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(57) Abstract: Challenges of direct-to-Earth (DTE) laser communications (lasercom) between spacecraft in low-Earth orbit (LEO)
or medium-Earth orbit (MEO) and ground terminals can include short duration transmission windows, long time gaps between the
transmission windows, deleterious effects of atmospheric turbulence, and the inability to operate in cloudy weather. Direct-link op -
tical communications systems described herein can have data rates that are high enough to empty high-capacity on-board buffer(s)
(e.g., having a capacity of at least about 1 Tb to hundreds of Tb) ot a spacecraft in a single pass lasting only tens of seconds to a few
minutes (e.g., 1-15 minutes), and overprovisioning the butfer capacity accounts for variations in the latency between links. One or
more distributed networks of compact optical ground terminals, connected via terrestrial data networks, receive and demodulate
WDM optical data transmissions from a plurality of orbiting spacecraft (e.g., satellites).
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Ground Terminal Design for High Rate Direct to Earth Optical

Communications
CROSS-REFERENCE TO RELATED PATENT APPLICATION

{0061} Thas application claims prionty, under 35 U.S.C. § 119(e), from U.5. Application No.
62/101,976, filed January 9, 2015 and titled “Ground Terminal Design for High Rate Direct
to Earth Optical Communications,” U.S. Application No. 62/101,975, filed Jamuary 9, 2015
and titled “Link Architecture and Spacecraft Terminal for High Rate Direct to Earth Optical
Communications,” and U.S. Application No. 62/101,955, filed January 9, 20135 and titled
“Network of Extremely High Burst Rate Optical Downlinks,” and each of the foregoing

applications 1s herein incorporated by reference in 18 enfirety,

RELATED APPLICATIONS

{0002} This application 1s related to Attorney Docket Number MITX-7253/01U8 317239-
2383, titled “Network of Extremely High Burst Rate Optical Downlinks,” and Attorney

Docket Number MITX-7545/01US 317239-2389, titled “Limk Architecture and Spacecraft
Terminal for High Rate Direct to Earth Optical Communications,” the contents of each of

which s hereby incorporated by reference in its ontirety.

GOVERNMENT SUPPORT

{8603} This invention was made with government support under Contract No. FA8721-05-C-

0002 awarded by the 1.5, Air Force. The government has certain rights in the invention.
BACKGROUND

{0604} Existing methods of delivering data from Earth-orbiting satellites to a ground stations
fall mto two general categories: sending radio transmissions to a fixed ground site via a relay
satellite in, for example, geosynchronous Earth orbit (GEQ) or sending radic transmissions
directly to a ground site when the Earth-orbiting satellite passes over the ground site.
Because of the long distances involved, and the paucity of GEO satellites, the
geosvnchronous relay approach 1s restricted in both availability and data rate. Likewise,
because of the short connection time and restricted burst rates, the direct transmission 1s also
restricted in its capability. In addition, Federal Communications Commission (FCC) and
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other regulations concerning radio-frequency (RF) spectrum allocation may constrain the
available bandwidth and link availability for satellite transmissions. As a consequence, data
transfer to ground networks from Earth-orbiting satellites presents a significant bottieneck in
the data collection capabilitics of present-day Earth-orbiting satelite systems. This bottlenack
is getting worse now that satellite missions are generating more data than existing RF gysterns

can handle.
SUMMARY

{8605} Embodiments of the present invention inchide an apparatus for receiving an optical
signal transmitted from a spacecraft via a frec-space optical communications channel. In
some examples, the apparatus comprises at least one telescope, a single~-mode wavegwide in
optical commumnication with the at least ong telescope, an optical amplifier in optical
communication with the single-mode waveguide, and a recetver in optical communication
with the optical amplifier. In operation, the telescope receives the optical signal, which is
modulated at a rate of at least about 40 Gbps, from the spacecraft via the free-space optical
communications channel. The single-mode waveguide guides the optical signal from the
telescope to the optical amplificr, which amplifies the optical signal. And the receiver

demodulates the optical signal at a rate of at least about 40 Gbps.

10606} The telescope may define at least one aperture baving a diameter of about 10 cm to
about 100 cm. In some cases, the apparatus includes a plurality of apertures, each of which

receives a corresponding portion of the optical signal.

{0007] Examples of the apparatus may receive wavelength-division multiplexed (WDM)
optical signals from the spacecratt. In these examples, the receiver may comprise a
wavelength-division demultiplexer in optical communication with the optical amplifier and a
plurality of detectors in optical communication with the wavelength-division demultiplexer.
In operation, wavelength-division demultiplexer separates the WM optical signal into a
plurality of optical signals, and the detectors demodulate the optical signals. The apparatus
may also include a coherent source in optical communication with the receiver for coherently
demodulating the optical signals.

{0008] The apparatus mayv alsc include an uphnk transmitter to transmit identification and
vahidation information to the spacecraft. In some instances, the uplink transmitter triggers

transmission of the optical signal by the spacecratt when the spacecraff is at an clevation of at
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least about 20 degrees above the horizon. The apparatos may also include a controller,
operably coupled to the plurality of receivers and the uplink transmitier, that senses at least
one error associated with the optical signal. The uplink transmitter may trigger another
transmission, by the spacecraft, of at least a portion of the optical signal m response to the

CIToT.

{0005] The apparatus may further comprise an adaptive optical element m optical
communication with the at least one telescope and the single-mode fiber. In operation, the
adaptive optical element modulates a spatial phase profile of the optical signal s¢ as to

corapensate for atmospheric cffects in the frec~-space optical communications channel.

{0018 Yet another embodiment of the present technology comprises a ground terminal for
receiving a wavelength-division multiplexed (WEBM) optical signal transmitted froma
spacecraft. The ground terminal may comprise a phlurality of telescopes in optical
communication with the spacecraft, a plurality of optical amplifiers in optical commumication
with the plurality of telescopes, a coherent combiner in optical communication with the
plurality of optical amplifiers, a wavelength-division demultiplexer in optical communication
with the coherent combiner, and a plurality of receivers 1n optical communication with the
wavelength-division demultiplexer. In operation, the telescopes receive corresponding
portions of the WDM optical signal from the spacecraft, The optical amplificrs amplify the
corresponding portions of the WDM optical signal, which are coberentlv combined by the
coherent combiner into a coherently combined WM optical signal. The wavelength-division
demultiplexer separates the coherently combined WDM optical signal 1nto a plurality of

optical signals, which are demodulated by the receivers.

{8611} It should be appreciated that all combinations of the foregoing concepts and additional
concepts discussed in greater detat! below {provided such concepts are not mutually
mconsistent} are contemplated as being part of the inventive subject matter disclosed herein.
In particular, all combinations of claimed subject matier appearing at the end of this
disclosure are contemplated as being part of the inventive subject matter disclosed herein, It
should alsc be appreciated that terminclogy explicitly employed herein that also may appear
i any disclosure incorporated by reference should be accorded a meaning most consistent

with the particular concepts disclosed herein.
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BRIEF DESCRIPTION OF THE DRAWINGS

{8612} The skilled artisan will understand that the drawings primarily are for ilustrative
purposes and are not intended to himit the scope of the inventive subject matter described
herein. The drawings are not necessarily to scale; in some instances, vanous aspects of the
mventive subject matter disclosed herein may be shown exaggerated or enlarged n the
drawings to facilitate an understanding of different features. In the drawings, like reference
characters generally refer to like features {¢.g ., functionally similar and/or structurally sinular
clements).

{8613} FIG. 1A 15 a block diagram of a frec-space optical communications system that
supports transmissions of bursts at data rates of 10 Gbps or more.

{8614} FIG. 1B is a flow diagram that illustrates free-space optical communications using the
systemn shown in FIG. 1A

{8815} FIG. 1C s a rendenng of an implementation of the communications systern of FIG.
1A as part of a space-to-ground communication network.

{0616} FIG. 1D illustrates how the elevation angle changes as the spacecraft passes over a
remote terounal on Earth.

{8617} FIG. 2A 15 a block diagram showing components of space and ground scgments of a
direct downiink communications svstem,

10618} FIG. 2B is a flow diagram that illustrates free-space optical communications using the
system shown m FIG. 1AL

18619} FIG. 3 is a schematic drawing of a receiver with a single aperture.

{86206} FIG. 4 13 a schematic drawing of a receiver that includes several apertures and that is
configared to perform non-coherent aperture combining and demodulation.

{6621} FIG. 5 1s a schematic drawing of a receiver that mcludes several apertures optically
coupled to respective optical stretchers and that 1s configured to perform coherent aperture
combining (before amplification) and demodulation.

{0022} FIG. 613 a schematic drawing of a receiver that includes several apertures optically
coupled to respective optical amplifiers and optical stretchers and that 1s configured to

perform coherent aperture combining (after amplification} and demodulation.



WO 2016/112288 PCT/US2016/012643

18623} FIG. 7 is a schematic drawing of a receiver that includes several apertures and that is
configured to perform channel-wise aperture combining and coherent optical demodulation.
{6024} FIG. 8 13 a schematic drawing of a receiver that includes several apertures and that is
configared to perform intermediate frequency (IF) coherent channel-wise aperture combining
and ccherent demodulation performed electronically at the IF.

8623} FIG. 9 is a schematic drawing of a receiver that includes several apertures and that is
configured to perform digitally coherent channel-wise aperture combining and coherent
demodulation.

080626} FIG. 10A is a block diagram showing components of an adaptive optics assembly
suitable for use in a receiver at a remote terminal.

18627} FIG. 10B is a rendering of the wavefront sensor of FIG. 10A sensing an unaberrated
wavefront.

{8028} FIG. 10C 15 a rendenng of the wavefront sensor of FIG. 10A sensing a wavefront
aberrated by atmospheric turbulence.

{06625} FIG. 10D is a rendering of the wavefront sensor and the deformable mirror of FIG.
10A acting on an aberrated wavefront.

{86306} FIG. 10E includes schematic drawings of the adaptive optics assembly of FIG. 10A
on atelescope in a recerver at a remote terminal,

10631} FIG. 11A s a plot showing average coupling loss versus the ratio of aperiure diameter
D to spatial cohercnee length r0 in atmosphere for light entering a telescope and an optical

fiber for a nominal atmosphere (Case 1) and a stressing atmosphere (Case 2).

{6632} FIG. 11B is a plot showing time variation of coupling losses for the nominal and
stressing atmospheres of FIG. T1A,

10633} FIG. 11C is a plot showing distribution fimctions for fade depths for the nominal and
stressing atmospheres of FIG. 11A.

DETAILED DESCRIPTION

10034} The direct downlink conununications systems described herein leverage the extremely
short wavelengths of optical telecom signals to achieve free space optical hinks that are onlv a

few thousand kilometers long or less, and that deliver enoungh optical power (¢ g., about 100
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aW to a fow uW) to support extremely high data rates with compact, low-cost satellite
terouinals and compact, low-cost remote terminals on the ground, in the air, or on other
satcllites. Such a system may include a satellite termunal that 15 small enough to be carmed on
a microsateilite {e.g., a 1U-6U cubesat) m low-Earth orbit {LEQ) and have a mass of about 3
kilograms or less. Burst rates supported by these satellite terminals can be nearly any rate
supportable in the fiber telecom market, for example, several hundreds of gigabits per second
up to multiple terabits per second. Thus, these satcliite terminals have direct downlink burst
capabilities that can empty even very large storage buffers (e.g., I Th, 10 Tb, 100 Th, 1000
Th, or more) in minutes. Forthermore, although traditional optical satelhite communication
systems are hindered by atmospheric obstacles such as clouds, which can block laser beams
and/or cause excessive transmission delays, the extremely high burst rates of systems
described herein can be used to transmit very large volumes of data under partly cloudy
conditions, ¢.g., through the openings between clouds or other obscurations, such as leaves or

dust.

18635} Challenges of direct-to-Harth (BTE) laser communications {lasercom} can include
short duration contact windows {¢.g., less than ten minutes) during which a successful
transmission can occur, long time gaps (e.g., tens of minutes to hours) between the
transmission windows, limited on-board data storage, deletericus effects of atmosphernc
turbulence, especially at low elevation angles, and the inability to operate in cloudy weather,
Direct-link optical communications systoms described herein can have data rates that arc high
enough to empty the high-capacity on-board buffer(s) (e.g., having a capacity of at least
about 1 Tb to hundreds of Thb) of a satelhite in a single pass lasting only tens of seconds to a

fow minutes (¢.g., 1-15 minutes).

08836} In some embodiments, the median link latency doses not exceed the buffer 1l time for
a given data acquisition rate. In other words, the buffer capacity and/or hnk latency may be
selected so that the buffer 1s not be completely filled by sensor data between links.
Overprovisioning the buffer capacity accounts for variations n the latency between hinks due
to weather, efc.

{6637} In some embodiments, one or more distributed networks of compact optical ground
terminals, connected via terrestrial data networks, receive data transmissions from a plurality
of orbiting spacecraft {(c.g., satellites). When a ground terminal site 1s obscured by clouds, an

optical transmitter of the spacecraft sends buffered data to a next open/non-obscured ground

6.
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terminal tn the one or more distributed networks of compact optical ground terminals.
Compact, low-cost space terminals described herein can be proliferated 3o as to increase the
total number of interactions between the constellation of space ternunals and the terrestuial
data networks. Alternatively or in addition, inter-satellite crosslinks can be established within
the communication system such that any single user {e.g., a satellite secking to transmit data)

can access an open terminal (e.g., a space terminal in orbit) at any time.
{0638} Direct-Link Optical Communications System

18639} Turning now to the drawings, FIG. 1A 18 a block diagram of a direct-link optical
communications system 100. The communications systerm 100 inchudes a spacecraft 110
{c.g., a satellite, such as a mucrosatelhiie, cubesat, etc.) m LEO or medium-Earth orbit (MEG)
with one or more sensors 112 or other data-gathenng devices that acquire data contimuously,
periodically, or aperiodically. One or more buffers 120 on the satellite store the data from the
sensors for transmission by an optical transmttter 130 on the spacecraft 110 to a receiver 1350
at a remote terminal 140 located on Earth. These transmissions may include one or more
short bursts 135 {e.g., 10-sccond to 10-minute bursts) of data modalated at extremely high
data rate {c.g., at least about 10 Gigabits per second (Gbps), at least about 40 Gbps, at least
about 100 Gbyps, at least about 200 Gbps, at feast about 1 Terabit per second {Tbps), at least
about § Thps, or at least about 10 Thps, depending on the application). The remote terminal
140, positioned at an altitude of less than about 100,000 feet {e.g., on the ground; ona
building or structure; on a boat, buoy, or other occan-based platform; or on an airplane,
helicopter, unmanned aerial vehicle, balloon, or aircraft flving or hovering over the ground},
receives the data at an average rate of at least about 10 Terabits (Thuts) per day, or at least
about 100 Thits per dav. The remote terminal 140 includes one or more buffers 180 that store
the data received from the optical transmitter 130 for transmission to one or MoTe WSers via a

communications network, such as the Internet.

106460} These data transfer rates and volumes enable the satellite to generate and store data at
a daily average rate of about 300 Mbps or at least about 1,200 Mbps, if not more. The remote
terminal 140 stores the data in the one or more buffers 180 at an average rate of at least about
300 Mbps or at least about 1,200 Mbps and a burst rate of > 10 Gbps. These average rates are
computed over the span of a long enough period, such as an hour, several hours, a day,

several days, or a week and could be higher depending on the modulation rates of the free-
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space optical communications signals, the number of ground stations and satellites, and the

number of passes per day.

{0041} FIG. 1B is a flow diagram that illustrates a free-space optical communications process
160 performed by the direct-link optical commumnications system 100 shown 1n FIG. 1A
During orbit and/or flight, the sensors 112 on the spacecraft 110 gather and/or create data and
save the data in the onboard buffers 120 (box 161). For instance, the sensors 112 may
mclude one or more imaging sensors, such as visible, infrared, or hvperspectral cameras, or
any other suitable sensor, that generate Farth image data at a relatively low average rate (e.g.,
< 10 Gbps, < 1 Gbps, <100 Mbps, < 10 Mbps, ctc.}. The sensors 112 may also include RF
sensors hike wide-band radars, svnthetic aperture radars, etc. that sense objects or terrain on
Earth. The sensors 112 may also generate scientific and/or telemetry data, including data

about the spacecraft 110°s flight path and electromaguetic events detected by the sensors 112,

18642} The buffers 120 store the data for burst transmission by the optical transmitter 130
{box 162}. In some cases, the data is encoded at a relatively low datarate (e.g., < 10 Gbps, <
1 Gbps, < 100 Mbps, < 10 Mbps, ¢tc.} with a forward crror correction {(FEC) code before
being stored in the buffers 120. In other cases, the data 1s encoded with a FEC at a lugh data

rate upon being retrieved from the buffers 120 for transmission by the optical receiver 130

10643} FEC-encoded data comprises one or more code words., When data 15 transmitied
through an atmospheric channel that has power fluctuations that last longer than the
transmussion time for multiple code words {e.g., for a code word transmission duration on the
order of microscconds in duration and a power fluctuation that lasts milliseconds), an
mierleaver can be used to temporally mterleave the symbols of many code words over a
duration of about 1 second. With this approach, each code word sees a fairly untform
distribution of power fhuctuations {as opposed to entire code words being erased as might
occur without the interleaver) and approximately error-free performance can be achicved

without large power margins to overcome the effects of the power fluctuations.

{8644} In some cases, however, it may not be possible or practical to utilize the FEC
techniques described above in the lowest-layver codes. For example, a commercial transceiver
may employ proprietary codes designed for a fiber transmission, which does not typically
experience the power fluctuations seen in the free space channel. Or the additional latency
and/or memory that would be used for a ~1-second (or greater) interleaver may be a

problem. In such cases, errors that are not corrected by the lower-laver codes are
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compensated for at higher lavers, for example, via erasure-correcting FEC codes (a form of
FEC designed to specifically correct for erasurgs) and/or repeat-request protocols that request

retransmission, via the uplink/beacon, of lost frames/segments.

{8045} In some cases, however, it may not be possible to utilize the FEC techniques
described above in the lowest-layer codes. For example, a commercial transceiver may
employ proprictary codes designed for a fiber transmission, which does not typically
experience the power fluctuations scen in the free space channel. The recetver 150 initiates
cach transmission based on the spacecraft’s trajectory, on-board data storage capacity,
previous transmissions from the spacecraft 110, and projected timing of future transmission
windows (passes) from the spacecraft 110. Based on this information, the receiver 150
communicates with the spacecraft 110 via a low-bandwidth {¢.g., 10 kbps} RF or optical
uplink 155 (box 163). The receiver 150 and the optical transmitter 130 align themselves with
respect to cach other, possibly using gumbals at the remote terminal 140 and the spacecraft
110 and/or body pomting by the spacecraft 110 (box 164). Alignment {or re-alignment} may
ocour continuounsty or as desired throughout the transmission process 160, Likewise, the
spacecratt 110 and remote terminal 150 may communicate with cach other via the uplink

throughout the transmission process 160.

103046} Once the receiver 130 and the optical transmitter 130 are properly aligned, the
recetver 150 sends a control signal to the optical receiver 130 via the uplink 155 1o mitiate
data transmission by the satellite 110 (box 1635}, In some cases, the receiver 150 detects or
calculates when the spacecraft 110 reaches a predetermined angle above the horizon {(for
cxample, an angle below which operations are mefficient or below which the data volume
that can be transferred during the pass is less than desired} as described below with respect to
FIGS. 11A-11C and starts the transnussion accordingly. The receiver 150 may also tume the
transmission{s} to avoud clouds, atmospheric tuwrbulence, etc. In other cases, the optical
transmitier 130 may imitiate transmission at a predetermined time (i.¢., without an explicit

signal from the ground terminal).

{8047} In response to receiving the control signal, the optical transmitter 130 transfers, at as
high a rate as is possible for the particular space terminal/remote terminal pair and hink
conditions, as much of the data as possible in one or more free-space optical signal bursts 135
{box 166). A burst 135 may comprise at least about | Terabyte of information, be modulated

at a rate of >10 Gbps (c.g., 40 Gbps, 100 Gbps, 1 Thps, 10 Thps, ¢tc.), and/or last up to

9.
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several minutes. As explained in greater detail below, the free-space optical signal burst 135
can include a plurality of wavelength-division multiplexed (WDM) signals. In operation, the

receiver 150 de-multiplexes the WM signals in the free-space optical signal burst 135

{30348} The short link delay of the downlink allows for several options for data flow and
control, such as interleaving/forward error correction (FEC), simple repeats or erasure-
correcting FEC, automatic repeat requests (ARQs), and/or delay/disruption tolerant
networking (B'TN). To control data flow, the receiver 150 checks the quality of the bursts
135 that it receives from the sateHite, possibly using an FEC code (box 167), cyclic
redundancy check (CRC), or other methods. Clouds, atmosphenc fading, temperature
gradients, misalignment, and other phenomena may degrade the signal quality, ¢.g., by
attenuating or distorting a given burst 135, Severe enough attenuation or distortion may

mitroduce bit errors at a frequency above the frequency at which the FEC can correct errors.

8049} Several mechamsms exist for detecting bit errors in transmitted, FEC-encoded data.
At lower layers of the protocol stack {¢.g ., the physical layer and/or the data link layer), errors
in the received data may be detected and/or corrected by an FEC decoder. A cyclic
redundancy check (CRC) code may also be appended to the data to facilitate detection of
errors that the FEC code does not detect. In some implementations, frames/segments of data
with uncorrectable errors are not delivered to higher layers, and instead are “erased.” The
higher layvers may detect such onussions and use additional protocols for correction, such as
crasure-correcting FEC codes and/or repeat-request protocols that request retransmission, via
the uplink/beacon, of lost frames/segments. Erased frames/segments can be detected using a
sequence counter that counts frames/segments and that increments with cach transoitted

frame/segment.

10650} If the receiver 130 {or a processor coupled to the recetver 150} detects errors based on
the received FEC (box 168), it may re-align tiself with respect to the optical transmitter 130,
boost i1ts receiver gain (¢.g., by increasing local oscillator power for coherent detection},
and/or send a control signal to the satellite 110 via the uplink 155, The check for good data
may occur on the time scale of a frame of data (e.g.. microseconds), and individual frames of
data mayv be retransmitted if errors are caused by, sav, turbulence fluctuations.

{08651} The satellite 110 may respond to this control signal by re-transmitting some or all of
the degraded data (box 169) to the receiver 130, Before re-transmitting the degraded data, the
optical receiver 130 may re-align iself with respect to the receiver 150 and/or boost its signal

10.
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power in order to mercase the signal-to-noise ratio (SNR} at the receiver 150. It may also

reduce the data transmission rate in response to the control signal.

{86532} In some embodiments {¢.g., those with strong FEC), the check for good data may
gocur on a time scale of a link session. If a link session 15 determuned to be bad (¢.g., duc to
poor atmospheric conditions), the entire session may be repeated at the next link. Put
difterently, if the processor at the receiver 130 or remote terminal 140 determines that the
received data is corrupt or degraded after the satellite 1190 has passed from view, it may
signal, to another remote terminal via the ground network, that the satellite should repeat the

entire transmission during the link to the other remote terminal.

{8633} Data transmussion procecds when the optical receiver 150 has successfully recetved
the last frames {(or other structure) of data from the optical transmitter 130. The optical
receiver 130 may send an acknowledgment signal to the optical transmitter 130 in response o
recetving all of the data successfully. And if the optical transmitter 130 determines that 1t will
not be able to re-transmit some or all of the degraded data while the satellite 110 remains in
view of the remote terminal 140, it may instead continue to store the data in the buffer 120

for transmission at the next opportunity.

108654} Even when the link connection duration is short, the extremely high burst rate
facilitates the download of huge amounts of stored data. Furthermore, although clouds are
often considered to be the Achilles heel of laser communication, the spacecraft 110, when
orbiting 1 LEQ, can traverse the sky in a fow tens of minutes, and under partly cloudy
conditions can quickly link up with the remote terminal 140 via spaces between the clouds,
and burst—at extremely high data rates—very large amounts of stored data. For example,
under clear (cloud-free) conditions and at a transmission data rate of 200 Gbps, a 10-minute
pass of the spacecraft 110 can be sufficient for downloading up to 15 Terabytes of data,
depending upon the size of the buffer(s) 120. By extension, the communications system 100
/

can accoroplish the transfer of up to 1.5 Terabyvies of data 1 a sky with only 10% clearings

between the clouds.

18655} The remote terminal 140 can store the received data from one or more passes of the
spacecraft 110 (c.g., via the data bursts roceived during each of the one or more passes), and
can forward it to a user either immediately or upon request. For example, a user may request
a particular set of data, and the system 100 may retrieve it from the corresponding satellite
via the next available remote terminal. The remote terminal then forwards the received data

i
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to the user via a terrestrial data network, such as the Internet. In applications where the
terrestrial data network 1s not widely distributed, this system could be used to distabute
content to local caches around the globe. These caches may be connected to the Internet

and/or to local users via local-arca networks {e.g. Wik, Cellular, eic)).
{0056] Satellite-Based Free-Space Optical Communications Networks

{8657} Because the satellite is in LEQ or MEQ, and the link is relatively short, the optical
transmitter 130 and the receiver 150 can be relatively small, light, and inecxpensive. And
because the receiver 150 can also be small, light, and/or inexpensive, the system 100 may
melude many recetvers 150 distributed over a wide area {¢.g., the continental United States)
to mcrease the probability that the spacecraft 110 will be m view of one receiver 150 before
the spacecraft’s buffer {ills up and cither stops recording data or starts overwriting data. The
recotvers 150 may be located at fixed sites, mobile sites, aircrafi, and/or even other spacecraft
equipped with optical transmitters 130 for relaying data to Earth. In other words,
communications systems 100 may include a network of space-based optical transmitters 130
and ground-based, airborne, and/or space-based optical receivers that can to establish space-
to-ground {LEO-to-ground}, space-to-air, or space-to-space {¢.g., LEQ-to-LEQ or LEG-to-

GED) commumications links,

{0658} The set-up and breakdown of these links can be coordinated with low-bandwidth
optical and/or RF uplinks according to a predetermimed data delivery protocol. In some

mstances, coordmation and control of the space system (e.g.

P

mcloading the spacecraft 110
and, optionally, one or more further spacecraft) 1s performed using optical uplinks from one
or more remote ternunals, and/or via RF communications with the spacecraft 110 and the
optical transmitter 130, For mstance, control information (¢.g., schedubing information,
updated terminal location, software updates, ete.) may be deliveraed to the spacecrafi 110
whenever the spacecraft 110 is in contact with a remote terminal 140, an BR¥ terminal on the
ground, or a space relay. Coordination and control of the ground svstem {¢.g., including the
one or more ground terminals 140 and, optionally, a network interconnecting the ground
terminals 140} can be performed using ground connections and/or optically from the space
network {¢.g., for geographically isolated remote termmals 140}, In other crnbodiments, the
optical uplink 1s omitted.

16659} FIG. 1C shows how the communications system 100 of FiG. 1A can be used to relay
data from another satellite 170. The other satellite 170 and the LEO satellite 110 exchange
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data via relatively low-bandwidth (e.g.

P

110 Ghps} one-way or two-way commumnications
hink 175, possibly over minutes or hours. The LEQ satellite 110 stores the data from the other
satellite 170 in 113 on-board bufters 120. When the LEQ satellite 110 is n view of a remote
terminal 140 on Earth, it transmits the data to the remote terminal in a free-space optical

signal burst 135 as described above and below.
{0068} System Components

{8061} FIG. ZA is a block diagram showing components of the high-data-rate downlink
optical transmitter 130 and the optical recetver 150 of the direct downlink communications
gystern 100, The direct downlink communications system 100 may connected to a ground

network at the receiver 150 (e.g., via a buffer 180 on the receiver side}.
10062} An Example Optical Transmitier

{8663} The optical transmitter 130 can melude one or more high-capacity buffers 120 and
one or more modems 230, The high-capacity buffers 120 are configured to buffer data
received at a first rate from one or more local data sources 211, including the sensors 112
shown m FIG. 1A, and are electrically coupled to the modems 230 to transfer the data to the
modems 230 at a second rate that is higher than the first rate. The data may be pre-processed
via a data processor 212 prior to receipt at the buffer(s) 120, for example, to msert error
correction, request resending of erroneous bits, and/or to exert feed forward control by
detecting and accounting for data errors. The data in the data sources 211 can include
scientific, metrology, position, and/or other types of data, that is collected during a spacecraft

mission and stored between readout sessions.

{8064} The modemdsy 230 can inchude power conditioning electronics (a power conditioning
“subsystem™}, a digital data formatter and encoder, and a high-speed modulator configured to
perform high-speed amplitude and/or phase modulation {¢ g, quadrature phase shift keying
(QPSK), gquadrature amplitede modulation (QAM), etc.), and one or more master faser
transmitters 231 that emit light 1o the telecom C band (1530-15635 nm), for example, at 1550
nm. The outputs of the master laser transmitters 231 may be spaced in the spectral domain at
mteger multiples of about 50 GHz within this band. The modem(s} 230 recetves buffered data
from the buffer(s) 120, either via a serial channel or via paraliel channels, and converts the
buffered data into a plurality of modulated optical signals. In some implementations, the

cutput speed of the buffer(s) 120 is matched to the modulator,
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86653} To achieve the highest possible data rates, the space terminal can further include a
fiber or Arrayed-Waveguide-Grating (AWG) wavelength division multiplexer (WDM) 213
that is fed by multiple master laser transmitters 231 of the modem(s) 230, operating at
different wavelengths. Other devices suitable for multiplexing the signals from the master
taser transmitters 231 include, but are not himited to fused-taper fiber couplers, free-space
dichroics, and other devices kngwn in the art of fiber-optic communications. Optical signals
received at the WM 213 from the laser transmitters 231 are muliiplexed by the WDBM 213
mto a single, multiplexed optical signal. The WM 213 is optically coupled (e.g., viaan
optical fiber, such as a single-mode optical fiber) to an optical amphifier 25 (e.g., a
semiconductor optical amplifier or fiber amplifier, such as a C-band fiber amplifier) that
amplifics the multiplexed optical signal {e.g., to a level of at least about 100 mW to several
watts, or at least about 500 mW to several watts) before it passes through an optical head 214,
In some embodiments, the laser transmitter 231 1s housed separately from the modem{s) 236

within the optical trapsmitter 130 of the communications systerm 100.

{8666} The optical head 214 can comprise an optics assembly and, optionally, a gimbal (e.g.,
atwo-axis gimbal), The optics assembly of the optical head 214 can include one or more
telescopes, including a downlink telescope and an uplink telescope, each having an aperture
with a diameter of between about I cm and about 5 cm. {In some cases, the downlink and
uplink may share an aperture, ¢.g., if a gimbal 13 used to point the aperture ) The telescope
can be fiber-coupled to the downlink optical transmitter 130 via a fiber-optic connection o
the output of amplifier 215 and configured to transmit a downlink beam/signal 235 toward an
optical recerver 150, Some optical temmnals deseribed herein are configured to support
lasercom link data rates of several hundred Gbps or higher, with a total mass of less than
about 3 kg and a total power consumption of about 50 W or kess. Depending upon the
embodiment, the data rate can be about 10 Gbps or more, about 40 Gbps or more, 100 Gbps,

200 Gbps, 1 Thps, 5 Thps, orup to 10 Thps.

10667} The optical head 214 15 also operably coupled to a relatively low data rate uplink
recerver 216 {or “receiving detector”) having a wide acquisition ficld-of-view {c.g., 1
milliradian to about 50 milliradians} and configured to receive an uplink beacon from an
optical recerver {¢.g., of a remote terminal). The uplink receiver 216 may be operably
coupled to the downlink telescope of the optical head 214, or to a further telescope within the
optical head that 1s dedicated to the receiver 216 and 1s co-aligned with the downlink

telescope. The uplink receiver 216 has a field of view that is large enocugh to detect an uplink
i4.
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signal from the recetver 150 when the spacecraft 100 (and, optionally, a dedicated gimbal of
the spacecraft) has pointed the optics of the optical transmitter 130 toward the uplink source.
{INote that there could also be a separate uplink data receiver, in addition to the acquisition

FeCeIver.)

10668} When the uplink receiver 216 detects the uplink, it waits for a modulation (e g,
pulsed) which carmes a unigue wWentifier for the ground station. In some embodiments, the
aplink signal carries an encrypied message contaming an identifier of the optical recetver
150, Ifthe optical transmitter 130 determines {¢.g., based on contents of the uphink signal)
that the detected uplink is an expected one, the optical transmitter 130°s pointing can be
fine-tuned so that the optical head 214 is pointed toward the optical receiver 150, at which
time the optical transmitter 130 sends the downlink beam/signal. The uplink receiver 216
continues to monitor the uplink signal for pomting corrections and/or tor link and data-flow
control messages. Such messages could support, for instance, control of the optical
transmitter 130 pointing via motions of the downlink beam that the optical receiver 150

detects as power variations,

18669} There are a couple of specific cases of closed-loop point-ahead correction that could
be considered. In one case, the spacecrafl varies its pointing in a predetermined way and the
receiver sends back information to correct a pomting bias based on its observations of the
resulting power fluctuations. In another case, the receiver may command the spacecraft to
adjust its pomting slightly in a particular direction. Then, based on its measarement of the

impact of that motion on the measured recetved power, the receiver could command further

adjustments.

{8078} The optical receiver 216 is operably coupled to a controlier 217 (Mcontrol module” or
“control clectronics,” for exaraple, including one or more microprocessors). Fhe optical
receiver 216 sends uplink data received trom the optical receiver 150 via the optical head 214
to the controller 217, The controller 217 15 configured to control spacecraft and/or telescope
pointing, connections o telemetry, and/or downlink data flow, and can be configured to
montior the “health” of optical components of the optical transoitter 130, the modem(s) 230,
cte. For example, the modems 230, etc., may provide low-rate interfaces for monitoring their

temperature, indications of faults in the receipt or transmission of data, etc.

{8871} The controlier 217 can have command and/or telemetry connections with a spacecratt
bus. The controller 217 can include a memory that stores posttions of existing terminals

i5
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{¢.g., other space terminals and/or remote/ground terminals), its own position and attitude
{c.g., over time), and/or a clock for synchronizing operations with the ground segment 240,
The controlier 217 can control the acquisition and uplink communication detector (i.c.,
optical receiver 216} and demodulate, vahdate, interpret, and/or act upon the uplinks. The
controller 217 may also oversee the starting and stopping of the downhink data flow based on

clocks, terminal angles, and/or requests from the optical receiver 150,

18072 Steering of the optical transmitter 130 is performed by the two-axis gimbal optionally
mehuded within the optical head 214, and/or through body steering of the spacecraft itself, for
cxample, if the spacecraft is a microsatellite, or with a small, fast-stecring mirror. The
spacecraft and/or the optical transmitter 130 can mclude one or more attitude sensors
configared to measure the attitude of the optical transmitter 130,

{0073] In some embodiments, the optical transmitter 1s configured to optically crosslink
high-speed data to other spacecratt (¢.g.. to other satchtes within a constellation of satellites).
Such optical transmitters can nclude any or all of the components described above with
regard to the optical transmitter 130 of FIG. 2A, but may mclude larger telescopes and/or
larger power amplifiers. Additionally, such optical transmitters may send buffered data over
crosslinks at a lower data rate than on a downlink because of larger diffraction losses and
smaller receive telescopes on the spacecraft with which the crosshink 15 established.

However, cross-hinkable optical transmitters may not require as full a set of data-handhing
protocols because of the all-vacuum nature of cross-limks (e.g., there is no atmospheric fading

due to turbulence or clouds).

16674} In some embodiments, the optical transmitter 130 of the communications system 200
mchudes the optical head 214, the uplink acquisition and low-data-rate optical receiver 216, a
high-data-rate optical transmitier with fast readout, and a conirol and spacecraft-interface

function 217.

{8675} In some embodiments, the optical transmitter 130 mchudes one or more opto-
mechanical components, such as an opto-mechanical scanner. Since a LEQ link can be
established at a very high data rate with a relatively small spacecraft aperture (e.g., a fow
centimeters or less), the opto-mechanical systems for the space terminal can be mach simpler
than those developed for larger apertures (> 10 cm)}. While one could simply scale a more

complex design to a smaller aperture, doing so would be unnecessarily expensive.

16.
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8675} The performance of the optical link between the optical transmitter 130 and the
optical recetver 150 (“link performance™) can vary due to: (1) range variations as the
spacecratt passes over the optical roceiver 150; and/or (2) fading at the optical receiver 150
due to atmospheric turbulence, space terminal motion, clouds, cte., resulting in power
fluctuations at the optical recetver 150, The optical receiver 150 can detect these power
changes, for example by monitoring power and/or error performance, and can send
corrections or repeat-requests to the optical transmitter 130 via the uplink using relatively

low-rate signaling.
18677} An Example Receiver

{8678} As shown in FIG. 2A the receiver 150 can include an optical head 248
communicatively coupled to a pointing, acquisition and tracking (PAT) module and/or an
adaptive optics (AQ) module 241 running one or more AQ algorithms. The optical head 248
mcludes a compact telescope (or multiple telescopes, for example in an array} with a
downlink aperture diameter of about 10 cm to about 100 cm {e.g., 20 cm, 30 cm, 40 cm, 50
cm, 60 cm, etc.} and a demultiplexer. (Larger telescope diameters, ¢.g., for even
higher-capacity hinks, are also contemplated.) The telescope can be mounted on a two-axis
gimbal tor pointing anywhere in the sky and for deployment almost anywhere on Earth. The
compact design of the gimbal-mounted telescope allows for the telescope to be stationed on
rooftops, car roofs, etc. In some embodiments, the telescope is mobile. Bownlink signals
received by the telescope of the optical head 248 are demultiplexed into a plurality of optical
signals that are passed to an optical receiver 230, mncluding ong or more front ends 245 to
convert the optical signals into digital signals for further processing at one or more digital
processors 246 and, optionally, digital combining at 247 as shown in FIG. 9. The processed
digital signals are then passed to one or more bufters 180 for storage and/or for

communication to a user via a ground network,

{3079} The optical head 248 1s optically coupled to an uplink (UL) modem 243 which
transmits uplink signals to be sent to one or more space terminals 210, Low-power {e.g.,
about 0.1 W to about several Watts) uplink transmissions can be sent from the optical
recetver 150 via a downlink aperture of the telescope of the optical head 248 {i.¢., a “shared”
aperture), or via a small, dedicated, uplink-only telescope/aperture. The uplink optical power
and aperture may be selected such that it s below levels of concem for local eve safety

and/or the Federal Aviation Adnunistration (FAA). The optical receiver 150 may be

J—
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configured to send an uplink transmission toward a selected/predetermined optical transmitter
130 at a selected/predetermined time 50 as to alert the optical transmitter 130 that a link is

desired.

{30680} The uplink transmussion beam may be sufficiently wide to remove, reduce or mitigate
as many pointing uncertaintics as possible. Alternatively, the uplink transmission beam may

be a narrow beam that is scanned across the uncertainty region.

{0681} The uplink is modulated by the UL modem 243, and can carry identification and/or
validation signals, as discussed above. Shortly (e.z., seconds) afier transmission of the uplink
from the optical receiver 130, the downlink telescope of the optical head 748 may detect a
returned beam, spatially acquire and lock up with the returned beam, and subsequently
acquire, demodulate, decode, and otherwise process the downlink data via the receiver 250,

The processed data s stored 1n one or more local buffers 180,

{0682} The optical receiver 150 also mmcludes a controller 242 (“countrols module” or “control
clectronics,” for example, including one or more microprocessors) to control uplink telescope
and/or recerver pointing, connections to telemetry, uplink data flow and/or downlink data
flow. The controller 242 of the optical receiver 150 can be configured to: (1) oversee the AD
algorithm; (2) calculate and implement the pointing of the gimbal based on knowledge oran
estimate (2.3, position, orbit, trajectory, velocity, etc.) of the optical transmitter 130; (3}
calculate and create data transmission protocol signals; (4) coordinate activities of the
mtegrated optical receiver 1350; and/or (8} commaunicate with users and the ground data

mnfrastructure.

{8883} A ground terminal 240 can include a GPS receiver or other means for determining ifs
location, and may also include a star field tracker for determining its attitude. The optical
recetver 130 can include a memory that stores information about the satellites 1t can

communicate with, along with their present ephemens and orbital parameters.

{0084} A ground terminal 240 can mclude a mechanical, electro-optic, or electronic
turbulence mitigation system, which may use a small amount of the downlink power for its
operation. The amount of the downlink power used by the turbulence mutigation system can
depend upon the brightness of the received transmission from the space terminal and/or the
duration of the hink formed between the ground terminal 240 and the space terminal. Optical

components of the optical receiver 150 can also include a weather protection subsvstem, for

8.
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example comprising one or more apertures that are opened and closed depending upon

weather measurements from dedicated montiors.

[B085] As mentioned above, the receiver 150 may be disposed at a ground terminal, on a
boat, on a spacecraft, or on an airplane. Space-borne recetvers are positioned farthest from
atmospheric turbulence, and so coupling from even a large space telescope into a fiber can be

relatively straightforward.

{8686} However, far-field scintillation on the dowanlink can cause dropouts, and so multiple
receive apertures, spaced apart from one another, can be used in space, in order to combat
scintillation. That is, turbulence in the atmosphere causes the power in the downlink beam to
have some spatial distribution. A single small aperture might be located in a (temporary ) null
of the far field power distribution and, thus, experience a fade. With mwultiple spatially
separated small apertures, it becomes less likely that all aperturcs will be simultancously
located in mulls 1o the far field power distribution. 5o the total power collected by multiple
apertures tends to fluctuate less than the power collecied by one small aperture. Note that

“small” m this discussion refers to the aperture size relative 1o the spatial coherence length of

the atmosphere, which 1s typically about 1-20 cm.

10687} Similar fading mitigation tradeoffs also exist when comparing systems that ermploy
feed-forward, feedback, and modified optics designs. Ground terminals and other remote

terminals can also include one or more receive apertures, depending upon the design.
{0088} Receiver/Remuote Terminal Operation

0089} FIG. 2B shows a free-space optical commumications process 280 performed by the
receiver side of the direct-link optical communications system 100 shown in FIG. 2ZA
During orbit of a spacecraft bearing an optical transmitter 130, a communications
channel/link 1s established between the optical transmitter 130 and a remote terminal bearning
arecetver 150, The optical transmutter 130 transmits a WDM optical signal via the
cormmunications link. The WM optical signal is modulated, for cxamplc at a rate of at least
about 40 Gbps, and s received at the receiver 130 (box 282) via an aperture at the optical
head 248 having a diameter, for example, of about 20 cm to about 50 cm. Receiving the
WDM optical signal can include coupling light from the optical head 248 to a wavelength-
division demultiplexer via a singlc-mode fiber. Alternatively or in addition, receiving the

WM optical signal can include modulating a spatial phase profile of the WM optical
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signal to compensate for atmospheric effects in the frec-space optical communications

channel.

{8096} Free-space optical communication described herein can be initiated by the
remote/ground termimal first illuminating the space termimal with an uplink “beacon.”™ In
some implementations, the groond ternunal transmits information, such as identification and
validation information (box 281), via the beacon using the uplink modem 243, The ground
terminal points the beacon at the space termunal, for example, based on predictions of the
spacecraft focation obtamed through spacecraft tracking and/or updated with orbit corrections
based on previous link acquisitions. The ground terminal beacon beam may be broad cnough
to cover its pointing uncertainty {arising, for example, due to ground terminal uncertaintics
and/or uncertaintics in the spacecraft location), or a narrower beam may be scanned over the

uncertainty region.

18691} Data transmitied on the beacon may be used by the spacecraft for ID/authentication of
the corresponding ground terminal. The spacecraft may validate this mformation and, if
validation is successful, transmit the WDM optical signal to the ground terminal in response.
In particular, the space termunal can point its acquisition sensor, such as a quadrant detector
or camera, in the general direction of the ground terminal. The field of view of the
acguisition sensor is larger than the spacecraft pomting uncertainty {the sensor field-of-view

(FOV) is tvpically about 1 mrad to several degrees).

18692} When the ground terminal illuminates the space terminal, the space terminal registers
the signal on the acquisition sensor and slews its pointing to correct for any errors, thereby
pointing its narrow downlink beam back to the ground terminal while accounting for the
relative motion of the terminals. For example, the correct pointing for the downhink may be
different than the apparent direction from which the downlink signal is received (this is
sometimes called “point ahead” or “look behind™). Once the space terminal is dluminating
the ground termunal, the ground termunal begins tracking on the space terminal signal in order
to couple the received downlink Light transmitted from the space terminal into the ground
terminal receive fiber. During downlink transmission, the uphink/beacon from the ground
terminal may be used for supplemental purposes, such as to ensure rchable data delivery by
sending a repeat request to the space terminal upon detection of code word errors in the

downlink transmission.
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18693} Once the hink has been established, the optical transmitter 130 transmits a WDM
optical signal via the communications link. The receiver 150 separates the received WDM
optical signal into a plurality of optical signals (box 283) and demodulates (c.g., coherently)
at least one optical signal of the plurality of optical signals (box 284). In some cases, the
recetver 130 1s also configured to monitor transmission errors. For example, the receiver 150
detects or senses a bit error rate {BER) or other fidelity metrics of one or more signals of the
plurality of optical signals (box 285) and detcumines whether the BER exceeds a
predetermined threshold (box 286). If the BER exceeds a predetermined threshold, the
recetver 150 triggers another transmission (box 287) from the spacecraft, of af least a portion

of the WM optical signal.

{80694} In other configurations, free-space optical communication is not initiated by the
remote/ground terminal first illuminating the space terminal with a “beacon.” For example, if
the space terminal beam is broad enough that it could tHuminate the ground terminal with
substantial or completely certainty, given all of the various pointing uncertainties (s/c

position and attitude konowledge, ground terminal position}, the ground terminal
uplink/beacon may be unnecessary. Note that since, as noted above, the uplink/beacon from
the ground terminal may be used for purposes such as sending repeat requests, those tasks
would have to be handled differently if there is no uplink/beacon (e.g. with stronger forward

error correction codes that reduce the incidence of code word errors).

18693} In most mstances, operations are scheduled to occur based on ground terminal and
space terminal locations so that the links occur when the geometry (e.g.. elevation, link
distance, ¢tc.) permits. In other words, the acquisition process does not start until the space
terminal reaches a specitied elevation angle based on predictions of its location, and
acquisition stops when the space terminal falls below the specified elevation angle.

100696} Receive-Side Architectures

{8097] FIGS. 3-9 show example optical receiver architectures for the receiver 150 shown in
FIGS. 1A and 2. As mentioned above, the receiver 150 may be disposed at a ground ternunal,
on a spacecratt, or on an airplane. Space-bome receivers are posttioned farthest from
atmospheric turbulence, and so coupling from even a large space telescope into a fiber can be
relatively straightforward.

{8698} Single-Aperture Optical Receiver
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18699} FIG. 3 1s a schematic drawing of a recetve-side architecture of a remote terminal
mchiding a single aperture defined by a telescope 350, for coherent or non-coherent
demodulation, according to an embodiment. A received downlink signal {c.g., comprising a
plurality of sub-channels) passes through a telescope 360, which couples the downlink signal
nto an adaptive optics (AQ} sensor and tracking filter (e.g., a Kalman filter) 352 that applics
one of more AQ algorithms 1o the received signal before coupling it to a fiber, AQ
algorithms correct the optical effects of atmospheric turbulence, thereby enhancing the
performance of the remote terminal. An optical amplifier 353 receives the fiber-bound, AO-
corrected signal and pre-amplifies it before passing the signal to a de-multiplexer (De-WDM)
354 that converts the single multiplexed mconung signal into a plurality of de-multiplexed
signals {¢.g., differentlv-colored signals) that are fed to respective optical receivers 350A—
350N, A local oscillator (LG} bank 355 15 operatively coupled to the optical receivers 350A-
350N and is configured to perform coherent (2.g., homodyne, heterodyne, or intradyne}
detection down of the colored de-multiplexed signals received at the optical receivers 350A-
350N, The recerver shown in FIG 3 can also be used for non-coherent direction, such as
direct detection or differential phase shift keyving (BPSK}. In some embodiments, feed-
forward or feedback techniques may be added to the receive-side architecture of FIG. 3, for

example to compensate for residual fading effects {e.g., from mperfect AQ plus

scintillation).

{00100] Muitiple-Aperture Optical Receiver with Non-Coherent Combining and
Bemodulation

{00101 FIG. 4 15 a schematic drawing of a receive-side architecture for a remote

terminal, including a plurality of apertures 451 {e¢.g., each corresponding to a telescope) and
configured fo perform non-cokerent aperture combining and demodulation {e.g., for direct
detection or differentially coheront detection}. A received downlink signal passes through the
apertures 451, each of which 1s optically coupled to a corresponding tracking filter (452A—~
452K). Fach filtered signal 1s coupled to a fiber optic channel and routed to a corresponding
optical amplifier 453 for pre-amplification. Each pre-amplified signal is then de-multiplexed
by a corresponding De-WIDM 454 info several signal channels that are detected by detectors
456 A-456N. In other words, the colors of each telescope’s received signal are separated by
the pre-amplified De-WDMs, and then each channel on cach telescope is detected. At that
point, “like” channels can be combined by post-detection combiners 457A-457N, for

example, by summing the respective detector output voltages, or by digitizing and then
22,



WO 2016/112288 PCT/US2016/012643

digitally combining them, either by soft decision or hard decision decoding. The post-
detection combiners 457A-457N output corresponding combined signals to receivers 450A-

450N,

00182} Multiple-Apertare Optical Receiver with Coherent Combining and
Bemodulation
[66183] FIG. 5 is a schematic drawing of a recetve-~side architecture mcluding

apertures optically coupled to respective optical stretchers, and configured to perform
coherent aperture combining and demodulation. A received downlink signal passcs through
the apertures 551, each of which is optically coupled to a tracking filter 352 that filters a
portion of the incoming downlink signal into a plurality of filtered signals. Each filtered
signal 1s coupled 1o a corresponding fiber optic channel (“F7} for routing to a stretcher 558 or
other delay element (¢.g., a phase modulator) that delays the signal in time or phase,
depending in part on the signal bandwidth and device geometry. For apertures mounted on a
single gimbal (such that the path delay between the apertures does not vary with pointing
angle), the stretcher 558 can be viewed as a providing variable phase delay that compensates
for the relative phase between the apertures. For embodiments that might have the apertures
on separate gimbals, the stretcher also compensates for angle-dependent relative time delay

between the apertures,

[861684] A coherent beam combiner 557 coupled to the siretcher 558 combines the
signals into a combined beam. The combined beam is fiber optically routed to a BeWDM 534
where it 1s de~multiplexed into colored signals that are fed to respective receivers 350A—
550N (1.e., a separate receiver for cach color). A feedback loop, comprising a sensor 559
between the coherent beam combiner 357 and at least one stretcher 358 monitors the relative
delay between the signals from the various apertures and adjust the corresponding stretcher(s)
to compensate. A local oscillator (LO) bank 553 1s operatively coupled to the receivers
550A-550N and 1s configured to perform a coherent down-conversion for one or more of the

colored de-multiplexed signals received at the plorality of receivers S50A-350N.

[6105] FIG. 6 1s a schematic drawing of a receive-side architecture mcluding multiple
apertures optically coupled to respective optical amplifiers and optical stretchers, and
configured to perform coherent aperture combining and demodulation, according to an
embodiment. The architecture of FIG. 6 functions as described with reference to FIG. 5
above, with the exception that the pre-amplification {by optical amplifiers 633} occurs afier
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cach of the apertares 651 instead of after combining via the eoherent beam combiner 637,
The architectare in FIG. 6 may be used when the losses associated with the stretchers and the

coherent combiner are not neghigible.

00186} Multiple-Aperture Optical Receiver with Channel-Wise Coherent

Apertore Combining and Coherent Demodulation

180147} FIG. 7 is a schematic drawing of a recetve-side architecture including many
apertures, and configured to perform channel-wise aperture combining and coberent
demodulation, according to an embodiment. A received downlink signal passes through the
plurality of apertures 751 cach optically coupled to a tracking filter 752 that filters a portion
of the imcoming downlink signal into a plurality of filtered signals. Each filtered signal is
coupled to a corresponding fiber optic chanuel for routing to an optical amphifier 753 for pre-
amplification. Each pre-amplified signal is then de-multiplexed by a corresponding De-
WM 754 into a plurality of signal chamnels that are each fiber-optically fed mto respective
stretchers 758 that apply phase adjustments to the signals, and “hke” channels are combined
by a coherent beam combiner 757 mto a combined beam. In other words, wavelength de-
multiplexing of the signal colors occurs near the apertures, a coberent optical combiner 757 is
assigned for cach color, and a single fiber for each color delivers its corresponding colored
signal to a dedicated receiver 750A-750N. A feedback loop, comprising a sensor 759,
between cach coherent beam combiner 757 and at least one corresponding streicher 758
monitors the relative delay between the signals from the vartous apertures and adjust the
corresponding steetcher{s) toc compensate. The coberent combiners 757 cutput corresponding
corbined signals to optical receivers 750A-T750N (N7 being the number of wavelengths).
As in previous embodiments, a local oscillator (L0O) bank 755 1s operatively coupled to the
plurality of optical recetvers 750A-750N and is configured to perform a coherent down-
conversion for one or more of the colored, de-muldtiplexed, combined signals received

at/detected by the plurality of optical receivers 750A-T50N.

[06108] Multiple-Aperture Optical Receiver with Intermediate Frequency
Channel-Wise Aperture Combining and Coherent Demoduiation

[60109] FIG. 8 15 a schematic drawing of a receive-side architecture including a
plurality of apertures, and configured to perform infermediate frequency (§F) coherent
channel-wise aperture combining and coherent demodulation, according to an embodiment.
A received downlink signal passes through the plurality of apertures 851 each optically
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coupled to a tracking filter 852 that filters a portion of the incoming downlink signal into a
plurality of filtered signals. Hach filtered signal is coupled to a corresponding fiber optic
channel for routing to an optical amplificr 853 for pre-amplification. Each pre-amplified
gignal 1s then de-multiplexed by a corresponding De-WDM 854 into a plurality of colored
signal channels that are each down-converted to an electrical IF signal by a corresponding
heterodyne (861 A-861N} in conjunction with LO bank 855, The IF signals are then
coherently combined {by coherent combiners 857) 1 the electrical domain and received at a
corresponding IF receiver for each arm (850A--850N}. Because the down-conversion 18 to an

clectrical IF, the subsequent combining and processing is non-optical.

66116 Mutltiple-Aperture Optical Receiver with Digitally Coherent Channel-

Wise Aperture Combining and Coherent Demodulation

{00111} FIG. 9 15 a schematic drawing of a receive-side architecture including a
plurality of apertures, and configured to perform digitally coherent channel-wise apertare
combining and coherent demodulation, according to an embodiment. The architecture of
FIG. 9 is similar to the architecture of FIG. 8, with the exception that cach down-conversion
{performed by LO bank 955} 15 1-Q sampled (973A-973N) and then all of the 1-Q samples.
corresponding to the plurality of apertures 951, are coherently combined digitally (at digital

coherent combiners 957) before final demodulation.
00112} Adaptive Optics to Compensate for Coupling Losses and Fading

{00113 As discussed above, atmosphenic effects such as clouds, temperature gradients
and turbulence can have deleterious effects on free-space optical transmissions, for example,
such that light arriving at a receiver telescope of a remote terminal from an orbiting
spacecraft is optically aberrated or distorted. To compensate for atmospheric effects,
adaptive optics technologies can be tmplemented at the receiver. Adaptive optics can
melude, for example, a feedback loop that includes a wavefront sensor and deformable
marror, spatial ight modulator, or other device for changing the spatial phase profile of the
received optical signal. Because the remote terminal, during operation, slews at an angular
velocity that exceeds that of typical astronomical observations (which slew at a much slower
rate to compensate for the Earth’s rotation), the bandwidths of the adaptive optic sensors and
actuators should be large enough to compensate for the faster apparent changes in the

atmosphere due to the fast slew rate.
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{66114} FI1G. 10A 15 a block diagram showing components of an adaptive optics
assembly 1041, Asshownn FIG 10A alight beam 11, relaved from a telescope and which
has been aberrated due to atmospheric effects, 1s incident on a fast stecring murror 1071 that
is steered and/or otherwise controiled, via an electrical connection, by a guad cell detector
1074 s¢ as to maximize the received signal. The incident light beam reflected off the fast
steering nuirror 1071 towards a beam splitter 1072 such that a first portion of the light beam is
focused, via a lens L1, onto the quad cell detector 1074, and a second portion of the light

beam is transmiited to a deformable mirror 1075,

{00115 The deformable mirror 1075, under the control of a wavefront sensor focal
plane array 1077, modulates the spatial phase profile of the incident beam 11 to remove or
reduce the aberrations. It reflects a substantially or fully collimated beam 13 that is then
routed to ancther beam splitter 1076, The other beam splitter 1076 splits the collimated beam
13 such that a first portion of the collimated beam 1s focused, via a lens LZ, onto the
wavefront sensor focal plane array 1077, and such that a second portion of the collimated
beam is transmitted, focused via a lens L3, and coupled into a single-maode fiber ¥ that routes

the beam, via a modem pre-amplifier 1033, to a receiver modem 1078,

[0B116] The deformable mirror 1075 1s controlled, via an electrical connection, by the
wavetront sensor focal plane array 1077 {e.g., a Shack-Hartmann wavefront sensor), and is
configured to accomplish wavefront reconstruction of a beam incident on the deformable
mirror 1075, More specifically, a lenslet arvay 1079 focuses different portions of the incident
beam onto respective groups of sensor elements of the focal plane array 1077. A processor
1080 coupled to the focal plane array 1077 estimates the local tilts of the incident wavetront
from the positions of the focused sports. These local tilts represent the aberration of the
wavefront. The processor 1080 uses this estimate of the aberration to control actuators of the

deformable mirror 1075 so as adjust their axial positioning to compensate for the detected

aberration.
[86117] Other adaptive optics implementations are also possibly, including a much

simpler fiber mutator that gives lesser, but possibly adequate, performance. With a fiber
nutator, the phase corrections for various “sub-apertures” are dithered at distinguishable
frequencies. The power coupled to the fiber can then be monitored at each of those
frequencies and used to optimize each of the phase corrections. This works well for

reasonably small numbers of “sub-aperturcs” small {or, equivalently, if D/10 is not to large)

26.



WO 2016/112288 PCT/US2016/012643

and the phase correctors can dither at a frequency higher than the bandwidth of the
corrections. It has the advantage of not requiring a high-speed camera as the power coupled

to the fiber 1s used to monttor all signals.

j63118] FIG. 10B is a rendering of the wavefront sensor 1077 of FIG. 10A sensing a
wavetront with no turbulence. Without turbulence, the beam incident on the lenslet array
1079 is substantially or fully collimated. Under such conditions, the lenslets 1079 subdivide
and focus the incident light beam to a plurality of regolarly arrayed spots that are centered
or nearly centered on cach corresponding group of sensor elements of the focal plane

array1077.

[60119] By contrast, FIG. 10C shows the wavefront sensor of FIG. 10A sensing an
aberrated wavefront. As shown, the incoming beam 11 is aberrated, for example, due to
atmospheric conditions such as clouds and/or air turbulence. Under such conditions, the
lenslets 1079 subdivide and focus the incident light beam into a plurality of spots that are
scattered across the focal plane arrav 1077 in a non-umiform pattern . The processor 1080
calculates the distance and direction of cach spot from its nominal posttion {(shown in FIG.
10B) and uses them to estimate the phase aberration of the mcident beam 11, as well as the
corresponding actuator control corrections to be applied to the deformable mirror 1073, as

shown in the control loop of FIG. 10D

106128 The schematic drawings of FIG. 10E show the adaptive optics assembly of
FIG. 10A, as situated on the back end of a 10-100 cm {e.g., 40 cm) telescope suitable for use
in a remote terminal, (The optical axas of the telescope is perpendicular to the plane of FIG.
10E.) As shown n the lefi-hand schematic, depicting the wavefront sensor optical circuit, the
mcident light beam enters the center aperture “A” {out-of-plane of the drawing) and is
optically ronted to the fast steering mirror 1071, the deformable mirror 1073, and the
wavefront sensor 1077, in the sequence disclosed above. The left-hand schematic depicts the
receive fiber path, comprising the fast steering mirror 1071, the deformable mirror 1075, and

the recetver lens and fiber F, in sequence.

{66121 FIGS. 11A-11C dllustrate stmulated effects of atmospheric turbulence on
coupling efficiency and fading. Thev also showed simulated performance mmprovements

using adaptive optics like those shown in FIGS. 16A-10E.

[66122] The curve m FIG. 1A depicts the average coupling loss between light

entering a telescope and an optical fiber when only it tracking, via an FSM, 13 used to
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compensate for atmospheric distortions. In this plot, D 1s the telescope’s aperture diameter
and 10 is the spatial coherence fength in the atmosphere, sometimes referred to as the Fried
parameter. As the ratio /10 becomes large, the coupling loss becomes large. For example,
for a 40-cm aperture, the stars labelled “Case 1A” and “Case 2A”7 correspond to two different
atmospheres, respectively: a “nominal™ atmosphers in which 10=10.1cm, and a “stressing”™
atmosphere in which r0=7 8cm {i ¢, a reduced spatial coherence length). The curve shows
that the coupling loss to the fiber would be about 12-15 dB in those cases. The stars labelled
“Case 1B” and “Case 2B” represent what could be achieved with additional adaptive optics
{including a deformable mirror and wavefront sensor) for the same nominal and stressing
atmospheres, respectively. As can be scon in FIG. 1A, the coupling cfficiency under the
same respective conditions as Cases 1A and 2A is greatly improved (by about 10 dB) with

additional adaptive optics in Cases 1B and 2B,

[066123] Atmospheric effects can also reduce the power of the transmitited light beam
and/or canse “dropouts” during which transmitied data 1s not received at all. To compensate
for such effects, forward grror correction {(FEC) can be implemented at the optical receiver

and/or the optical transmitter as described above.

[060124] FIG. 11B shows a simulation of the time-variation of the coupling losses
{normalized to the average coupling loss at 0 dB) for the nominal and stressing atmospheres
of FIG. 11A. The gray curve is Case 1 (nominal) and the black curve is Case 2 (stressing).
The bold horizontal line shows the receiver threshold, assuming that the hink has 3 dB of
margin on the average power. When the gray and black curves drop below the bold
horizontal line, the recetved power is below the threshold power of the recciver and bit errors
or frame errors are likely to be present. The system may correct for these with FEC
techniques (see, e.g., the discussion of box 167 of FIG. 1B above) and/or feedback protocols

used to retransmit frames that have errors.

[06125] FIG. 11C is a plot showing cumulative distribution functions for fade depths
for the nominal and stressing atmospheres of FIG. 11A. The vertical dashed line at 3 dB
shows the fades that go below the receiver threshold for a system designed with 3 dB of
margin on the average power. The curves show that under the stressing atmospheric
conditions, the power drops below this threshold about 19 of the ttime, and under the nomimnal

atmospheric conditions, the power drops below this threshold about 0.6% of the time. These
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percentages determing what FEC and/or feedback protocols may be used to provide reliable

data deliver over the channel.

061 26] Conclusion
{86127} While various inventive embodiments have been described and illustrated

herein, those of ordinary skill in the art will readily envision a variety of other means and/or
structures for performing the function and/or obtaining the results and/or one or more of the
advantages described herein, and cach of such variations and/or modifications is deemed to
be within the scope of the mventive embodiments described herein. More generally, those
skilled n the art will readily appreciate that all parameters, dimensions, matenials, and
configurations described herein are meant to be exemplary and that the actual parameters,
dimensions, materials, and/or configurations will depend upon the specific application or
applications for which the mventive teachings is/are used. Those skilled in the art will
recognize, or be able to ascertain using no more than routing experimentation, many
cquivalents to the specific inventive embodiments described herein. 1t s, therefore, to be
understood that the foregoing embodiments are presented by way of example only and that,
within the scope of the appended claims and equivalents thereto, mventive embodiments may
be practiced otherwise than as specifically descubed and claimed. Inventive embodiments of
the present disclosure are directed to each individual feature, system, article, material, kit,
and/or method described heremn. In addition, any combination of two or more such features,
systems, articles, matenials, kits, and/or methods, if such features, systems, articles, materials,
kits, and/or methods are not mutually inconsistent, is included within the inventive scope of

the present disclosure.

[066128] The above-described embodiments can be implemented in any of numerous
ways. For example, embodiments of designing and making the technology disclosed herein
may be implemented using hardware, software or a combination thereof. When implemented
in software, the software code can be executed on any suitable processor or collection of

processors, whether provided in a single computer or distributed among multiple computers.

[066123] Further, 1t should be appreciated that a computer may be embodied in any of a
number of forms, such as a rack-mounted computer, a desktop computer, a laptop computer,

or g tablet computer. Additionally, a computer may be embedded m a device not generally
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regarded as a computer but with suitable processing capabilities, imchuding a Personal Digital

Assistant {(PD A}, a smart phone or any other suitable portable or fixed electronic device.

{00136 Also, a computer may have ong or more mput and cutput devices. These
devices can be used, among other things, to present a user interface. Examples of output
devices that can be used to provide a user interface include printers or display screens for
visual presentation of output and speakers or other sound generating devices for audible
presentation of cutput. Examples of input devices that can be used for a user interface
include keyboards, and pointing devices, such as mice, touch pads, and digitizing tablets. As
another example, a computer may receive mput information through speech recognition or in

other audible format.

[806131] Such computers may be interconnected by one or more networks in any
suitable form, including a local arca network or a wide arca network, such as an enterprise
network, and intelligent network (IN) or the Intemet. Such networks may be based on any
suttable technology and may operate according to any suttable protocol and may mclude

wireless networks, wired networks or fiber optic networks.

[86132] The various methods or processes {¢.g., of designing and making the
technology disclosed above) cuthined herein may be coded as software that 1s executable on
ong or more processors that employ any ong of a vaniety of operating systems or platforms,
Additionally, such software may be written using any of a number of suitable programming
languages and/or programming or scripting tools, and also mayv be compiled as executable
machine language code or intermediate code that is executed on a framework or virtual

machine.

{86133} In this respect, various ventive concepts may be embodied as a computer
readable storage medium (or multiple computer readable storage media} (¢.g., a computer
memory, one or more Hoppy discs, compact discs, optical discs, magnetic tapes, flash
memories, circuit configurations in Field Programmable Gate Arrays or other semiconductor
devices, or other non-transitory medium or tangible computer storage medium} encoded with
one or more programs that, when executed on one or more computers or other processors,
perform methods that implement the varicus embodiments of the mvention discussed above.

The computer readable medium or media can be transportable, such that the program or
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programs stored thereon can be loaded onto one or more different computers or other

processors to implement various aspects of the present invention as discussed above.

[00134] The terms “program” or “software” are used herein 1o a generic sense to refer
to any type of computer code or set of computer-executable instructions that can be emploved
to program a computer or other processor to impiement various aspects of embodiments as
discussed above. Additionally, it should be appreciated that according to one aspect, one or
more computer programs that when execuied perform methods of the present invention need
not reside on a single computer or processor, but may be distributed in a modular fashion
amongst a number of different computers or processors to implement various aspects of the

present invention.

{66135} Computer-execuiable mstructions may be in many forms, such as program

modules, executed by one or more computers or other devices. Generally, program modules
nclude routines, programs, objects, components, data structures, ¢tc. that perform particular
tasks or implement particular abstract data tvpes. Typically the functionality of the program

modides may be combined or distributed as desired in various embodiments.

[066136] Also, data structures may be stored in computer-readable media i any suitable
form. For simplicity of illustration, data structures may be shown to have fields that are
related through location m the data structure. Such relationships may likewise be achieved
by assigning storage for the ficlds with locations in a computer-readable medivm that convey
relationship between the fields. However, any suitable mechanism may be used to establish a
relationship between oformation in fields of a data structure, including through the use of

pointers, tags or other mechanisms that establish relationship between data elements.

{86137} Also, varicus inventive concepts may be embodied as one or more methods, of
which an example has been provided. The acts performed as part of the method may be
ordered in any suitable way. Accordingly, embodiments may be constructed i which acts
are performed in an order different than ilustrated, which may include performing some acts

siraultancously, even though shown as sequential acts in tlustrative crubodiments.

{06138 All definitions, as defined and used herein, should be understood to control
over dictionary definitions, definitions m documents incorporated by reference, and/or

ordinary meanings of the defined terms.

5]
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[66139] The mdefinite articles “3” and “an,” as used herein in the specification and 1n
the claims, unless clearly indicated to the contrary, should be understood to mean “at least

E

one.

60140} The phrase “and/or,” as used herein in the specification and in the claims,
should be understood to mean “either or both” of the elements so conjoined, 1.¢., elements
that are conjunctively present i some cases and dispunetively present in other cases.
Multiple elements listed with “and/or” should be construed in the same fashion, i.¢., “ong or
more” of the clements so conjoined. Other clements may optionally be present other than the
elements specifically identified by the “and/or” clause, whether related or unrelated to those
elements specifically identified. Thus, as a non-limiting example, a reference to “A and/or
B”, when used in comjunction with open-ended language such as “comprising” can refer, in
one cmbodiment, to A only (optionallv including clements other than B); in another
embodiment, to B only {optionally including clements other than A); in yet another

embodiment, to both A and B (optionally including other elements); etc.

00141 As used herein in the specification and in the claims, “or” should be
understood to have the same meaning as “and/or” as defined above. Forexample, when
separating items in a hist, “or” or “and/or” shall be wmterpreted as being nclusive, 1.¢., the
melusion of at least one, but also including more than one, of a number or list of clements,
and, optionally, additional unlisted items. Only terms clearly indicated to the contrary, such
as “only one of” or “gxactly one of,” or, when used in the claims, “consisting of.” will refer to
the mclusion of exactly one element of a number or hist of elements. In general, the term “or”
as used herein shall only be mterpreted as indicating exclusive alteratives (.e. “one or the
other but not both ™y when preceded by terms of exclusivity, such as “either,” “one of)” “only
one of,” or “exactly one of 7 “Consisting essentially of,” when used in the claims, shall have

its ordinary meaning as used i the ficld of patent law.

b2l

[06142] As used herein in the specification and 1n the claims, the phrase “at least one,
m reference 1o a bist of one or more elements, should be understood o mean at least one
slement selected from any one or more of the ¢lements 1o the list of elements, but not
necessarily including at least one of each and every clement specifically listed within the hist
of elements and not excluding any combinations of elements in the st of clements. This

defimition also allows that elements may optionally be present other than the clements

73]
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specifically identified within the list of elements to which the phrase “at least one” refers,
whether related or vnrelated to those clements specifically identified. Thas, as a non-limiting
example, “at lcast one of A and B” {or, equivalently, “at least onc of A or B,” or, equivalently
“at least one of A and/or B”) can refer, in one embodiment, to at least one, optionally
mcluding more than ong, A, with no B present {and optionally including elements other than
B); in ancther embodiment, o at least one, opticnally inchuding more than one, B, with oo A
present {and optionally including elerents other than A); in vet another embodiment, to at
least one, optionally including more than one, A, and at least one, optionally including more

than one, B (and optionally including other elements); etc.

[00143] In the clamms, as well as in the specification above, all transitional phrases

*

such as “comprising,”

>3 >3

“including,” “carrving,” “having,” “containing,” “invoiving,”
“holding,” “composed of.” and the like arc to be understood to be open-ended, 1.¢., to mean
mehuding but not limited to. Only the transitional phrases “consisting of” and “consisting
essentially of” shall be closed or semi-closed transitional phrases, respectively, as set forth in

the United States Patent Office Manual of Patent Examining Procedures, Section 2111.03.

(5]
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CLAIMS

L. An apparatus for receiving an optical signal transmutted from a spacccraft via a free-
space optical communications chaanel, the apparatus comprising:

at least one telescope 1o recetve the optical signal from the spacecraft via the free-
space optical communications channel, the optical signal being modulated at a rate of at least
about 40 Gbps;

a single-mode waveguide, n optical communication with the at least one telescope, to
guide the optical signal;

an optical amplifier, in optical communication with the single-mode wavegude, to
amplify the optical signal; and

areceiver, in optical communication with the optical amplifier, to demodulate the

optical signal at a rate of at lcast about 40 Gbps.

2. The apparatus of claim 1, wherein the at least one ielescope defines at fcast one
aperture having a diameter of about 10 cm to about 100 cm.
3. The apparatus of claim 1, wherein the at least one telescope comprises a plurality of

apertures, each of which receives a corresponding portion of the optical signal.

4. The apparatus of claim 1, wherein the optical signal comprises a wavelength-division
multiplexed {WDM} optical signal and the receiver comprises:

a wavelength-division demultiplexer, in optical communication with the optical
amplifier, to separate the WDM optical signal into a plurality of optical signals; and

a plurality of detectors, m optical commanication with the wavelength-division

demultiplexer, to demodulate the plurality of optical signals.

5. The apparatus of claim 1, further comprising:
an uplink transmtter to transmit identification and validation information to the

spacecraft.

6. The apparatus of claim 5, wherein the uplink transmitter is configured to trigger
transmission of the optical signal by the spacecraft when the spacecraft is at an elevation of at

least about 20 degrecs above the horizon.
34,
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7. The apparatus of claim 3, further comprising:

a controlier, operably coupled to the plurality of receivers and the uplink transoutter,
to sense at least one error associated with the optical signal, and
wherein the uplink transmtter 1s configured to trigger another fransmission, by the

spacecraft, of at least a portion of the optical signal in response to the at least one error.

8. The apparatus of claim 1, further comprising:
an adaptive optical element, in optical communication with the at icast one telescope
and the single-mode fiber, 1o modulate a spatial phase profile of the optical signal so as to

compensate for atmospheric effects in the free~-space optical communications channel.

9. The apparatos of claim 1, further comprising:
a coherent source, in optical communication with the receiver, to coberently

demodulate the plurality of optical signals.

10, A method of free-space optical communication with a spacecrafi, the method
comprising:

receiving an optical signal transmitted from a spacecraft via a free-space optical
communications channel, the optical signal being moduelated at a rate of at least about 40
Gbps;

amplifving the optical signal; and

demodulating the optical signal at a rate of at least about 40 Gbps.

11, The method of claim 10, wherein receiving the optical signal comprises collecting

light via at least one aperture having a diameter of about 10 em to about 100 cm.

12 The method of claim 10, wherein receiving the optical signal comprises coupling hight

from a telescope to a single-mode waveguide.

13 The method of claim 10, wherein receiving the optical signal comprises modulating a
spatial phase profile of the optical signal so as to compensate for atmospheric effects in the

free-space optical commumications channel.

(%]
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14, The method of claim 10, wherein the optical signal comprises a wavelength-division
multiplexed (WIDM) optical signal, and wherein receiving the optical signal comprises
separating the WDM optical signal into a plurality of optical signals; and

15 The method of claim 14, wherein demodulating the optical signal comprises

demodulating cach optical signal in the plurality of optical signals.

16. The method of claim 10, wherein demodidating the plurality of optical signals

coraprses coberently demodulating at least one optical signal.

17. The method of claim 10, further comprising:
transmutting identification and validation information to the spacecraft prior to

receiving the optical signal.

18. The method of claim 10, further comprising:
riggering transmission of the optical signal by the spaccceraft when the spacecraft is at

an elevation of about 20 degrees above the horizon.

19. The method of claim 10, further comprising:
sensing at least one error associated with the optical signal; and
triggering another transmission, by the spacecraft, of at least a portion of the optical

signal in response to the at least one error.

20, A ground terminal for receiving a wavelength-division multiplexed (WDM) optical
signal transmitted from a spacecraft, the ground terminal comprising:

a plarality of telescopes, in optical commusication with the spacecraft, to receive
corresponding portions of the WM optical signal from the spacecraft;

a plurality of optical amphifiers, i optical communication with the plurality of
telescopes, to amphify the corresponding portions of the WDM optical signal;

a coherent combiner, in optical communication with the plurality of optical
amplifiers, to coherently combine the corresponding portions of the WDM optical signal into

a coherently combined WEDM optical signal;
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a wavelength-division demultiplexer, in optical communication with the coherent
combiner, to separate the coherently combined WDM optical signal into a plurality of optical
signals; and

a plurality of receivers, in optical communication with the wavelength-division

demultiplexer, to demodulate the plurality of optical signals.

=~
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