

[0042] FIG. 4 shows the transmitter optics 306b at the second terminal 302b
transmitting a first optical signal 320a propagated with the data 321 and the beacon signal
318a modulated at the unique frequency tone fi through the optical link 322 to the
receiver optics 308a at the first terminal 302a. Similarly, the transmitter optics 306a at
the first terminal 302a transmit a second optical signal 320b propagated with the data 321
and the beacon signal 318b modulated at the unique frequency tone f> through the optical
link 322 to the receiver optics 308b at the second terminal 302b.

[0043] In some examples, a data receiver 502, a beacon receiver 504, and a de-

multiplexer 506 are associated with each of the receiver modules 500a, 500b. Upon the
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receiving optics 308 receiving an optical signal 320 over the optical link 322, the de-
multiplexer 506 de-multiplexes the received optical signal 320 into the data signal 321
and the beacon signal 318 modulated at the unique frequency tone fi, f2. In some
examples, the de-multiplexer 506 de-multiplexes the data signal 321 into the
corresponding data portions 321a—n and provides the data portions 321a-n to the data
receiver 502 for conversion into electrical binary bits to interpret the data 321. On the
other hand, the beacon receiver 504 receives the beacon signal 318 and provides the
beacon signal 318 to the control hardware 800 for determining a signal strength 415 of
the received beacon signal 318 modulated at the unique frequency tone fi, f2. For
instance, the de-multiplexer 506 at the first terminal 302a may de-multiplex the received
first optical signal 320a from the second terminal 302b into the data signal 321 and the
beacon signal 318a modulated at the unique frequency tone f1 and the beacon receiver
504 may provide the beacon signal 318a to the control hardware 800a at the first terminal
302a.

[0044] In some implementations, a mixer 410, a local oscillator (LO) 412, a low pass
filter (LPF) 414, and a pointing adjustment module 416 are associated with each control
hardware 800a, 800b. The mixer 410 mixes the received beacon signal 318 from the
beacon receiver 504 with a reference signal 411 from the LO 412 to provide a mixed
output signal 413. In some examples, the reference signal 411 includes a same frequency
as the modulated unique frequency tone associated with the received beacon signal 318 to
eliminate noise when the optical signal 320 containing the beacon signal 318 is received
by the associated terminal 302. For instance, the LO 412 of the control hardware 800a at
the first terminal 302a provides a reference signal 411 including the same frequency as
the modulated unique frequency tone fi of the received beacon signal 318a from the
second terminal 302b. Accordingly, the mixer 410, LO 412, and the LPF 414 cooperate
to form a phase-locked loop system that produces the mixed output signal 413 having the
same phase/frequency as the modulated unique frequency tone fi or f2 of the beacon
signal 318. Advantageously, the mixed output signal 413 is operative to recover the
unique frequency tone fi or f2 associated with the received beacon signal 318 which may

be impacted due to noise over the optical link 322.
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[0045] The mixer 410 provides the mixed output signal 413 to the LPF 414 and the
LPF 414 filters the mixed output signal 413 to extract the DC component 335 therefrom.
In some examples, the value of the DC component 335 associated with the received
beacon signal 318 is proportional to the signal strength 415 of the received beacon signal.
Accordingly, the control hardware 800 may determine the signal strength 415 of the
beacon signal 318 modulated at the unique frequency tone fi, f2 based on a value of the
DC component 335 extracted from the mixed output signal 413. In addition to including
the DC component 335, the mixed output signal 413 also includes second harmonic
components and other higher order harmonic components. Accordingly, the mixer 410
may also provide the mixed output signal 413 to a second harmonic filter (not shown), or
high order harmonic filter, to extract a second harmonic signal therefrom. As with the
DC component 334, a value of the second harmonic signal (or higher order harmonic
signal) is proportional to the signal strength 415 of the received beacon signal.

[0046] Using the signal strength 415 determined from the value of the DC component
335 associated with the received beacon signal 318, the pointing adjustment module 416
provides pointing adjustments 324 to the optical head 310 to increase the signal strength
415 of the received beacon signal 318 modulated at the unique frequency tone received to
thereby establish acquisition and optical beam pointing with the transmitting terminal
302. For instance, the pointing adjustment module 416 of the control hardware 800a at
the first terminal 302a may provide pointing adjustments 324 to the optical head 310a to
increase the signal strength 415 of the beacon signal 318a modulated at the unique
frequency tone f1 received from the second terminal 302b to thereby establish acquisition
and optical beam pointing with the second terminal 302b in a closed-loop manner. The
pointing adjustment module 416 at each of the terminals 302a, 302b may include steering
electronics 418 and/or steering hardware 420. In some examples, the steering hardware
420 includes a gimbal to steer the entire optical head 310 at the corresponding terminal
302. In other examples, the steering hardware 420 includes a beam steering device, such
as a siderostat or a steering mirror, to steer the optical beams. Accordingly, the steering
electronics 418 and/or steering hardware 420 may provide closed loop control to
maximize the determined signal strength 415 associated with the received beacon signal
318.
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[0047] Referring to FIG. 5, in some implementations, a communications system 300,
300c provides the optical signals 320 between the first terminal 302a and the second
terminal 302b through the free space optical link 322. In some implementations, the
frequency module 332, the DC bias module 334, a high speed data module 354, a
combiner 356, and a transmitter driver 558 are associated with each of the frequency tone
modules 330a, 330b. Whereas the combiner 336 of the communications system 300b of
FIG. 4 receives the associated unique frequency tone fi or f2 and the DC component 335
to produce the output signal 337 that the beacon driver 338 uses to modulate the beacon
signal 318 at the associated unique frequency tone fi or f2, the combiner 356 of the
communications system 300c receives high speed data 321 from the high speed data
module 354, the associated unique frequency tone fi or f2, and the DC component 335 to
produce an output signal 357 that the transmitter driver 558 uses to add the associated
unique frequency tone fi or f2 as a power modulation 318 on top of the high speed data
321.

[0048] In some examples, the high speed data 321 includes a high speed data stream
of data packets 321a—n and the transmitter driver 558 adds the associated unique
frequency tone f1 or f> as a power modulation 318 on top of the high speed data stream of
data packets 321a—n for use by the data transmitter 402 of the transmitter module 400.
For instance, the transmitter driver 558 at the first terminal 302a may add the unique
frequency tone f2 as a power modulation 318b on top of the high speed data 321 for use
by the data transmitter 402 of the transmitter module 400a. In some examples, the power
modulation 318 at the associated unique frequency tone fi or f2 is lower than a rate of the
high speed data 321. Additionally, the depth of the power modulation 318 at the
associated unique frequency tone fi or f2 is relatively small so that the power modulation
318 does not cause significant negative impacts to decision circuits at the receiving
module 500 when received by the receiving terminal 302.

[0049] In some implementations, the data transmitter 402 is a directly modulated
laser diode operative to carry the high speed data 321 with the associated unique
frequency tone f1 or f> added to the data 321 by modulating the DC component 335 ata
small depth. When the high speed data 321 is encoded by an external modulator, the
associated unique frequency tone fi or f2 is added on top of the high speed data 321 by
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modulating a DC bias voltage or current of the external modulator at a small depth.
Accordingly, the data transmitter 402 transmits the optical signal 320 including the high
speed data 321 with the associated unique frequency tone fi1 or f2 added to the data 321as
the small depth power modulation 318 for transmission to the other terminal 302. FIG. 5
shows the transmitter optics 306b at the second terminal 302b transmitting a first optical
signal 320a including the unique frequency tone f1 added as a small depth power
modulation 318a on top of the high speed data 321 through the optical link 322 to the
receiver optics 308a at the first terminal 302a.

[0050] In some examples, a beam splitter (BS) 550, a high speed data receiver 552,
and an average power module 554 are associated with each of the receiver modules 500a,
500b. Upon the receiving optics 308 receiving an optical signal 320 over the optical link
322, the BS 550 directs the high speed data 321from the received optical signal 320 to the
high speed data receiver 552 that includes electronics for converting the high speed data
321 into electrical binary bits for interpreting the data 321. Concurrently, the average
power module 554 detects the average power of the small depth power modulation 318
and the control hardware 800 determines the signal strength 415 of the small depth power
modulation 318 at the associated unique frequency tone fi or f2 for providing pointing
adjustments 324 to the optical head 310 of the associated terminal 302. In some
examples, the BS 550 detects higher rates or speeds associated with the high speed data
321 of the received optical signal 320 to separate the data 321 from the small depth
power modulation 318 associated with a lower rate or frequency. For instance, the
average power module 554 at the first terminal 302a may detect the average power of the
small depth power modulation 318a at the unique frequency tone fi and provide the small
depth power modulation 318a to the control hardware 800a.

[0051] As with the control hardware 800a, 800b of the example communications
system 300b of FIG. 4, the control hardware 800a, 800b of the example communication
system 300c of FIG. 5 each include the mixer 410, the LO 412, and the LPF 414 to
provide the phase-locked loop system for recovering the associated unique frequency
tone fi or f2 added to the data 321 of the received optical signal 320 as the small depth
power modulation 318. Thus, the mixer 410 mixes the received small depth power

modulation 318 with the reference signal 411 from the LO 412 to provide the mixed
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output signal 413. In some examples, the LO 412 of the control hardware 800a at the
first terminal 302a provides the reference signal 411 including the same frequency as the
unique frequency tone fi of the received small depth power modulation 318a from the
second terminal 302b to eliminate noise when the first optical signal 320a containing the
small depth power modulation 318a is received by the first terminal 302a. Thereafter, the
LPF 414 receives and filters the mixed output signal 413 to extract the DC component
335 to determine the signal strength 415 of the small depth power modulation 318a at the
unique frequency tone fi. The value of the DC component 335 extracted from the mixed
output signal 413 may be proportional to the signal strength 415 of the received small
depth power modulation 318a. Accordingly, the control hardware 800 determines the
signal strength 415 of the small depth power modulation 318a at the unique frequency
tone fi, > based on a value of the DC component 335 extracted from the mixed output
signal 413. In addition to including the DC component 335, the mixed output signal 413
also includes second harmonic components and other higher order harmonic components.
Accordingly, the mixer 410 may also provide the mixed output signal 413 to a second
harmonic filter (not shown), or high order harmonic filter, to extract a second harmonic
signal therefrom. As with the DC component 334, a value of the second harmonic signal
(or higher order harmonic signal) is proportional to the signal strength 415 of the small
depth power modulation 318a at the unique frequency tone fi, f2.

[0052] Using the signal strength 415 determined from the value of the DC component
335 associated with the received optical signal 320, the pointing adjustment module 416
provides the pointing adjustments 324 to the optical head 310 to increase the signal
strength 415 of the small depth power modulation 318 at the unique frequency tone
received through the optical link 322 to thereby establish acquisition and optical beam
pointing with the transmitting terminal 302. For instance, the pointing adjustment
module 416 of the control hardware 800a at the first terminal 302a may provide pointing
adjustments 324 to the optical head 310a to increase the signal strength 415 of the small
depth power modulation 318a at the unique frequency tone fi1 received from the second
terminal 302b. The pointing adjustment module 416 at each of the terminals 302a, 302b

may include steering electronics 418 and/or steering hardware 420. The steering
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electronics 418 and/or steering hardware 420 provide closed loop control to maximize the
determined signal strength 415 of the small depth power modulation 318.

[0053] Referring to FIG. 6, in some implementations, a communications system 300,
300d provides optimization and continuous tracking of optical beam pointing between the
first terminal 302a and the second terminal 302b after the acquisition and optical beam
pointing is established between the terminals 302a and 302b. The acquisition and optical
beam pointing between the terminals 302a and 302b may be established using any of the
communications systems 300a—c described above with reference to FIGS. 3—6. In some
implementations, the transmitter optics 306 includes an adjustable lens set to adjust a
divergence angle of the optical signal 320 when transmitting the optical signal 320. For
instance, the optical signal 320 may include a highly divergent pilot beam for
transmission prior to establishing acquisition and optical beam pointing between the
terminals 302, and once the acquisition and optical beam pointing is established, the
transmitter optics 306 may reduce the divergence angle associated with the pilot beam to
optimize the optical beam pointing between the terminals 302. As used herein, the
divergence angle of the “pilot beam” may refer to the divergence angle of the beacon
signal 318 of the communications system 300b of FIG. 4 or the optical signal 320 output
from the data transmitter 402 of the communications system 300c of FIG. 3.

[0054] In some scenarios, once the acquisition and optical beam pointing is
established, each terminal 302 transmits a telemetry signal 720, 720a-b to the other
terminal through the optical link 322 that informs the other terminal 302 to reduce the
divergence angle of the optical signal 320 during subsequent transmissions. For instance,
the second terminal 302b may transmit a first telemetry signal 720a to the first terminal
302a that informs the first terminal 302a to reduce the divergence angle of the optical
signal 320 during subsequent transmissions to the second terminal 302b through the
optical link 322. Moreover, the second terminal 302b may receive a second telemetry
signal 720b from the first terminal 302a that informs the second terminal to reduce the
divergence angle of optical beam transmissions to the first terminal 302a through the
optical link 322. By reducing the divergence angle of optical beam transmissions
between the terminals 302a, 302b, the communications system 300d optimizes the optical

beam pointing.

20



10

15

20

25

30

WO 2017/200726 PCT/US2017/029661

[0055] The example communications system 300d provides communications 20
between the first terminal 302a and the second terminal 302b through the free space
optical link 322. Each communication 20 may include the telemetry signal 720, 720a-b
and the optical signal 320. The optical signal 320 may include the data 321 and the
modulated unique frequency tone 318 associated with the terminal 302 that transmits the
optical signal 320. Once the terminals 302 reduce the divergence angle of their optical
beam transmissions to optimize optical beam pointing with one another, the terminals 302
may cease the transmission of the telemetry signals 720. In some examples, the terminals
coordinate divergence among optical beam transmissions based on real time clocks
within predetermined time slots.

[0056] In some implementations, the receiver optics 308 at each of the terminals 302
includes a primary aperture 701 (e.g., lens), one or more photodetectors 702, 702a—n, and
a telemetry receiver 712. In some examples, more than three photodetectors 702 are
distributed around the periphery of the primary aperture 701. For instance, four
photodetectors 702a—702d may be evenly distributed around the periphery of the primary
aperture 701 of the receiving optics 308. In other examples, more than three
photodetectors 702 are embedded in the receiving optics 308 to surround an optical path
of optical signals 320 received by the receiving optics 308. The control hardware 800 at
each of the terminals 302a, 302b may include a tracking analyzer 700, a telemetry
analyzer 714, and the pointing adjustment module 416.

[0057] In some configurations, the telemetry signal 720 and the optical signal 320
associated with the communication 20 are co-propagated by the transmitter module 400
at the transmitting one of the terminals. For example, FIG. 6 shows the control hardware
800 providing the telemetry signal 720 to the transmitter module 400 and the transmitter
module 400 co-propagating the telemetry signal 720 and the optical signal 320 of the
communication 20 before the transmitter optics 306 transmit the communication 20 to the
receiving one of the terminals 302. In other configurations, the transmitter optics 306
may couple the telemetry signal 720 and the associated optical signal 320 together when
transmitting the communication 20. In these configurations, the terminals 302 each
include an associated telemetry transmitter configured to transmit the telemetry signal

720 to the transmitter optics 306. Here, the telemetry signal 720 includes a dedicated
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channel different than a signal channel associated with the optical signal 320 of the
communication 20.

[0058] The telemetry receiver 712 at the receiving one of the terminals 302 receive
the telemetry signal 720 included in the communication 20 from the transmitting one of
the terminals 302 and provide the telemetry signal 720 to the telemetry analyzer 714 of
the control hardware 800. In some implementations, the telemetry signal 720 provides a
divergence angle instruction 715 for subsequent optical signal 320 transmissions at the
transmitting one of the terminals 302. The transmitting module 400 receives the
divergence angle instruction 715 to provide a subsequently transmitted optical signal 320
with a reduced divergence angle for optimizing and maintaining the optical link 322. For
instance, the telemetry analyzer 714 at the first terminal 302a may receive the telemetry
signal 720a from the second terminal 302b and provide the divergence angle instruction
715 to the transmitting module 400a at the first terminal 302b for reducing the divergence
angle of a subsequently transmitted optical signal 320 to the second terminal 302b.
[0059] Additionally or alternatively, the telemetry signal 720 may provide a
transmitting angle instruction 717 for subsequent optical signal 320 transmissions at the
transmitting one of the terminals 302. Here, the transmitting module 400 receives the
transmitting angle instruction 717 to provide a subsequently transmitted optical signal
320 with a redirected transmitting angle (e.g., pitch and yaw) for maximizing the received
data signal 321and/or the received modulated unique frequency tone 318. For instance,
the telemetry analyzer 714 at the first terminal 302a may receive the telemetry signal
720a from the second terminal 302b and provide the transmitting angle instruction 717 to
the transmitting module 400a at the first terminal 302b for redirecting the transmitting
angle of a subsequently transmitted optical signal 320 to the second terminal 302b.
[0060] In some implementations, the one or more photodetectors 702 each provide a
respective photodetector input 704, 704a—n to the tracking analyzer 700 at the associated
control hardware 800. Each photodetector input 704 is indicative of a received power
725 (FIG. 7) of the optical signal 320 as detected by the corresponding photodetector 702
when the receiving one of the terminals 302 receives the communication 20 including the
optical signal 320. In some examples, the tracking analyzer 700 determines whether the

received power 725 at each of the photodetectors 702 is balanced based on each of the
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received photodetector inputs 704. A determination by the tracking analyzer 700 that the
received power 725 at the photodetectors 702 is unbalanced indicates that a center of the
received optical signal 320 deviates from a center of the primary aperture 702.
Accordingly, when the received power 725 at the photodetectors 702 is unbalanced, the
tracking analyzer 700 provides an unbalanced power signal 716 to the pointing
adjustment module 416 and the pointing adjustment module 416 provides the pointing
adjustments 324 to adjust the pointing of the receiving optics 308 until the receiving
optics (e.g., primary aperture 701) are centered with the optical signal 320 received from
the other terminal 302. The pointing adjustment module 416 may include the pointing
steering electronics 418 and/or the steering hardware 420 described above with reference
to FIGS. 4 and 5.

[0061] Referring to FIG. 7, in some implementations, the tracking analyzer 700 uses
a phase-locked loop system to increase detecting sensitivity and/or to avoid steering the
receiving optics 308 toward incorrect optical beam transmissions. The tracking analyzer
700 may include photodetector circuits 722, the mixer 410, the local oscillator (LO) 412,
the LPF 414, and beam position circuits 724. The photodetector circuits 722 receive
corresponding ones of the photodetector inputs 704, 704a—n from the photo detectors 702
and provide each photodetector input 704 to the mixer 410 for mixing with an
interference signal 721 from the LO 412. The interference signal 721 may include a
same frequency as a frequency of the received optical signal 320 to eliminate any noise
from the optical signal 320 when received by the associated terminal 302. In some
examples, the mixer 410 provides a mixed output signal 723 for each photodetector input
704 to the LPF 414 and the LPF 414 filters the mixed output signal 723 to determine the
received power 725, 725a—n of the optical signal 320 as detected by each corresponding
photodetector 702. In these examples, the beam position circuits 724 determine whether
the received power 725 at each of the photodetectors 702 is balanced. The example of
FIG. 7 shows the beam position circuits 724 providing the unbalanced power signal 716
to the pointing adjustment module 416. The pointing adjustment module 416 may
include the pointing steering electronics 418 and/or the steering hardware 420 described

above with reference to FIGS. 4 and 5.
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[0062] FIG. 8 is a schematic view of an example of the control hardware 800 that
may be used to implement the systems and methods described in this document. The
control hardware 800 is intended to represent various forms of digital computers, such as
laptops, desktops, workstations, personal digital assistants, servers, blade servers,
mainframes, and other appropriate computers. The components shown here, their
connections and relationships, and their functions, are meant to be exemplary only, and
are not meant to limit implementations of the inventions described and/or claimed in this
document.

[0063] The control hardware 800 includes a processor 850, memory 820, a storage
device 830, a high-speed interface/controller 840 connecting to the memory 820 and
high-speed expansion ports 850, and a low speed interface/controller 860 connecting to a
low speed bus 870 and storage device 830. Each of the components 810, 820, 830, 840,
850, and 860, are interconnected using various busses, and may be mounted on a
common motherboard or in other manners as appropriate. The processor 810 can process
instructions for execution within the computing device 800, including instructions stored
in the memory 820 or on the storage device 830 to display graphical information for a
GUI on an external input/output device, such as a display 880 coupled to a high speed
interface 840. In other implementations, multiple processors and/or multiple buses may
be used, as appropriate, along with multiple memories and types of memory. Also,
multiple control hardware devices 800 may be connected, with each device providing
portions of the necessary operations (e.g., as a server bank, a group of blade servers, or a
multi-processor system).

[0064] The memory 820 includes hardware that stores information non-transitorily
within the control hardware 800. The memory 820 may be a computer-readable medium,
a volatile memory unit(s), or non-volatile memory unit(s). The non-transitory memory
820 may be physical devices used to store programs (e.g., sequences of instructions) or
data (e.g., program state information) on a temporary or permanent basis for use by the
control hardware 800. Examples of non-volatile memory include, but are not limited to,
flash memory and read-only memory (ROM) / programmable read-only memory
(PROM) / erasable programmable read-only memory (EPROM) / electronically erasable
programmable read-only memory (EEPROM) (e.g., typically used for firmware, such as
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boot programs) as well as disks or tapes. Examples of volatile memory include, but are
not limited to, random access memory (RAM), dynamic random access memory
(DRAM), static random access memory (SRAM), phase change memory (PCM).

[0065] The storage device 830 is capable of providing mass storage for the control
hardware 800. In some implementations, the storage device 830 is a computer-readable
medium. In various different implementations, the storage device 830 may be a floppy
disk device, a hard disk device, an optical disk device, or a tape device, a flash memory
or other similar solid state memory device, or an array of devices, including devices in a
storage area network or other configurations. In additional implementations, a computer
program product is tangibly embodied in an information carrier. The computer program
product contains instructions that, when executed, perform one or more methods, such as
those described above. The information carrier is a computer- or machine-readable
medium, such as the memory 820, the storage device 830, or memory on processor 810.
[0066] The high speed controller 840 manages bandwidth-intensive operations for the
computing device 800, while the low speed controller 860 manages lower bandwidth-
intensive operations. Such allocation of duties is exemplary only. In some
implementations, the high-speed controller 840 is coupled to the memory 820, the display
880 (e.g., through a graphics processor or accelerator), and to the high-speed expansion
ports 850, which may accept various expansion cards (not shown). In some
implementations, the low-speed controller 860 is coupled to the storage device 830 and
low-speed expansion port 870. The low-speed expansion port 870, which may include
various communication ports (e.g., USB, Bluetooth, Ethernet, wireless Ethernet), may be
coupled to one or more input/output devices, such as a keyboard, a pointing device, a
scanner, or a networking device, such as a switch or router, e.g., through a network
adapter.

[0067] The control hardware 800 may be implemented in a number of different
forms, as shown in the figure. For example, it may be implemented as a standard server
or multiple times in a group of such servers, as a laptop computer, or as part of a rack
server system. In other implementations, the control hardware includes a field
programmable gate array (FGPA), a digital signal processor (DSP), or any other suitable

circuitry.
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[0068] In some implementations, the control hardware 800 is in communication with
memory hardware 802 (e.g., in the memory 820). The control hardware 800 at the first
communication terminal 302a may determine a signal strength 415 of a modulated unique
frequency tone 318a within the first optical signal 320a received from the second
communication terminal 302b through the optical link 322. In some examples, the
control hardware 800 adjusts an optical head 310a of the first communication terminal
302a to establish acquisition and optical beam pointing with the second communication
terminal 302b based on the signal strength 415 of the modulated unique frequency tone
318a received from the second communication terminal 302b.

[0069] A software application (i.e., a software resource 110s) may refer to computer
software that causes a computing device to perform a task. In some examples, a software
application may be referred to as an “application,” an “app,” or a “program.” Example
applications include, but are not limited to, mobile applications, system diagnostic
applications, system management applications, system maintenance applications, word
processing applications, spreadsheet applications, messaging applications, media
streaming applications, social networking applications, and gaming applications.

[0070] The memory hardware 110hm may be physical devices used to store programs
(e.g., sequences of instructions) or data (e.g., program state information) on a temporary
or permanent basis for use by a computing device 110hc. The non-transitory memory
110hm may be volatile and/or non-volatile addressable semiconductor memory.
Examples of non-volatile memory include, but are not limited to, flash memory and read-
only memory (ROM) / programmable read-only memory (PROM) / erasable
programmable read-only memory (EPROM) / electronically erasable programmable read-
only memory (EEPROM) (e.g., typically used for firmware, such as boot programs).
Examples of volatile memory include, but are not limited to, random access memory
(RAM), dynamic random access memory (DRAM), static random access memory
(SRAM), phase change memory (PCM) as well as disks or tapes.

[0071] FIG. 9 is a flow chart of an example method 900 for adjusting an optical head
310a of a first communication terminal 302a to establish acquisition and optical beam
pointing with a second communication terminal. The flowchart starts at operation 902

where the first communication terminal 302a receives an optical signal 320a from the
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second communication terminal 302b through a free space optical link 322. The received
optical signal 320a contains a modulated unique frequency tone 318a. In some examples,
the second terminal 302b of FIG. 4 combines a data signal 321 including one or more
data packets 321a—n and a beacon signal 318a modulated at the unique frequency tone
318a onto a multiplexed optical carrier including the optical signal 320a for transmission
to the first terminal 302a. In these examples, the control hardware 800a at the first
terminal 302a of FIG 4 de-multiplexes the received optical signal 320a into the data
signal 321 and the beacon signal 318a. In other examples, the second terminal 302b of
FIG. 5 combines the modulated unique frequency tone 318a onto a modulated data signal
321 containing a stream of data packets 321a—n to produce the optical signal 320a for
transmission to the first terminal 302. Here, the modulated unique frequency tone 318a
may include a lower frequency than a frequency of the modulated data signal 321.
Additionally or alternatively, the modulated unique frequency tone 318a may include a
smaller power modulation depth than the modulated data signal 321.

[0072] At operation 904, the control hardware 800a at the first terminal 302a mixes
the modulated unique frequency tone 318a with a reference signal 411 to provide a mixed
output signal 413. Here, the reference signal 411 includes the same frequency as the
modulated unique frequency tone 318 and a local oscillator 412 may provide the
reference signal 411. The mixed output signal 413 may eliminate noise from the
modulated unique frequency tone 318a when the optical signal 320a is received by the
first terminal 302a. At operation 906, the control hardware 800a at the first terminal 302a
determines the signal strength 415 of the modulated unique frequency tone 318a based on
the mixed output signal 413, and at operation 908, the control hardware 800a adjusts the
optical head 310a of the first terminal 302a to establish the acquisition and optical beam
pointing with the second terminal 302b based on the signal strength 415 of the modulated
unique frequency tone 318a received from the second terminal 302b.

[0073] Various implementations of the systems and techniques described here can be
realized in digital electronic and/or optical circuitry, integrated circuitry, specially
designed ASICs (application specific integrated circuits), computer hardware, firmware,
software, and/or combinations thereof. These various implementations can include

implementation in one or more computer programs that are executable and/or
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interpretable on a programmable system including at least one programmable processor,
which may be special or general purpose, coupled to receive data and instructions from,
and to transmit data and instructions to, a storage system, at least one input device, and at
least one output device.

[0074] These computer programs (also known as programs, software, software
applications or code) include machine instructions for a programmable processor, and can
be implemented in a high-level procedural and/or object-oriented programming language,
and/or in assembly/machine language. As used herein, the terms “machine-readable
medium” and “computer-readable medium” refer to any computer program product, non-
transitory computer readable medium, apparatus and/or device (e.g., magnetic discs,
optical disks, memory, Programmable Logic Devices (PLDs)) used to provide machine
instructions and/or data to a programmable processor, including a machine-readable
medium that receives machine instructions as a machine-readable signal. The term
“machine-readable signal” refers to any signal used to provide machine instructions
and/or data to a programmable processor.

[0075] Implementations of the subject matter and the functional operations described
in this specification can be implemented in digital electronic circuitry, or in computer
software, firmware, or hardware, including the structures disclosed in this specification
and their structural equivalents, or in combinations of one or more of them. Moreover,
subject matter described in this specification can be implemented as one or more
computer program products, i.e., one or more modules of computer program instructions
encoded on a computer readable medium for execution by, or to control the operation of,
data processing apparatus. The computer readable medium can be a machine-readable
storage device, a machine-readable storage substrate, a memory device, a composition of
matter effecting a machine-readable propagated signal, or a combination of one or more
of them. The terms “data processing apparatus”, “computing device” and “computing
processor” encompass all apparatus, devices, and machines for processing data, including
by way of example a programmable processor, a computer, or multiple processors or
computers. The apparatus can include, in addition to hardware, code that creates an
execution environment for the computer program in question, e.g., code that constitutes

processor firmware, a protocol stack, a database management system, an operating
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system, or a combination of one or more of them. A propagated signal is an artificially
generated signal, e.g., a machine-generated electrical, optical, or electromagnetic signal
that is generated to encode information for transmission to suitable receiver apparatus.
[0076] A computer program (also known as an application, program, software,
software application, script, or code) can be written in any form of programming
language, including compiled or interpreted languages, and it can be deployed in any
form, including as a stand-alone program or as a module, component, subroutine, or other
unit suitable for use in a computing environment. A computer program does not
necessarily correspond to a file in a file system. A program can be stored in a portion of
a file that holds other programs or data (e.g., one or more scripts stored in a markup
language document), in a single file dedicated to the program in question, or in multiple
coordinated files (e.g., files that store one or more modules, sub programs, or portions of
code). A computer program can be deployed to be executed on one computer or on
multiple computers that are located at one site or distributed across multiple sites and
interconnected by a communication network.

[0077] The processes and logic flows described in this specification can be performed
by one or more programmable processors executing one or more computer programs to
perform functions by operating on input data and generating output. The processes and
logic flows can also be performed by, and apparatus can also be implemented as, special
purpose logic circuitry, e.g., an FPGA (field programmable gate array) or an ASIC
(application specific integrated circuit).

[0078] Processors suitable for the execution of a computer program include, by way
of example, both general and special purpose microprocessors, and any one or more
processors of any kind of digital computer. Generally, a processor will receive
instructions and data from a read only memory or a random access memory or both. The
essential elements of a computer are a processor for performing instructions and one or
more memory devices for storing instructions and data. Generally, a computer will also
include, or be operatively coupled to receive data from or transfer data to, or both, one or
more mass storage devices for storing data, e.g., magnetic, magneto optical disks, or
optical disks. However, a computer need not have such devices. Moreover, a computer

can be embedded in another device, e.g., a mobile telephone, a personal digital assistant

29



10

15

20

25

30

WO 2017/200726 PCT/US2017/029661

(PDA), a mobile audio player, a Global Positioning System (GPS) receiver, to name just
a few. Computer readable media suitable for storing computer program instructions and
data include all forms of non-volatile memory, media and memory devices, including by
way of example semiconductor memory devices, e.g., EPROM, EEPROM, and flash
memory devices; magnetic disks, e.g., internal hard disks or removable disks; magneto
optical disks; and CD ROM and DVD-ROM disks. The processor and the memory can
be supplemented by, or incorporated in, special purpose logic circuitry.

[0079] To provide for interaction with a user, one or more aspects of the disclosure
can be implemented on a computer having a display device, e.g., a CRT (cathode ray
tube), LCD (liquid crystal display) monitor, or touch screen for displaying information to
the user and optionally a keyboard and a pointing device, e.g., a mouse or a trackball, by
which the user can provide input to the computer. Other kinds of devices can be used to
provide interaction with a user as well; for example, feedback provided to the user can be
any form of sensory feedback, e.g., visual feedback, auditory feedback, or tactile
feedback; and input from the user can be received in any form, including acoustic,
speech, or tactile input. In addition, a computer can interact with a user by sending
documents to and receiving documents from a device that is used by the user; for
example, by sending web pages to a web browser on a user's client device in response to
requests received from the web browser.

[0080] One or more aspects of the disclosure can be implemented in a computing
system that includes a backend component, e.g., as a data server, or that includes a
middleware component, e.g., an application server, or that includes a frontend
component, €.g., a client computer having a graphical user interface or a Web browser
through which a user can interact with an implementation of the subject matter described
in this specification, or any combination of one or more such backend, middleware, or
frontend components. The components of the system can be interconnected by any form
or medium of digital data communication, e.g., a communication network. Examples of
communication networks include a local area network (“LAN") and a wide area network
(“WAN™), an inter-network (e.g., the Internet), and peer-to-peer networks (e.g., ad hoc

peer-to-peer networks).
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[0081] The computing system can include clients and servers. A client and server are
generally remote from each other and typically interact through a communication
network. The relationship of client and server arises by virtue of computer programs
running on the respective computers and having a client-server relationship to each other.
In some implementations, a server transmits data (e.g., an HTML page) to a client device
(e.g., for purposes of displaying data to and receiving user input from a user interacting
with the client device). Data generated at the client device (e.g., a result of the user
interaction) can be received from the client device at the server.

[0082] While this specification contains many specifics, these should not be
construed as limitations on the scope of the disclosure or of what may be claimed, but
rather as descriptions of features specific to particular implementations of the disclosure.
Certain features that are described in this specification in the context of separate
implementations can also be implemented in combination in a single implementation.
Conversely, various features that are described in the context of a single implementation
can also be implemented in multiple implementations separately or in any suitable sub-
combination. Moreover, although features may be described above as acting in certain
combinations and even initially claimed as such, one or more features from a claimed
combination can in some cases be excised from the combination, and the claimed
combination may be directed to a sub-combination or variation of a sub-combination.
[0083] Similarly, while operations are depicted in the drawings in a particular order,
this should not be understood as requiring that such operations be performed in the
particular order shown or in sequential order, or that all illustrated operations be
performed, to achieve desirable results. In certain circumstances, multi-tasking and
parallel processing may be advantageous. Moreover, the separation of various system
components in the embodiments described above should not be understood as requiring
such separation in all embodiments, and it should be understood that the described
program components and systems can generally be integrated together in a single
software product or packaged into multiple software products.

[0084] A number of implementations have been described. Nevertheless, it will be
understood that various modifications may be made without departing from the spirit and

scope of the disclosure. Accordingly, other implementations are within the scope of the
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following claims. For example, the actions recited in the claims can be performed in a

different order and still achieve desirable results.
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WHAT IS CLAIMED IS:
1. A method (900) comprising:

receiving, at a first communication terminal (302, 302a), an optical signal (320,
320a, 320b) from a second communication terminal (302, 302b) through a free space
optical link (322), the received optical signal (320, 320a, 320b) containing a modulated
unique frequency tone (318, 318a);

mixing, by control hardware (800, 800a, 800b) of the first communication
terminal (302, 302a), the modulated unique frequency tone (318, 318a, 318b) with a
reference signal (411) to provide a mixed output signal (413), the reference signal (411)
comprising a same frequency as the modulated unique frequency tone (318, 318a, 318b);

determining, by the control hardware (800, 800a, 800b), a signal strength (415) of
the modulated unique frequency tone (318, 318a, 318b) based on the mixed output signal
(413); and

adjusting, by the control hardware (800, 800a, 800b), an optical head (310, 310a,
310b) of the first communication terminal (302, 302a) to establish acquisition and optical
beam pointing with the second communication terminal (302, 302b) based on the signal
strength (415) of the modulated unique frequency tone (318, 318a, 318b) received from

the second communication terminal (302, 302b).

2. The method (900) of claim 1, wherein the second communication terminal (302,
302b) combines a data signal (321) comprising one or more data packets (321a-n) and a
beacon signal (318, 318a, 318b) modulated at the unique frequency tone (318, 318a,
318b) onto a multiplexed optical carrier comprising the optical signal (320, 320a, 320b)

for transmission to the first communication terminal (302, 302a).

3. The method (900) of claim 2, wherein the second communication terminal (302,
302b) uses one of a wavelength division multiplexer (406) or a polarization multiplexer
(406) to combine the data signal (321) and the beacon signal (318, 318a, 318b) onto the

multiplexed optical carrier.

4, The method (900) of claim 2, further comprising:
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when the first communication terminal (302, 302a) receives the optical signal
(320, 320a, 320b) from the second communication terminal (302, 302b):
de-multiplexing, by the control hardware (800, 800a, 800b), the received
optical signal (320, 320a, 320b) into the data signal (321) and the beacon signal (318,
318a, 318D),
wherein mixing the modulated unique frequency tone (318, 318a, 318b)
comprises mixing the received beacon signal (318, 318a, 318b) with the reference signal
(411) from a local oscillator (412) of the first communication terminal (302, 302a) to

provide the mixed output signal (413).

5. The method (900) of claim 1, wherein the second communication terminal (302,
302b) combines the modulated unique frequency tone (318, 318a, 318b) onto a
modulated data signal (321) containing a stream of data packets (321a—n) to produce the
optical signal (320, 320a, 320b) for transmission to the first communication terminal

(302, 302a).

6. The method (900) of claim 5, wherein the modulated unique frequency tone (318,
318a, 318b) comprises a lower frequency than a frequency of the modulated data signal
(321).

7. The method (900) of claim 5, wherein the modulated unique frequency tone (318,
318a, 318b) comprises a smaller power modulation depth than the modulated data signal
(321).

8. The method (900) of claim 5, further comprising:
when the first communication terminal (302, 302a) receives the optical signal
(320, 320a, 320b) from the second communication terminal (302, 302b):
splitting, by the control hardware (800, 800a, 800b), the optical signal
(320, 320a, 320b) into the modulated data signal (321) and the modulated unique
frequency tone (318, 318a, 318b); and
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encoding, by the control hardware (800, 800a, 800b), the stream of data
packets (321a—n) on the modulated data signal (321),

wherein mixing the modulated unique frequency tone (318, 318a, 318b)
comprises mixing the modulated unique frequency tone (318, 318a, 318b) with the
reference signal (411) from a local oscillator (412) of the first communication terminal

(302, 302a) to provide the mixed output signal (413).

9. The method (900) of any of claims 1-8, wherein mixing the modulated unique
frequency tone (318, 318a, 318b) with the reference signal (411) eliminates noise from
the modulated unique frequency tone (318, 318a, 318b) when the optical signal (320,
320a, 320b) is received by the first communication terminal (302, 302a).

10.  The method (900) of any of claims 1-9, wherein determining the signal strength
(415) of the modulated unique frequency tone (318, 318a, 318b) comprises:

filtering the mixed output signal (413) to extract a direct-current component from
the mixed output signal (413); and

determining the signal strength (415) of the modulated unique frequency tone
(318, 318a, 318b) based on a value of the direct-current component extracted from the

mixed output signal (413).

11.  The method (900) of any of claims 1-10, wherein the adjusting the optical head
(310, 310a, 310b) of the first communication terminal (302, 302a) establishes the
acquisition and optical beam pointing with the second communication terminal (302,
302b) by increasing the signal strength (415) of the modulated unique frequency tone
(318, 318a, 318b) of the optical signal (320, 320a, 320b) received from the second

communication terminal (302, 302b).

12.  The method (900) of any of claims 1-11, further comprising:
after optical beam acquisition and pointing is established between the first

communication terminal (302, 302a) and the second communication terminal (302,
302b):
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transmitting a first telemetry signal (720, 720a) from the first
communication terminal (302, 302a) to the second communication terminal (302, 302b)
through the optical link (322), the first telemetry signal (720, 720a) informing the second
communication terminal (302, 302b) to reduce a divergence angle of the optical signal
(320, 320a, 320b) during subsequent transmissions to the first communication terminal
(302, 302a) through the optical link (322); and

receiving, at the first communication terminal (302, 302a), a second
telemetry signal (720, 720b) from second communication terminal (302, 302b) through
the optical link (322), the second telemetry signal (720, 720b) informing the first
communication terminal (302, 302a) to reduce a divergence angle of optical beam
transmissions to the second communication terminal (302, 302b) through the optical link
(322).

13.  The method (900) of any of claims 1-11, further comprising:
after optical beam acquisition and pointing is established between the first

communication terminal (302, 302a) and the second communication terminal (302,
302b):

transmitting a first telemetry signal (720, 720a) from the first
communication terminal (302, 302a) to the second communication terminal (302, 302b)
through the optical link (322), the first telemetry signal (720, 720a) informing the second
communication terminal (302, 302b) to redirect a transmitting angle of the optical signal
(320, 320a, 320b) during subsequent transmissions to the first communication terminal
(302, 302a) through the optical link (322); and

receiving, at the first communication terminal (302, 302a), a second
telemetry signal (720, 720b) from second communication terminal (302, 302b) through
the optical link (322), the second telemetry signal (720, 720b) informing the first
communication terminal (302, 302a) to redirect a transmitting angle of optical beam
transmissions to the second communication terminal (302, 302b) through the optical link
(322).

14.  The method (900) of any of claims 1-13, further comprising:
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determining, by the controller hardware, a received power (725, 725a—n) of the
optical signal (320, 320a, 320b) received from the second communication terminal (302,
302b) at each one of three or more photodetectors (702, 702a—n) associated with
receiving optics (308) of the first communication terminal (302, 302a);

determining, by the control hardware (800, 800a, 800b), whether the received
power (725, 725a—n) at each of the photodetectors (702, 702a—n) is balanced; and

when the received power (725, 725a—n) at the photodetectors (702, 702a—n) is
unbalanced, adjusting, by the control hardware (800, 800a, 800b), the pointing of the
receiving optics (308) of the first communication terminal (302, 302a) until the receiving
optics (308) are centered with the optical signal (320, 320a, 320b) received from the

second communication terminal (302, 302b).

15.  The method (900) of any of claims 1-14, wherein the first communication
terminal (302, 302a) and the second communication terminal (302, 302b) are stationary

optical terminals.

16. A first communication terminal (302, 302a) comprising:

an optical head (310, 310a, 310b) comprising transmitter optics (306, 306a, 306b)
and receiving optics (308), the receiving optics (308) configured to receive an optical
signal (320, 320a, 320b) from a second communication terminal (302, 302b) through a
free space optical link (322), the received optical signal (320, 320a, 320b) containing a
modulated unique frequency tone (318, 318a, 318b);

control hardware (800, 800a, 800b) in communication with the optical head (310,
310a, 310b);

memory hardware (802) in communication with the control hardware (800, 800a,
800b), the memory hardware (802) storing instructions that when executed on the control
hardware (800, 800a, 800b) cause the control hardware (800, 800a, 800b) to perform
operations comprising:

mixing the modulated unique frequency tone (318, 318a, 318b) with a

reference signal (411) to provide a mixed output signal (413), the reference signal (411)

comprising a same frequency as the modulated unique frequency tone (318, 318a, 318b);
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determining a signal strength (415) of the modulated unique frequency
tone (318, 318a, 318b) based on the mixed output signal (413); and

adjusting an optical head (310, 310a, 310b) of the first communication
terminal (302, 302a) to establish acquisition and optical beam pointing with the second
communication terminal (302, 302b) based on the signal strength (415) of the modulated
unique frequency tone (318, 318a, 318b) received from the second communication

terminal (302, 302b).

17.  The first communication terminal (302, 302a) of claim 16, wherein the second
communication terminal (302, 302b) combines a data signal (321) comprising one or
more data packets (321a—n) and a beacon signal (318, 318a, 318b) modulated at the
unique frequency tone (318, 318a, 318b) onto a multiplexed optical carrier comprising
the optical signal (320, 320a, 320b) for transmission to the first communication terminal
(302, 302a).

18.  The first communication terminal (302, 302a) of claim 17, wherein the second
communication terminal (302, 302b) uses one of a wavelength division multiplexer (406)
or a polarization multiplexer (406) to combine the data signal (321) and the beacon signal
(318, 318a, 318b) onto the multiplexed optical carrier.

19.  The first communication terminal (302, 302a) of claim 17, wherein the operations
further comprise:
when the first communication terminal (302, 302a) receives the optical signal

(320, 320a, 320b) from the second communication terminal (302, 302b):

de-multiplexing the received optical signal (320, 320a, 320b) into the data
signal (321) and the beacon signal (318, 318a, 318b),

wherein mixing the modulated unique frequency tone (318, 318a, 318b)
comprises mixing the received beacon signal (318, 318a, 318b) with the reference signal
(411) from a local oscillator (412) of the first communication terminal (302, 302a) to

provide the mixed output signal (413).
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20.  The first communication terminal (302, 302a) of claim 16, wherein the second
communication terminal (302, 302b) combines the modulated unique frequency tone
(318, 318a, 318b) onto a modulated data signal (321) containing a stream of data packets
(321a—n) to produce the optical signal (320, 320a, 320b) for transmission to the first

communication terminal (302, 302a).

21.  The first communication terminal (302, 302a) of claim 20, wherein the modulated
unique frequency tone (318, 318a, 318b) comprises a lower frequency than a frequency
of the modulated data signal (321).

22.  The first communication terminal (302, 302a) of claim 20, wherein the modulated
unique frequency tone (318, 318a) comprises a smaller power modulation depth than the

modulated data signal (321).

23.  The first communication terminal (302, 302a) of claim 20, wherein the operations
further comprise:
when the first communication terminal (302, 302a) receives the optical signal

(320, 320a, 320b) from the second communication terminal (302, 302b):

splitting the optical signal (320, 320a, 320b) into the modulated data
signal (321) and the modulated unique frequency tone (318, 318a, 318b); and

encoding the stream of data packets (321a—n) on the modulated data signal
(321),

wherein mixing the modulated unique frequency tone (318, 318a, 318b)
comprises mixing the modulated unique frequency tone (318, 318a, 318b) with the
reference signal (411) from a local oscillator (412) of the first communication terminal

(302, 302a) to provide the mixed output signal (413).
24.  The first communication terminal (302, 302a) of any of claims 1624, wherein

mixing the modulated unique frequency tone (318, 318a, 318b) with the reference signal
(411) eliminates noise from the modulated unique frequency tone (318, 318a, 318b) when
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the optical signal (320, 320a, 320b) is received by the first communication terminal (302,
302a).

25.  The first communication terminal (302, 302a) of any of claims 1624, wherein
determining the signal strength (415) of the modulated unique frequency tone (318, 318a,
318b) comprises:

filtering the mixed output signal (413) to extract a direct-current component from
the mixed output signal (413); and

determining the signal strength (415) of the modulated unique frequency tone
(318, 318a, 318b) based on a value of the direct-current component extracted from the

mixed output signal (413).

26.  The first communication terminal (302, 302a) of any of claims 1625, wherein the
adjusting the optical head (310, 310a, 310b) of the first communication terminal (302,
302a) establishes the acquisition and optical beam pointing with the second
communication terminal (302, 302b) by increasing the signal strength (415) of the
modulated unique frequency tone (318, 318a, 318b) of the optical signal (320, 320a,

320b) received from the second communication terminal (302, 302b).

27.  The first communication terminal (302, 302a) of any of claims 16-26, wherein the
operations further comprise:

after optical beam acquisition and pointing is established between the first
communication terminal (302, 302a) and the second communication terminal (302,
302b):

transmitting a first telemetry signal (720, 720a) from the first

communication terminal (302, 302a) to the second communication terminal (302, 302b)
through the optical link (322), the first telemetry signal (720, 720a) informing the second
communication terminal (302, 302b) to reduce a divergence angle of the optical signal
(320, 320a, 320b) during subsequent transmissions to the first communication terminal
(302, 302a) through the optical link (322); and
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receiving a second telemetry signal (720, 720b) at the first communication
terminal (302, 302a) from second communication terminal (302, 302b) through the
optical link (322), the second telemetry signal (720, 720b) informing the first
communication terminal (302, 302a) to reduce a divergence angle of optical beam
transmissions to the second communication terminal (302, 302b) through the optical link
(322).

28.  The first communication terminal (302, 302a) of any of claims 16-26, wherein the
operations further comprise:
after optical beam acquisition and pointing is established between the first

communication terminal (302, 302a) and the second communication terminal (302,
302b):

transmitting a first telemetry signal (720, 720a) from the first
communication terminal (302, 302a) to the second communication terminal (302, 302b)
through the optical link (322), the first telemetry signal (720, 720a) informing the second
communication terminal (302, 302b) to redirect a transmitting angle of the optical signal
(320, 320a, 320b) during subsequent transmissions to the first communication terminal
(302, 302a) through the optical link (322); and

receiving, at the first communication terminal (302, 302a), a second
telemetry signal (720, 720b) from the second communication terminal (302, 302b)
through the optical link (322), the second telemetry signal (720, 720b) informing the first
communication terminal (302, 302a) to redirect a transmitting angle of optical beam
transmissions to the second communication terminal (302, 302b) through the optical link
(322).

29.  The first communication terminal (302, 302a) of any of claims 1628, wherein the
operations further comprise:

determining a received power (725, 725a—n) of the optical signal (320, 320a,
320b) received from the second communication terminal (302, 302b) at each one of three
or more photodetectors (702, 702a—n) associated with receiving optics (308) of the first

communication terminal (302, 302a);
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determining whether the received power (725, 725a—n) at each of the
photodetectors (702, 702a—n) is balanced; and

when the received power (725, 725a—n) at the photodetectors (702, 702a—n) is
unbalanced, adjusting the pointing of the receiving optics (308) of the first
communication terminal (302, 302a) until the receiving optics (308) are centered with the
optical signal (320, 320a, 320b) received from the second communication terminal (302,
302b).

30.  The first communication terminal (302, 302a) of any of claims 1629, wherein the
first communication terminal (302, 302a) and the second communication terminal (302,

302b) are stationary optical terminals.

42



WO 2017/200726 PCT/US2017/029661

AMENDED CLAIMS
received by the International Bureau on 24 August 2017 (24.08.2017)

Serk

A method {900) comprising:
receiving, at a first compmtrication terminal (302, 302a), an optical signal {320, 3204,
320b) from a second communication terminal (302, 302b}) through a free space optical link

{322}, the recerved optical signal (320, 320a, 320b) containing a modulated enigue frequency

P

{318, 318a}, wherein the second cornmunication terminal (302, 302b) combines a data

on

<«

sigral (321} comprising one or gwore data packets (32 la-n) and a beacon signal (318, 318a,
318} modulated at the unique frequency tone {318, 318a, 318b) onio a ondtiplexed optical
carrier comprising the optical signal (320, 320a, 320b) for transmussion o the first

communication terminal {302, 3024);

uixing, by confral hardware {800, 300, 300b) of the first communication terminal (302,
3024}, the modulated unique freguency tone (318, 318a, 318b) with a reference signal (411 1o
provide a mixed output signal {413}, the reference signal {411} compnising a same frequency as
the modelated wnigue freqoency wne (318, 318a, 313b);

determining, by the control hardware (800, 80G0a, 80Ub), a signal strength {415} of the
modulated unigque frequency tone (318, 318a, 318b) based on the mixed output signal (413}); and

adpusting, by the control hardware (830, 800g, 300b)}, an optical head (310, 310a, 310b)
of the first comnumcation terminal (302, 302a) to establish acquisition and optical bears
pomting with the second compunication terminal (302, 302b) basad on the signal strength (415)
of the modulated unique frequency tone (318, 318a, 318b) received from the second

communication terminal {302, 302b).

2. The method (900} of claim 1, wherein the scoond commundeation ferminal (302, 302h)

uses one of a wavelength division raultiplexer {406} or a polarization saultiplexer (406} o

combine the data signal (321) and the beacon signal {318, 3183, 318b} onto the multiplexed

optical carner,

3. The method (800) of claim 1 or 2, fusther comprising:

when the first conmnugication terunal (302, 302a) receives the optical signal {320, 32043,
320b) from the second communication terminal (302, 302b):
k]

de~muliiplexing, by the conirol hardware (800, 800a, 800b), the received optical

signal {320, 320a, 320b} info the data signal (321) and the beacon signal (313, 318a, 318hy,
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wherein mixing the modulated unigue frequency tone {318, 318a, 318h)
comprises mixing the recetved beacon signal (318, 3183, 318b) with the reference signal (411}
frova a focal osciliator (412} of the frgt communication terminal (302, 302a3 to provide the
muxed cutput signal (4133
4. The method ($00) of any of clatms 1-3, wheremn muxing the modudated anigoe frequency
tone (318, 318a, 318b) with the reference signal (411} eliminates noise from the modulated
onigue frequency tone (318, 318a, 318b) when the optical signal (324, 3204, 320} 15 received
by the first conumupication terminal (302, 302a).

5. The method (900} of any of claims -4, wherein deternuning the signal strength {415} of

2

the modslated unigue freguency tone (318, 318a, 3188} comprises:

filtering the mixed output signal (413} to extract a direct-carrent componant from the
mixed output signal (4133 and

determining the signal sirength (413) of the modulated ondgue frequency tons (318, 3183,

318 based on a value of the direct-current compopent extracted from the mixed output signal

o~

413}

6. The method (800) of any of claims -5, wherein the adiusting the optical head (314,
3104, 310b) of the first conmumunication terminal (302, 302a) establishes the acquisition and
optical beam pointing with the second communication terminal (302, 302b) by mcereasing the
aignal strength (415) of the modulated wrugue frequency tone (318, 318a, 318} of the optical

signal (320, 3204, 320b) received from the second commumnication terminal (302, 302b).

by

~3

The method {900} of any of claims 1-6, further comprising:
after nptical beam acqui@.iii_on and pointing is esiablished between the Grst

comumunication terminal (302, 302a) and the second communication terminal {302, 302b):

tram.smitting a first elemetey stgnal (720, 720a) from the frst communication
terminal (3072, 3622} to the second communication ternunal (302, 302h) dueouvgh the optical link
{322}, the first telemetry signal (720, 720a) ioforming the second convmuvnication terminal (302,

302b} to reduce a divergenee angle of the optic al {320, 320, 120b) during subsequent

P

transmissions to the {irst comymunication termnal { 302, 302a) through the optical link (322); and
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recerving, at the first comuninucation terminal (302, 30Za), a second telemetry
signal {720, 720b) from second commmumication fermnal {302, 302h) dwough the optical link
{322}, the second telemetry signal (720, 720b) infonming the first communication ferpvinal (302,
3023} o reduce a divergence angle of optical beam ransmdssions (o the second cormnmunication

terminal (302, 302h) through the ophical link (322}

g. The method (800} of any of claims 1-7, further comprising:
after optical bearn acgpasition and pointing s establishied between the first

L))

communication ternunal (302, 3023} and the second communication torminal (302, 302b)
transmitiing a first telemetry signal (720, 720a) from the first compmnication

terminal (302, 3028} to the second conumunication terminal {302, 302b) through the optical link

N

(322}, the first telometry sigual (720, 7204} inlurming the second comanmdcation terminal (302,

s

328, 320a, 320b) duning subseguent

302b} 1o redirect a transmitting angle of the optical signal {320,
transmissions to the first communication terminal (302, 3(2a) through the optical Tink (322); and

receiving, al the first comnnrgcation terminal (302, 3024), a second telemetry
sigral (720, 720b) from second compruucation terminal {302, 302b) through the optical link
{322}, the second telemetry signal {720, 720b) mnforming the first comnmnication ternunal (302,
302a) to vedivect a transmiiting angle of optical bearm transmissions o the second

communication terminal {302, 3020} through the optical ink (3223,

23 The method (900} of any of claims 1-8, further conprising:

determining, by the controller hardware, a received power {725, 72531} of the optical

signal {320, 320a, 320b) received from the second commumication terminal (302, 302h} at cach

one of three or more photodeteciors {702, 702a-n) associated with receiving optics {308) of the
fiest commmndcation terminal (302, 302a);
determining, by the control hardware (800, 80(a, 800b), whether the received power

%)

725a—n) at each of the photodetectors (702, 702a—x) ts balanced; and

J

(728,

{
when the received power (725, 72380} at the photodetectors {702, 702a-n) is
unbalanced, adiusting, by the control hardware {300, 830a, RUGb), the powntmg of the recerving
optics (308} of the frst coramunication terminal (302, 3022} uniil the receiving optics (O8] are
centered with the optical signal (320, 320, 320bj reccived from the sccond communication

terminal {302, 302b).

45
AMENDED SHEET (ARTICLE 19)



WO 2017/200726

PCT/US2017/029661

n The method (800) of any of clamms 1-9, wherein the fivet conumunication terminal (302,
362a) and the second communication tevminal (302, 362h) are slalionary optical ermun
i1

nals.
A first conununication terminal (36

2, 302a) comprising:
n optical head (310, 3103, 310b) comprising transmitier opiios
tieg

ing o
recerving optics (308), the receiving optics (308) con
o -
Ryal

s (306, 306a, 306b) an
figared to receive an optical signal (320,
20a, 320b) from a second connmanication tenminal (302, 302
(3223,

b} through a free space optical link

}, the received optical signal (320, 320g, 320b} containing & modulated unigue
tone (318, 318a, 318}, whersin the second conymunication terminal {
data signa

e freguency
302, 302b) combines
al €321} comprising one or more data packets (321a-n} and a beacon signal (318§, 3

318a,

318h) moduolated at the wuque freguency tone (318, 318a, 318b) onto a muiltiplexed optical
carrier comprising the optical signal {320, 3

compnmcaiion termanal (382, 302ay;
conirol hardware (800, 300q,

JL

203, 3200} for transmission o the frst

e yaTat)

310by;

b} in comnuuication with the optical head (310, 310a

memory hardware {802} in communication with the control hardware {808, 800a, 300b)
the memory hardware {(802) storing instructions that when executed on the control hardware
{500, 8003, 800b} cause the control hardware (800, 300s, 300b} to perform operations
COMPTIS g

mixing the modulated unigue

frequency tone (314, 318s, 318b} with a refere
signal (411) to provide a mixed output signal (413), the reference signal {

ference 411} comprising a
same frequency as the modulated unique frequency tone (31§, 318a, 318b)
Sa, 318b) be

deternuning a signal strength (415} of the modulated umigue frequency tone (318,
sed on the nuxed output signal

1{413}; and
adjusting an optical head {314, 3
{302, 3 023} to establish acqu

10a, 310b) of the first communication terminal
usttion and optical beam pointing with the second communication
terminal {302, 302b) based on the signal strength {415) of the modulated wnique frequency tong
{318, 3184, 318b} received from: the

s second conununication terminal (302, 3(
12

Conunicats

The first conununication tevminal {302, 302a) ¢

108 terminal (3

fclaim 11, wherein the second
G2, 302h) uses one

of a wavelen

gth division swlaplexer (406} ara
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polarization multiplexer {406} to combine the data signal (321) and the beacon signal (318, 3184,

318k} onto the muttiplexed optical camier.

13, The first conununication torminal (302, 302a) of claun 11 or 12, wherein the operations
further comprise:

when the fivst conmpunication terminal (302, 302a) recetves the optical signal (320, 3204,
320b) from the second conpnusication tenminal (302, 302b):

.

{}a, 32{%} into the data signal

5

Je-rauitiplexiog the recetved optical signal (320, 32
{321) and the beacon signal (318, 3183, 318b),

wherein nuxing the modulated wmgue freguency tone (318, 318a, 113h)
comprises mixing the received beacon signal (318, 318a, 318b) with the reference signal (411
from a loval osoillator (412) of the firsst commuaication termioal (302, 302a) o provide the

mixed outpat signal (413)

14, The first conummucation terminal (302, 302a) of any of claims 1113, whereio raixing
the modulated unigue frequency tone (318, 318a, 318b) with the reforence signal (411)
efimunates noise from the modulated unique frequency tone (318, 318a, 318b) when the optica

stgnal {320, 320a, 320b) s recetved by the first communication terminal (302, 302a).

15, The first communication ternunal {302, 302a) of any of clavns 11-14, wherein
determuning the signal strength (415} of the modulated unique frequency tone (318, 318a, 318h)
COMPTises:

filtering the mixed cotput signal (413} {0 extract 4 divect-current component from the
mixed output signal {(413); and

determining the signal strength (4135} of the modulated unique frequericy tone (318, 318a,
318b) based on a value of the divect-current component extracted from the mixed output signal
{413}
16, The first compnmacation terminal (302, 302a) of any of clama 1115, whersin the

adjusting the optical head {316, 310a, 310b} of the fust conynunication temminal (302, 302a)

stablishes the acquisition and optical beam pointing with the second communication terminal

(302, 302b) by increasing the signal strength (413} of the modulated unique fequency tone (318,
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318z, 318b) of the optical sigasl (320, 320a, 320b} recerved from the second communicaiion

ternunal (302, 302b).

i7. The first conuounication termanal {302, 302a) of any of claims 11-16, wherem the
operations further comprise:
after optical beam acquusition and pointing is established between the first
communication terminal {302, 3023} and the second communication terminal (302, 302b):
trapsmitting a {irst telemetry signal {720, 7208) from the first compuucation

Y

terminal (302, 3028} to fhe second conumunication terminal {302, 302b} through the optical link

.'

(322}, the first ielemetry signal (720, 7208} informing the second commnnication terminal (302,
302b} to redune a divergence sngle of the optical signal (320, 3204, 320b) during subsequent
transmussions to the first conuunnication terminal {302, 302a) through the optical Tk (322); and
receiving a second telemetry signal (720, 720b) at the first commumnication
termunal (302, 302a) from second communication terminal (302, 302b) througb the optical nk
{322}, the second telemetry sigaal (720, 720b) informing the first compmunication terouioal {302,

302a) to veduce a divergence angle of optical beam transmuissions to the second communication

teroninal {302, 302b) through the optical hink (322

i8. The first communication terminal {302, 302a) of any of claims 11-17, wherein the
operations further coraprise:
after optical beam acquisttion and pointing 1s established between the first
conmmumication tergunal (302, 3028} and the sscond communication terminal {302, 302b)
transmithing a first telemetry signal (728, 7202} from the first cosununication

3

terminal (302, 302a) fo the second commuuicatton terounal (302, 302b) through the optical link

{322}, the first telemetry signal {720, 720a) mforming the second communication torminal (302,

Tt

302h) to redivect a tranamitting angle of the optical signal (320, 3203, 320h) during subsequent
transmussions to the first conmmonication terminal (302, 3024) through the optical ok (322); and
receiving, at the fst communication terminal (302, 3024}, a second telemetry
signal (724, 7200} from the second conynunication terminal {302, 302b) through the optical link
{3223, the second felerpetey signal (720, 720b) informing the first communication ternunal (302,

302a) to redivect a tmnsmuting angle of opiical bears transmissions to the sscond

communication terminal (302, 302) throngh the optical ink (322}

48
AMENDED SHEET (ARTICLE 19)



WO 2017/200726 PCT/US2017/029661

19, The frst communication terminal {302, 302a) of any of claims 1118, wherein the
operations further comprise:

deterpuning a received power (725, 725z-u) of the optical signal (32{, 320a, 320b)
received from the second communication terndnal (302, 302b) at each one of three or more
photodetectors (7{)2, T02a-n) associated with receiving optics (308) of the first comprunication

erminal (302, 302

5

dstermimng whether the received power {725, 725a-1) at each of the photodetectors
{762, 702a-n} is balanced; and

when the received power {725, 72%a-1) at the photodetectors {702, 702a-n) 13
unbalanced, adjusting the pointing of the receiviag optics (308) of the first communication
{ermipal (302, 302a) wntil the receiving optics {308) are ceniered with the optical signal (320,

320a, 320h) received from the second communication terminal {302, 30206}

20. The first commaunication terminal (302, 3023} of any of claims 1119, wherein the first
comnnmication terminal (302, 3024) and the second commumication terminal {302, 302b) are

stationary optical terminals,
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RECEIVING A FIRST OPTICAL SIGNAL AT A FIRST
COMMUNICATION TERMINAL FROM A SECOND
COMMUNICATION TERMINAL THROUGH AN OPTICAL

LINK 902

MIXING A MODULATED UNIQUE FREQUENCY TONE
WITHIN THE RECEIVED OPTICAL SIGNAL WITH A
REFERENCE SIGNAL TO PROVIDE A MIXED OUTPUT

SIGNAL 904

Y

DETERMINING A SIGNAL STRENGTH OF THE
MODULATED UNIQUE FREQUENCY TONE BASED ON
THE MIXED OUTPUT SIGNAL 906

ADJUSTING AN OPTICAL HEAD OF THE FIRST
COMMUNICATION TERMINAL BASED ON THE SIGNAL
STRENGTH OF THE MODULATED UNIQUE

FREQUENCY TONE 08
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