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Network of Extremely High Burst Rate Optical Downlinks

CROSS-REFERENCE TO RELATED PATENT APPLICATIONS

[0001] This application claims priority, under 35 U.S.C. § 9(e), from U.S. Application No.

62/101,955, filed Januar ' 9, 20 5 and entitled "Network of Extremely High Burst Rate

Optical Downlinks"; U.S. Application No. 62/101,975, filed January 9, 2015 and entitled

"Link Architecture and Spacecraft Terminal for High Rate Direct to Earth Optical

Communications"; and U.S. Application No. 62/101,976, filed January 9, 2015 and entitled

"Ground Terminal Design for High Rate Direct to Earth Optical Communications." Each of

the foregoing applications is incorporated herein by reference in its entirety.

[0002] This application is also related to Attorney Docket Number MITX-7545/OlUS, filed

concurrently and entitled "Link Architecture and Spacecraft Terminal for High Rate Direct to

Earth Optical Communications," and Attorney Docket Number MITX-7547/OlUS, also filed

concurrently and entitled "Ground Terminal Design for High Rate Direct to Earth Optical

Communications," the contents of each of which is hereby incorporated by reference in its

entirety.

GOVERNMENT SUPPORT

Θ003] This invention was made with government support under Contract No. FA8721-05-C-

0002 awarded by the U.S. Air Force. The government has certain rights in the invention.

BACKGROUND

Θ004] Existing methods of delivering data from Earth-orbiting satellites to a ground stations

fall into two general categories: sending radio transmissions to a fixed ground site via a relay-

satellite in, for example, geosynchronous Earth orbit (GEO) or sending radio 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

geosynchronous relay approach is restricted in both availability and data rate. Likewise,

because of the short connection time and restricted burst rates, the direct transmission is also

restricted in its capability. In addition, Federal Communications Commission (FCC) and

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 bottleneck in

the data collection capabilities of present-day Earth -orbiting satellite systems. This bottleneck

is getting worse now that satellite missions are generating more data than existing RF systems

ca handle.

SUMMARY

[0005] Conventional satellite-to-earth data transmission systems are constrained by

inefficient relay schemes and/or short-duration data transfers at low data rates. Embodiments

of the present technology address these constraints in a variety of ways. One embodiment

includes a method of free-space optical communications that comprises receiving data, from

a spacecraft via a free-space optical channel, at a remote terminal at an altitude of less than

about 100,000 feet at an average rate of at least 10 Tbit per day (e.g., >100 Tbit per day). The

data may comprise or be in the form of a free-space optical signal modulated at a rate of at

least about 10 Gbps (e.g., at least about 200 Gbps). The spacecraft may be in low Earth orbi

(LEO) or medium Earth orbit (MEO) and store the data in a buffer at an average rate of at

least about 300 Mbps (e.g., at least about 1200 Mbps).

[0006] Communication systems described herein achieve extremely high burst rate (e.g., 10

Gigabits per second (Gbps) to 0 Terabits per second (Tbps)) direct-to-Earth data

transmission over a free-space optical link between a spacecraft (or airplane) and a remote

terminal, which may be on the ground, in the air, or in space. e high burst rate allows fast

readout of a buffer into which data from one or more low- to medium-rate data sources has

been aggregated for a long period of time. The optical link is established, for example, with a

remote terminal having an elevation angle of at least about 20° above the horizon. In some

embodiments, a data transmission burst contains at least 1 Terabyte of information and has a

duration of 6 minutes or less. The communication system can include forward error

correction as well as feedback-based error correction implemented by detecting a degradation

of a received free-space optical signal and re-transmitting at least a portion of the free-space

optical signal. The forward error correction code can be included either at the high burst rate

used to transmit the data or at the lower user rate used to load the data into the buffer.

[0007] A method of free-space optical communications includes aligning an optical receiver

with an optical transmitter on a spacecraft, and receiving, via the optical receiver, a free-



space optical signal from the optical transmitter. H e free-space optical signal is modulated

at a rate of at least about Gbps.

[0008] A system for free-space optical communications includes an optical transmitter and at

least one single optical receiver. The optical transmitter is disposed on a spacecraft in low-

Earth orbit (LEO) and configured to transmit a free-space optical signal modulated at least

about 10 Gbps. The optical receiver is in optical communication with the optical transmitter

and is configured to receive the free-space optical signal.

[0009] In other embodiments, a system for free-space optical communications includes a

plurality of optical receivers that are distributed across at least a portion of Earth. The ground

stations enable transmission of larger volumes of data, decreased latency, better cloud

mitigation, etc. Each optical receiver is configured to receive a corresponding free-space

optical communications signal that is modulated at a rate of at least about 100 Gbps from at

least one spacecraft in low-Earth orbit.

[0010] It should be appreciated that all combinations of the foregoing concepts and addition al

concepts discussed in greater detail below (provided such concepts are not mutually

inconsistent) are contemplated as being part of the inventive subject matter disclosed herein.

In particular, al combinations of claimed subject matter appearing at the end of this

disclosure are contemplated as being part of the inventive subject matter disclosed herein. It

should also be appreciated that terminology explicitly employed herein that also may appear

in any disclosure incorporated by reference should be accorded a meaning most consistent

with the particular concepts disclosed herein.

BRIEF DESCRIPTIONS OF THE DRAWINGS

[0011] The skilled artisan will understand that the drawings primarily are for illustrative

purposes and are not intended to limit the scope of the inventive subject matter described

herein. The drawings are not necessarily to scale; in some instances, various aspects of the

inventive subject matter disclosed herein may be shown exaggerated or enlarged in the

drawings to facilitate an understanding of different features. In the drawings, like reference

characters generally refer to like features (e.g., functionally similar and/or structurally similar

elements).

[0012] FIG. 1A is a block diagram of a free-space optical communications system that

supports transmissions of bursts at data rates of 10 Gbps or more.



[0013] FIG. B is a flow diagram that illustrates free-space optical communications using the

system shown in FIG. 1A.

[0014] FIG. C is a rendering of an implementation of the communications system of FIG.

A as part of a space-to-ground communication network.

[0015] FIG. 2 is a block diagram showing components of space and ground segments of a

direct downlink communications system.

[0016] FIG. 3A illustrates how the elevation angle can change as the spacecraft pass over a

remote terminal on Earth.

[0017] FIG. 3B is a plot showing the interplay between elevation angle, data rate, and

duration of data transfer for free-space optical communication from a satellite to a ground

station .

[0018] FIG. 4A is a plot of simulated link loss relative to a zenith link versus the spacecraft's

angle with respect to the hori zon

[0019] FIG. 4B is a plot of a ratio of simulated data rates to zenith data rate versus a

spacecraft's angle with respect to the horizon.

[0020] FIG. 4C is a plot of simulated time in view for a single spacecraft pass versus the

minimum spacecraft angle with respect to the horizon.

[0021] FIG. 4D is a plot showing the frequency of communication links over a simulated

120-day period for a range of elevation angles.

[0022] FIG. 5 shows the computation and plot of normalized data volume versus a

spacecraft's angle with respect to the horizon based on the data of FIGS. 4B and 4C and a

plot of elevation probabilities.

[0023] FIG. 6A is a plot showing average coupling loss between light entering a receive

telescope and an optical fiber for different correction mechanisms under nominal and

stressing atmospheres.

[0024] FIG . 6B is a plot showing a sample of time variation of coupling losses for the

nominal and stressing atmospheres of FIG. 6A.

[0025] FIG. 6C is a plot showing distribution functions for fade depths and loss probability

for a link with a built-in, 3 dB margin for the nominal and stressing atmospheres of FIG. 6A.



[0026] FIG. 7A is a bar chart showing the simulated number of links (over 7 days) for each

of several different link durations between a spacecraft whose orbit is inclined to a single

ground station at White Sands, New Mexico.

[0027] FIG. 7B is a bar chart showing the simulated number of gaps between links, as well as

their durations, for the simulation of FIG. 7A.

[0028] FIG . 7C is a bar chart showing the simulated number of links (over 7 days) fonned at

different link durations, between a spacecraft whose orbit is polar to a single ground station at

White Sands, N ew Mexico.

[0029] FIG. 7D is a bar chart showing the simulated number of gaps between links, as well as

their durations, for the simulation of FIG. 7C.

[0030] FIG . 8A is a plot showing the simulated number of links (over 7 days) formed at

different link durations, between a spacecraft whose altitude is 600 km at an inclination of

45°, and six ground stations.

[0031] FIG. 8B is a plot showing the simulated number of gaps between links, as well as

their durations, for the simulation of FIG. 8A.

[0032] FIG. 9A is a plot showing the simulated number of links (over 7 days) fonned at

different link durations, between a 770 km spacecraft in polar orbit, and six ground stations.

[0033] FIG. 9B is a plot showing the simulated number of gaps between links, as well as

their durations, for the simulation of FIG. 9A.

[0034] FIG. 0A is a rendering of a distribution of 17 ground stations and a spacecraft

trajectory.

[0035] FIG. 0B is a plot showing the simulated number of links formed at different link

durations, between a spacecraft and the 1 ground stations of FIG. 1OA, the ground stations

having an elevation of 20° from the horizon.

[0036] FIG. OC is a plot showing the simulated number of gaps between links, as well as

their durations, for the simulation of FIG. 10B.

[0037] FIG. 1 is a chart of the tradespace for spacecraft communications at a range of 1,000

km for various transmitter and receiver diameter combinations.



DETAILED DESCRIPTION

[0038] The direct downlink communications systems described herein leverage the extremely

short wavelengths of optical telecom signals to achieve free space optical links that are only a

few thousand kilometers Song or less, and that deliver enough optical power (e.g., about 100

nW to a few W) to support extremely high data rates with compact, low-cost satellite

terminals and compact, low-cost remote terminals on the ground, in the air, or on other

satellites. Such a system may include a satellite terminal that is small enough to be carried on

a microsateliite (e.g., a 1U-6U cubesat) in low-Earth orbit (LEO) 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 satellite terminals have direct downlink burst

capabilities that can empty even very large storage buffers (e.g., 1 Tb, 10 Tb, 100 Tb, 1000

Tb, or more) in minutes. Furthermore, although traditional optical satellite 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, e.g., through the openings between clouds or other obscurations, such as leaves or

dust.

Θ039] Challenges of direct-to-Earth (DTE) laser communications (lasercom) can include

short duration contact windows (e.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, deleterious effects of atmospheric

turbulence, especially at low elevation angles, and the inability to operate in cloudy weather.

Direct-link optical communications systems described herein can have data rates that are 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 Tb) of a satellite in a single pass lasting only tens of seconds to a

few minutes (e.g., 1-15 minutes).

[0040] In some embodiments, the median link latency does not exceed the buffer fill time for

a given data acquisition rate. In other words, the buffer capacity and/or link latency may be

selected so that the buffer is not be completely filled by sensor data between links.

Overprovisioning the buffer capacity accounts for variations in the latency between links due

to weather, etc.



[0041] 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 (e.g., satellites). When a ground terminal site is obscured by clouds, an

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

terminal in the one or more distributed networks of compact optical ground terminals.

Compact, low-cost space terminals described herein can be proliferated so as to increase the

total number of interactions between the constellation of space terminals and the terrestrial

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 seeking to transmit data

can access an open terminal (e.g., a space terminal in orbit) at any time.

[0042] Direct-Link Optical Communications System

[0043] Turning now to the drawings, FIG. A is a block diagram of a direct-link optical

communications system 100. The communications system 100 includes a spacecraft 110

(e.g., a satellite, such as a microsatellite, cubesat, etc.) in LEO or medium-Earth orbit (MEO)

with one or more sensors 112 or other data-gathering devices that acquire data continuously,

periodically, or aperiodicaily. One or more buffers 120 on the satellite store the data from the

sensors for transmission by an optical transmitter 130 on the spacecraft. 1 0 to a receiver 150

at a remote terminal 140 located on Earth. These transmissions may include one or more

short bursts 35 (e.g., 10-second to 10-minute bursts) of data modulated at extremely high

data rate (e.g., at least about 10 Gigabits per second (Gbps), at least about 40 Gbps, at least

about 100 Gbps, at least about 200 Gbps, at least about 1 Terabit per second (Tbps), at least

about 5 Tbps, or at least about 0 Tbps, depending on the application). The remote terminal

140, positioned at an altitude of less than about 100,000 feet (e.g., on the ground; on a

building or structure: on a boat, buoy, or other ocean-based platform; or on an airplane,

helicopter, unmanned aerial vehicle, balloon, or aircraft flying or hovering over the ground),

receives the data at an average rate of at least about 10 Terabits (Tbits) per day, or at least

about 100 Tbits per day. 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 more users via a

communications network, such as the Internet.

[0044] 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 a 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-

space optical communications signals, the number of ground stations and satellites, and the

number of passes per day.

Θ045] FIG. IB is a flow diagram that illustrates a free-space optical communications process

160 performed by the direct-link optical communications system 100 shown in FIG. 1A.

During orbit and/or flight, the sensors 2 on the spacecraft 0 gather and/or create data and

save the data in the onboard buffers 120 (box 161). For instance, the sensors 12 may

include one or more imaging sensors, such as visible, infrared, or hyperspectral cameras, or

any other suitable sensor, that generate Earth image data at a relatively low average rate (e.g.,

< 10 Gbps, < 1 Gbps, < 100 Mbps, < 10 Mbps, etc.). The sensors 2 may also include RF

sensors like wide-band radars, synthetic aperture radars, etc. that sense objects or terrain on

Earth. The sensors 2 may also generate scientific and/or telemetry data, including data

about the spacecraft 10's flight path and electromagnetic events detected by the sensors 2 .

[0046] 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 data rate (e.g., < 10 Gbps, <

1 Gbps, < 100 Mbps, < 0 Mbps, etc.) with a forward error correction (FEC) code before

being stored in the buffers 120. In other cases, the data is encoded with a FEC at a high data

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

[0047] FEC-encoded data comprises one or more codewords. When data is transmitted

through an atmospheric channel that has power fluctuations that last longer than the

transmission time for multiple codewords (e.g., for a code word transmission duration on the

order of microseconds in duration and a power fluctuation that lasts milliseconds), an

interleaver can be used to temporally interleave the symbols of many codewords over a

duration of about 1 second. With this approach, each codeword sees a fairly uniform

distribution of power fluctuations (as opposed to entire codewords being erased as might

occur without the interleaver) and approximately error-free performance can be achieved

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

[0048] In some cases, however, it may not be possible or practical to utilize the FEC

techniques described above in the lowest-layer 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-layer codes are

compensated for at higher layers, for example, via erasure-correcting FEC codes (a form of

FEC designed to specifically correct for erasures) and/or repeat-request protocols that request

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

[0049] 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 proprietary codes designed for a fiber transmission, which does not typically

experience the power fluctuations seen in the free space channel. The receiver 150 initiates

each transmission based on the spacecraft's trajectory, o -board data storage capacity,

previous transmissions from the spacecraft 10, and projected timing of future transmission

windows (passes) from the spacecraft 110. Based on this information, the receiver 150

communicates with the spacecraft 11 via a low-bandwidth (e.g., 10 kbps) RF or optical

uplink 55 (box 163). The receiver 150 and the optical transmitter 30 align themselves with

respect to each other, possibly using gimbals at the remote terminal 140 and the spacecraft

0 and/or body pointing by the spacecraft 11 (box 164). Alignment (or re-alignment) may

occur continuously or as desired throughout the transmission process 160. Likewise, the

spacecraft 0 and remote terminal 50 may communicate with each other via the uplink

throughout the transmission process 160.

[0050] Once the receiver 50 and the optical transmitter 0 are properly aligned, the

receiver 150 sends a control signal to the optical receiver 130 via the uplink 155 to initiate

data transmission by the satellite 0 (box 165). In some cases, the receiver 150 detects or

calculates when the spacecraft 0 reaches a predetermined angle above the horizon (for

example, an angle below which operations are inefficient or below which the data volume

that can be transferred during the pass is less than desired) as described below with respect to

FIGS. 1 A- 1C and starts the transmission accordingly. The receiver 150 may also time the

transmission(s) to avoid clouds, atmospheric turbulence, etc. In other cases, the optical

transmitter 130 may initiate transmission at a predetermined time (i.e., without an explicit

signal from the ground terminal).

[0051] 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 link



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 1 Terabyte of information, be modulated

at a rate of >10 Gbps (e.g., 40 Gbps, 100 Gbps, 1 Tbps, 10 Tbps, etc.), and/or last up to

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 50 de-multiplexes the WDM signals in the free-space optical signal burst 135.

[0052] 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 (DTN). To control data flow, the receiver 150 checks the quality of the bursts

135 that it receives from the satellite, possibly using an FEC code (box 167), cyclic

redundancy check (CRC), or other methods. Clouds, atmospheric fading, temperature

gradients, misalignment, and other phenomena may degrade the signal quality, e.g., by

attenuating or distorting a given burst 135. Severe enough attenuation or distortion may

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

[0053] Several mechanisms exist for detecting bit errors in transmitted, FEC-encoded data.

At lower layers of the protocol stack (e.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 layers may detect such omissions and use additional protocols for correction, such as

erasure -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 each transmitted

frame/segment .

[0054] If e receiver 150 (or a processor coupled to the receiver 150) detects errors based on

the received FEC (box 168), it may re-align itself with respect to the optical transmitter 130,

boost its receiver gain (e.g., by increasing local oscillator power for coherent detection),

and/or send a control signal to the satellite 10 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 may be retransmitted if errors are caused by, say, turbulence fluctuations.



[0055] The satellite 10 may respond to this control signal by re-transmitting some or all of

the degraded data (box 169) to the receiver 150. Before re-transmitting the degraded data, the

optical receiver 130 may re-align itself with respect to the receiver 150 and/or boost its signal

power in order to increase the signal-to-noise ratio (SNR) at the receiver 1 0 It may also

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

[0056] In some embodiments (e.g., those with strong FEC), the check for good data may

occur on a time scale of a link session. If a link session is determined to be bad (e.g., due to

poor atmospheric conditions), the entire session may be repeated at the next link. Put

differently, if the processor at the receiver 150 or remote terminal 140 determines that the

received data is corrupt or degraded after the satellite 110 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.

[0057] Data transmission proceeds when the optical receiver 150 has successfully received

the last frames (or other structure) of data from the optical transmitter 130. The optical

receiver 150 may send an acknowledgment signal to the optical transmitter 130 in response to

receiving all of the data successfully. And if the optical transmitter 130 determines that it 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 0

for transmission at the next opportunity.

[0058] 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 0, when

orbiting in LEO, can traverse the sky in a few tens of minutes, and under partly cloudy

conditions can quickly link up with the remote terminal 40 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 1 0 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 accomplish the transfer of up to 1.5 Terabytes of data in a sky with only 10% clearings

between the clouds.

[0059] The remote terminal 140 can store the received data from one or more passes of the

spacecraft 0 (e.g., via the data bursts received 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

to the user via a terrestrial data network, such as the internet. In applications where the

terrestrial data network is not widely distributed, this system could be used to distribute

content to local caches around the globe. These caches may be connected to the Internet

and/or to local users via local-area networks (e.g. WiFi, Cellular, etc).

[0060] Satellite-Based Free-Space Optical Communications Networks

[0061] Because the satellite is in LEO or MEO, and the link is relatively short, the optical

transmitter 130 and the receiver 150 can be relatively small, light, and inexpensive. And

because the receiver 150 can also be small, light, and/or inexpensive, the system 100 may

include many receivers 150 distributed over a wide area (e.g., the continental United States)

to increase the probability that the spacecraft 110 will be in view of one receiver 150 before

the spacecraft's buffer fills up and either stops recording data or starts overwriting data. The

receivers 150 may be located at fixed sites, mobile sites, aircraft, 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 (e.g., LEO-to-LEO or LEO-to-

GEO) communications links.

[0062] The set-up and breakdown of these links can be coordinated with low-bandwidth

optical and/or RF uplinks according to a predetermined data delivery protocol n some

instances, coordination and control of the space system (e.g., including the spacecraft 110

and, optionally , one or more further spacecraft) is performed using optical uplinks from one

or more remote terminals, and/or via RF communications with the spacecraft 110 and the

optical transmitter 130. For instance, control information (e.g., scheduling information,

updated terminal location, software updates, etc.) may be delivered to the spacecraft 110

whenever the spacecraft 10 is in contact with a remote terminal 140, an RF terminal on the

ground, or a space relay. Coordination and control of the ground system (e.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 (e.g., for geographically isolated remote terminals 140). In other embodiments, the

optical uplink is omitted.

[0063] FIG. C shows how the communications system 0 of FIG. 1A can be used to relay

data from another satellite 170. The other satellite 170 and the LEO satellite 10 exchange

data via relatively low-bandwidth (e.g., 1-10 Gbps) one-way or two-way communications

hnk 175, possibly over minutes or hours. The LEO satellite 110 stores the data from the other

satellite 0 in its on-board buffers 120. When the LEO satellite 0 is in 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.

[0064] System Components

[0065] FIG. 2 is a block diagram showing components of the high-data-rate downlink optical

transmitter 130 and the optical receiver 50 of the direct downlink communications system

100. The direct downlink communications system 0 may connected to a ground network at

the receiver 1 0 (e.g., via a buffer 180 on the receiver side).

[0066] An Example Optical Transmitter

[0067] The optical transmitter 30 can include 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 2 , including the sensors 2

shown in 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 insert 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 1 can include

scientific, metrology, position, and/or other types of data, that is collected du ng a spacecraft

mission and stored between readout sessions.

[0068] The modem(s) 230 can include 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 (e.g., quadrature phase shift keying

(QPSK), quadrature amplitude modulation (QAM), etc.), and one or more master laser

transmitters 23 that emit light in the telecom C band (1530-1565 nm), for example, at 1550

nm. The outputs of the master laser transmitters 23 may be spaced in the spectral domain at



integer multiples of about 50 GHz within this band. The rnodem(s) 230 receives buffered data

from the buffer(s) 120, either via a serial channel or via parallel channels, and converts the

buffered data into a plurality of modulated optical signals. In some implementations, the

output speed of the buffer(s) 120 is matched to the modulator.

[0069] To achieve the highest possible data rates, the space terminal can further include a

fiber or Arrayed-Wavegiride-Grating (AWG) wavelength division multiplexer (WDM) 2 3

that is fed by multiple master laser transmitters 23 1 of the modem(s) 230, operating at

different wavelengths. Other devices suitable for multiplexing the signals from the master

laser transmitters 23 include, but are not limited to fused-taper fiber couplers, free-space

dichroics, and other devices known in the art of fiber-optic communications. Optical signals

received at the WDM 2 3 from the laser transmitters 23 are multiplexed by the WDM 213

into a single, multiplexed optical signal. The WDM 213 is optically coupled (e.g., via an

optical fiber, such as a single-mode optical fiber) to an optical amplifier 215 (e.g., a

semiconductor optical amplifier or fiber amplifier, such as a C-band fiber amplifier) that

amplifies 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 23 is housed separately from the modem(s) 230

within the optical transmitter 130 of the communications system 100.

[0070] The optical head 214 can comprise an optics assembly and, optionally, a gimbai (e.g.,

a two-axis gimbai). 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 1 cm and about 5 cm. (In some cases, the downlink and

uplink may share an aperture, e.g., if a gimbai is used to point the aperture.) The telescope

can be fiber-coupled to the downlink optical transmitter 130 via a fiber-optic connection to

the output of amplifier 215 and configured to transmit a downlink beam/signal 235 toward an

optical receiver 150. Some optical terminals described herein are configured to support

lasercom link data rates of several hundred Gbps or higher, with a total mass of less than

about 5 kg and a total power consumption of about 50 W or less. Depending upon the

embodiment, the data rate can be about 10 Gbps or more, about 40 Gbps or more, 100 Gbps,

200 Gbps, 1 Tbps, 5 Tbps, or up to Tbps.

[0071] The optical head 2 4 is also operably coupled to a relatively low data rate uplink

receiver 216 (or "receiving detector") having a wide acquisition field-of-view (e.g., 1



miHiradian to about 50 milliradians) and configured to receive an uplink beacon from an

optical receiver (e.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 is dedicated to the receiver 216 and is co-aligned with the downlink

telescope. The uplink receiver 216 has a field of view that is large enough to detect an uplink

signal from the receiver 50 when the spacecraft 0 (and, optionally, a dedicated gimbal of

the spacecraft) has pointed the optics of the optical transmitter 130 toward the uplink source.

(Note that there could also be a separate uplink data receiver, in addition to the acquisition

receiver.)

[0072] When the uplink receiver 2 6 detects the uplink, it waits for a modulation (e.g.,

pulsed) which carries a unique identifier for the ground station. In some embodiments, the

uplink signal carries an encrypted message containing an identifier of the optical receiver

150. If the optical transmitter 130 determines (e.g., based on contents of the uplink 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 30 sends the downlink beam/signal. The uplink receiver 216

continues to monitor the uplink signal for pointing corrections and/or for link and data-flow

control messages. Such messages could support, for instance, control of the optical

transmitter 30 pointing via motions of the downlink beam that the optical receiver 150

detects as power variations.

[0073] There are a couple of specific cases of closed-loop point-ahead correction that could

be considered. In one case, the spacecraft varies its pointing in a predetermined way and the

receiver sends back information to correct a pointing bias based on its observations of the

resulting power fluctuations. In another case, the receiver may command the spacecraft to

adjust its pointing slightly in a particular direction. Then, based on its measurement of the

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

adjustments.

[0074] The optical receiver 216 is operably coupled to a controller 2 7 ("control module" or

"control electronics," for example, including one or more microprocessors). The optical

receiver 216 sends uplink data received from the optical receiver 150 via the optical head 214

to the controller 21 . The controller 217 is configured to control spacecraft and/or telescope

pointing, connections to telemetry, and/or downlink data flow, and can be configured to



monitor the "health" of optical components of the optical transmitter 130, the modem(s) 230,

etc. For example, the modems 230, etc., may provide low-rate interfaces for monitoring their

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

[0075] The controller 217 can have command and/or telemetry connections with a spacecraft

bus. The controller 217 can include a memory that stores positions of existing terminals

(e.g., other space terminals and/or remote/ground terminals), its own position and attitude

(e.g., over time), and/or a clock for synchronizing operations with the ground segment 240.

The controller 217 can control the acquisition and uplink communication detector (i.e.,

optical receiver 216) and demodulate, validate, interpret, and/or act upon the uplinks. The

controller 217 may also oversee the starting and stopping of the downlink data flow based on

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

[0076] Steering of the optical transmitter 130 is performed by the two-axis gimbal optionally

included within the optical head 214, and/or through body steering of the spacecraft itself, for

example, if the spacecraft is a microsatellite, or with a small, fast-steering mirror. The

spacecraft and/or the optical transmitter 30 can include one or more attitude sensors

configured to measure the attitude of the optical transmitter 130.

[0077] In some embodiments, the optical transmitter is configured to optically crosslink

high-speed data to other spacecraft (e.g., to oilier satellites within a constellation of satellites).

Such optical transmitters can include any or all of the components described above with

regard to the optical transmitter 130 of FIG. 2, but may include 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 crosslink is established.

However, cross-linkable optical transmitters may not require as full a set of data-handling

protocols because of the all-vacuum nature of cross-links (e.g., there is no atmospheric fading

due to turbulence or clouds).

[0078] In some embodiments, the optical transmitter 130 of the communications system 200

includes the optical head 214, the uplink acquisition and low-data- ate optical receiver 216, a

high-data- rate optical transmitter with fast readout, and a control and spacecraft-interface

function 2 7.

Θ079] In some embodiments, the optical transmitter 130 includes one or more opto

mechanical components, such as an opto-mechanical scanner. Since a LEO link can be



established at a very high data rate with a relatively small spacecraft aperture (e.g., a few

centimeters or less), the optomechanical systems for the space terminal can be much 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.

[0080] The performance of the optical link between the optical transmitter 30 and the

optical receiver 150 ("link performance") can vary due to: (1) range variations as the

spacecraft passes over the optical receiver 150; and/or (2) fading at the optical receiver 150

due to atmospheric turbulence, space terminal motion, clouds, etc., resulting in power

fluctuations at the optical receiver 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 30 via the uplink using relatively

low-rate signaling.

[0081] An Example Receiver

[0082] As shown in FIG. 2, the receiver 150 can include an optical head 248

communicatively coupled to a pointing, acquisition and tracking (PAT) module and/or an

adaptive optics (AO) module 24 running one or more AO algorithms. The optical head 248

includes 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, e.g., for even

higher- capacity links, are also contemplated.) The telescope can be mounted on a two-axis

gimbal for 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. Downlink 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 250, including one 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. For instances, the signals may be

combined using channel-wise aperture combining and coherent demodulation as shown in

FIG. 9 of concurrently filed US Application No. (Attorney Docket No. ΜΪΤΧ-7547/OlUS),

which is incorporated herein by reference in its entirety. The processed digital signals are

then passed to one or more buffers 0 for storage and/or for communication to a user via a

ground network.



[0083] The optical head 248 is 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 . W to about several Watts) uplink transmissions can be sent from the optical

receiver 150 via a downlink aperture of the telescope of the optical head 248 (i.e., a "shared"

aperture), or via a small, dedicated, uplink-only telescope/aperture. The uplink optical power

and aperture may be selected such that it is below levels of concern for local eye safety

and/or the Federal Aviation Administration (FAA). The optical receiver 0 may be

configured to send an uplink transmission toward a selected/predetermined optical transmitter

130 at a selected/predetermined time so as to alert the optical transmitter 130 that a link is

desired.

[0084] The uplink transmission beam may be sufficiently wide to remove, reduce or mitigate

as many pointing uncertainties as possible. Alternatively, the uplink transmission beam may¬

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

[0085] The uphnk is modulated by the UL modem 243, and can cany identification and/or

validation signals, as discussed above. Shortly (e.g., seconds) after transmission of the uphnk

from the optical receiver 0, the downlink telescope of the optical head 248 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 is stored in one or more local buffers 0.

[0086] The optical receiver 150 also includes a controller 242 ("controls module" or "control

electronics," for example, including one or more microprocessors) to control uplink telescope

and/or receiver 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 A O

algorithm; (2) calculate and implement the pointing of the gimbal based on knowledge or an

estimate (e.g., position, orbit, trajectory, velocity, etc.) of the optical transmitter 130; (3)

calculate and create data transmission protocol signals; (4) coordinate activities of the

integrated optical receiver 50; and/or (5) communicate with users and the ground data

infrastructure.

[0087] A ground terminal 240 can include a GPS receiver or other means for determining its

location, and may also include a star field tracker for determining its attitude. The optical

receiver 150 can include a memory that stores information about the satellites it can

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



[0088] A ground terminal 240 can include 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 mitigation system can

depend upon the brightness of the received transmission from the space terminal and/or the

duration of the link formed between the ground terminal 240 and the space terminal. Optical

components of the optical receiver 0 can also include a weather protection subsystem, for

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

weather measurements from dedicated monitors.

[0089] As mentioned above, the receiver 50 may be disposed at a ground terminal, on a

boat, on a spacecraft, or on an airplane. Space-borne receivers are positioned farthest from

atmospheric turbulence, and so coupling from even a large space telescope into a fiber can be

relatively straightforward .

[0090] However, far-field scintillation on the downlink 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 multiple spatially

separated small apertures, it becomes less likely that all apertures will be simultaneously

located in nulls in the far field power distribution. So the total power collected by multiple

apertures tends to fluctuate less than the power collected by one small aperture. Note that

'small" in this discussion refers to the aperture size relative to the spatial coherence length of

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

[0091] Similar fading mitigation tradeoffs also exist when comparing systems that employ

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.

[0092] Effects of Spacecraft Trajectory and Elevation on Free- Space Optica! Signals

[0093] As a spacecraft in LEO orbits Earth, it will come into view of ground stations on or

near the spacecraft's "ground track," which is defined as the points on or near Earth's surface

(i.e., within the Earth's atmosphere) on the lines that connect Earth's center with the

spacecraft's center. From the perspective of a ground station 40 on the ground track, the

spacecraft 10 follows a trajectory 111 as shown in FIG. 3A: the spacecraft appears on

the horizon at a low elevation angle Θ, flies directly over the ground station (Θ ------ 90°), then



recedes over the horizon at increasing elevation angle Θ. In theory, if there are no clouds in

the sky over the ground station, the spacecraft 110 should be able to begin transmitting a free-

space optical signal as soon as it appears within sight of the ground station 140 and continue

transmitting until it disappears over the horizon

[0094] In practice, however, range, atmospheric distortion, and fixed modem speeds may

limit the total amount of data that can be transmitted if transmission extends from when the

spacecraft appears on one horizon and disappears over the other horizon. At elevation angles

close to the horizon , the range between the spacecraft 0 and the ground station 40 is

larger than at elevation angles closer to the zenith of the spacecraft's trajectory 11, as shown

in FIG. 3A . Range losses are incurred as the remote terminal 40 angle approaches the

horizon 11; this means that the maximum achievable data rate a a given signal fidelity (bit

error rate) goes down as the range goes up. In other words, as the spacecraft 10 is closer to

the horizon 11, the rate of data transmission from the spacecraft 110 to the ground station 140

drops.

[0095] In addition, a free-space optical signal propagating at an elevation angle close to the

horizon travels through more atmosphere than a free-space optical signal propagating at an

elevation angle closer to 90° (see line segment "A" in FIG. 3A), which increases the effects

of atmospheric distortion. Put differently, as the spacecraft 0 is closer to the horizon

(i.e., at low angles of elevation Θ), free-space optical coupling losses due to the atmosphere

increase. This loss and distortion limits the maximum data rate achievable using free-space

optical communications. Systems described herein are designed to account for these

conditions, as described more fully below.

[0096] FIG. 3B is a plot showing the interplay between data rate and elevation angle, which

changes over time, for free-space optical communications between a spacecraft passing over

aground station on or near the spacecraft's ground track. The sawtooth-shaped curve is a

rough representation of the maximum achievable data rate for a given power level; as

explained above, the maximum achievable data rate varies with elevation angle due to range

and atmospheric losses. The area underneath the triangle represents the maximum amount of

data that the spacecraft can transmit to the ground station in a given pass.

[0097] FIG. 3B also shows options for transmitting data with a fixed-rate optical transmitter

(e.g., an optical transmitter with a modem that operates at a single modulation rate, such as

100 Mbps, 1 Gbps, 0 Gbps, 40 Gbps, 100 Gbps, 1 Tbps, Tbps, or more). For a spacecraft



with a fixed-rate modem, the link options include (1) bursting data to a remote terminal at a

high data rate for a short period of time with the ground station at a high elevation angle or

(2) transmitting data to the remote terminal at a lower rate for a longer time period with the

ground terminal at a low elevation angle. For a given modem data rate, an elevation angle

range/data rate combination can be selected that maximizes data throughput, indicated by the

shaded areas under the 'Maximum Data Rate ' curve. In this case, transmitting data at a

higher rate for a short period when the spacecraft is near the zenith yields higher data

throughput than transmitting data at a lower rate for a longer period of time.

[0098] Those of skill in the art will readily appreciate that transmitting at variable rate may

maximize the total amount of data transmitted in a signal pass. In a WDM system, for

example, one could vary the rate by varying the number of WDM signals that are active. Tins

could yield a threefold increase in transmitted data versus the optimal fixed data rate.

However, variable rate transceivers can be more complex to implement, and rate changes

must be coordinated between the transmitter and receiver, which could result in downtime

during rate changes. In many cases, the costs associated with these complexities may not be

worth the benefits of larger data volumes.

[0099] FIG. 4A is a plot of simulated link loss relative to a zenith link (i.e., a link formed

when a spacecraft is at an elevation angle of 90° with respect to a ground terminal) versus

elevation angle (angle from the horizon) for free-space optical communications between a

spacecraft in LEO and a ground station. As shown in FIG. 4A, the lowest loss is achieved

when a ground terminal is positioned at near zenith (e.g., Θ= 90°), and the highest loss occurs

when the ground terminal is at the horizon (Θ= 0°). Thus, designing the system to transmit a

free-space optical signal only when the spacecraft is at or near zenith can significantly reduce

link loss.

[00100] FIG. 4B is a plot of a ratio of simulated data rates to zenith data rate versus

elevation angle (angle with respect to the horizon). Because data rate increases as loss

decreases, the data rate is higher for elevation angles near zenith and lower for elevation

angles closer to the horizon. Thus, transmitting a free-space optical signal when the

spacecraft is at or near zenith enables a higher data rate.

[00101] The statistical likelihood of low elevation passes and aggregate "time in view"

of the spacecraft over all of the available groimd stations in the communications network also

affect the data rate selection. If the spacecraft is likely to make long passes along trajectories



near the horizon (i.e., passes with peak elevation angles that do not reach zenith elevation

angles), then transmitting data at a lower data rate (e.g., <100 Mbps) for long periods (e.g.,

>10 minutes) may yield higher aggregate data throughput. But if the spacecraft is more likely

to pass over many ground stations at or near zenith elevation angles, then transmitting data at

a higher data rate (e.g., >10 Gbps, >40 Gbps, or >100 Gbps) for short periods (e.g., <10

minutes, <8 minutes, <6 minutes, <4 minutes, etc.) should yield a higher data throughput.

[00102] FIG. 4C is a plot of simulated time in view for a single spacecraft pass versus

elevation angle (angle with respect to the horizon). It shows the time in view as a function of

the minimum elevation angle allowed by the link. If the minimum elevation angle is higher,

the total time above that elevation angle becomes shorter, approaching 0 minutes for a

minimum elevation angle of 90. Note that this example is for a single pass that happens to

reach an elevation angle close to 90 degrees. Most passes do not reach that elevation.

[00103] FIG. 4D is a plot showing the frequency of communication links over a

simulated 120-day period for a range of ground terminal elevation angles and a spacecraft

orbiting Earth at an altitude of 600 km and an inclination of 45°. It is a histogram of the

maximum elevation angle reached for passes over a 120-day period for a single ground

station at White Sands, NM. FIG. 4D shows that many passes reach a maximum elevation of

< 20°. This may lead one to believe that a good link design would operate at angles below

20° to take advantages of those passes. But a detailed analysis shows that that is not always

the optimal design. Higher data volumes may be achieved by bursting at much higher rates

for a smaller number of passes.

[00104] FIG. 5 shows a computation and plot of normalized data volume versus

elevation angle (angle with respect to the horizon) based on the combination of the

simulations of FIGS. 4B-4D. At an elevation angle of about 20°, the maximum time in view-

is about 8 minutes, the minimum data rate is about 20% of the peak data rate, and the fraction

of time when the link is higher than 20° is about 2% of a day (about 30 minutes) for the

spacecraft and ground stations represented by FIGS. 4B-4D. The simulation results of FIG .

5 are typical for a satellite transmitting at a single data rate and operating at any of a range of

LEO altitudes (e.g., 300 km to 1,000 km). As an example, a satellite in a 600 km orbit

transmitting at a rate of 200 Gbps at 0.5 W with a 2 cm aperture could deliver about 100 Tb

per day to a single 40 cm ground terminal. Increasing the transmit aperture or power

increases the data volume. Increasing the receive aperture may not increase the data volume



as the total collected power may saturate, depending on the quality and effectiveness of the

adaptive optics.

[00105] FIG. 5 shows that the highest normalized data volume occurs when the

elevation angle from the horizon (or ground station "look angle") is between about 20° and

about 40° (e.g., 20°, 25°, 30°, or 35°). Thus, to increase or maximize data throughput, the

free-space optical communications system 0 shown in FIG. 1 may transmit data via free-

space optical signal bursts at elevation angles greater than about 20° (e.g., 20°, 25°, 30°, 35°,

or higher) at a data rate based on the link loss, available optical power, and desired signal

fidelity (bit error rate). A ground station may trigger a given burst via an uplink to the

spacecraft as described above with respect to FIG. IB.

[00106] Communications Channel Coupling Losses and Fading

[00107] Atmospheric effects such as clouds, temperature gradients and turbulence cars

have deleterious effects on free-space optical transmissions, for example such that light

arriving at a receiver telescope of a remote terminal is optically aberrated or distorted. To

compensate for such effects, adaptive optics technologies can be implemented at the receiver.

Adaptive optics can include, for example, a feedback loop that includes a fast-steering mirror

(FSM) and/or a feedback loop that includes a wavefront sensor and deformabie mirror.

[00108] The curve in FIG. 6A depicts the average coupling loss between light entering

a telescope and an optical fiber when only tilt tracking, via an FSM, is used to compensate for

atmospheric distortions. In this plot, D is the telescope's aperture diameter and r O is the

spatial coherence length in the atmosphere, sometimes referred to as the Fried parameter. As

the ratio D/r() becomes large, the coupling loss becomes large. For example, for a 40-cm

aperture, the stars labelled "Case 1A" and ' Case 2A" correspond to two different

atmospheres, respectively: a "nominal" atmosphere in which r0=10.1cm, and a "stressing"

atmosphere in which rO=7.8cm (i.e., a reduced spatial coherence length). The curve shows

that the coupling loss to the fiber would be 12- dB in those cases. The stars labelled

"Case B" and "Case 2B" represent what could be achieved with additional adaptive optics

(including a deformabie mirror and wavefront sensor) for the same nominal and stressing

atmospheres, respectively. As can be seen in FIG. 6A, the coupling efficiency under the

same respective conditions as Cases 1A and 2A is greatly improved (by about 0 dB) with

additional adaptive optics in Cases IB and 2B.



[00109] Atmospheric effects can also reduce the power of the transmitted light beam

and/or cause "dropouts" during w n ch transmitted data is not received at all. To compensate

for such effects, forward error correction (FEC) can be implemented at the optical receiver

and/or the optical transmitter.

[00110] FIG. 6B 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. 6A. The gray curve is Case 1 (nominal) and the black curve is Case 2 (stressing).

The bold horizontal ine shows the receiver threshold, assuming that the link has 3 dB of

margin on the average power. When the black and gray curves drop below the bold

horizontal line, the received power is below the threshold power of the receiver and bit errors

or frame errors will be present. The system may correct for these with FEC techniques (see,

e.g.,the discussion of box 67 of FIG. IB above) and/or feedback protocols used to retransmit

frames that have errors.

[00111] FIG. 6C is a plot showing cumulative distribution functions for fade depths for

the nominal and stressing atmospheres of FIG. 6A. The vertical dashed line at 3 dB shows

the fades that would 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 -1% of the time, and under the nominal

atmospheric conditions, the power drops below this threshold -0.6% of the time. These

percentages determine what FEC and/or feedback protocols may be used to provide reliable

data deliver over the channel.

[00112] Free-Space Optica! Communications Link Simulation

[00113] In designing laser communications systems, considerations can include

elevation constraints, geographic coverage, and link statistics (e.g., the time duration of

communication links, and the duration of gaps therebetween). Elevation constraints impact

both the geographic coverage, as well as the link budget. Each of these parameters is

dependent upon the orbit of the spacecraft. FIGS. 7A--7D show simulations of ink durations

and gaps for simulated links between a spacecraft in a specified orbit, and a single ground

station.

[00114] FIG. 7A is a plot showing the simulated number of links (over 7 days) formed

at different link durations, between a spacecraft whose orbit is inclined to a single ground

station at White Sands, New Mexico (600 km altitude and an inclination of 45°). FIG. 7B is a



plot showing the simulated number of gaps between links, as well as their durations, for the

simulation of FIG. 7A. FIG. 7C is a plot showing the simulated number of links (over 7 days)

formed at different link durations, between a spacecraft (ENVISAT) whose orbit is polar to

White Sands, New Mexico (770 km altitude and an inclination of 98°), and a single ground

station. FIG . 7D is a plot showing the simulated number of gaps between links, as well as

their durations, for the simulation of FIG. 7C.

[00115] For the single ground station configurations of FIGS. 7A-7D, the LEO-to-

ground links can generally be considered of short duration (about 5-6 minutes), and relatively

infrequent (with gaps of about 2.5 to 10 hours between each pass). Although single ground

station configurations exhibit latencies that are sufficient for some applications, multiple

ground stations can offer a number of advantages, including (but not limited to): mitigation of

weather outages, increased geometric access time (higher data volume), reduced link latency

(less time between links), reduced infrastructure costs (e.g., links are formed directly to

where they are needed), and permitting several users to leverage the same ground network.

[00116] FIG. 8A is a plot showing the simulated number of links (over 7 days) formed

at different link durations, between a spacecraft whose orbit is an altitude is 600 km and an

inclination of 45° and 6 ground stations. FIG. 8B is a plot showing the simulated number of

gaps between links, as well as their durations, for the simulation of FIG. 8A. As shown in

FIG. 8B, the median gap duration is about 1 hour, and the maximum gap duration is about 5.5

hours.

[00117] FIG. A is a plot showing the simulated number of links (over 7 days) formed

at different link durations, between a 770 km spacecraft in polar orbit, and 6 ground stations.

FIG. 9B is a plot showing the simulated number of gaps between links, as well as their

durations, for the simulation of FIG. 9A. As shown in FIG. 9B, the median gap duration is

about 1 hour, and the maximum gap duration is about 4 hours.

[00118] The simulations of FIGS. 8A, 8B, 9A, and 9B show that a link is established

during every orbit. Benefits of 6 ground stations include: sufficient weather diversity to

allow for links to be formed by a ground station when one or more of the other ground

stations is obscured, margin on spacecraft buffer fill and empty cadence, and the ability to

accommodate users with more stringent latency specifications than could be accommodated

by the single ground station system.



[00119] FIG. 10A is a rendering of a distribution of 17 ground stations and a spacecraft

trajectory. FIG. 10B is a plot showing the simulated number of links (over 7 days) formed at

different link durations, between a spacecraft and the 1 ground stations of FIG. 10A, the

ground stations having an elevation of 20° from the horizon FIG. IOC is a plot showing the

simulated number of gaps between links, as well as their durations, for the simulation of FIG.

B .

[00120] In the analysis of FIGS. lOB-lOC, the link is established as the spacecraft rises

above 20 degrees and maintained until the spacecraft sets below 20 degrees. Depending on

the pass and the ground terminal location, some passes may go as high as 90 degrees while

others may barely go above 20 degrees (these are the short duration passes shown in the

histogram of FIG. 10B). As shown in FIG. IOC, the median gap duration is about 7.7

minutes, and the maximum gap duration is about 1.2 hours. Average DTE link gaps/outages

can be less than 0 minutes with 10 or more ground stations (with a maximum gap/outage

time of 75 minutes). System-level optimizations contemplated by the present disclosure

include buffer sizing and the number of ground stations.

[00121] High-Level System Design

[00122] FIG. is a chart of the high level "tradespace" for spacecraft

communications at a range of 1,000 km for various transmitter and receiver diameter

combinations. As shown in FIG. 11, there are tradeoffs between transmitter and receiver

aperture sizes, transmitter power, and the data rate supported by the link. When the receiver

aperture diameter is too small, scintillation effects become significant. To achieve higher

effective receiver aperture diameters (i.e., higher "collection area"), multiple apertures can be

used. For very small transmitter aperture diameters, space terminal open-loop pointing (e.g.,

physical modeling of spacecraft motion to predict future motion, and periodically adjusting

the spacecraft attitude) is possible, whereas with larger transmitter aperture diameters, space

terminal closed-loop pointing (e.g., repositioning the space terminal periodically to locate the

direction of maximum beacon signal strength) is performed.

[00123] As shown by the plotted lines, the lower the power of the transmitter for a

given data rate, the larger the corresponding transmitter or receiver diameter (i.e., with all

else being fixed) is. For example, for a transmitter diameter of 2 cm and a transmitter power

of 5 mW, a receiver diameter of about 5 cm achieves a data rate of 1 Gbps. In another

example (not plotted), at .55 urn, across 1,000 kilometers, a lossless system (i.e., no losses



due to transmitter or receiver or pointing or attenuation) can deliver 101 billion photons per

second using 1.5-cm transmit and receive apertures and a 1-Watt source. Higher flux rates to

support higher data rates or take into account the various losses can be achieved by increasing

the aperture sizes and/or the transmit power. For example, 12 dB of extra performance could

be accommodated by using symmetric apertures of twice the diameter (3 cm).

[ 0 4] Taking into account the tradespace of FIG. 1 , a wide variety of theoretical

system designs can be devised. Example specifications of existing direct-to-Earth (DTE)

architectures are shown in TABLE 1 below, followed by a table comparing data generation,

storage, and communication of two different LEO satellite missions (TABLE 2).

TABLE 1

TABLE 2



Daily Data Generation (Tb/day) 0,5 24

RF Comm. Data Rate (Mbps) 50-1ΘΘ 1,000

[00125] Space terminals described herein are smaller and lower-cost than previous

high-performance lasercom system. This s made possible, for example, due to the shorter

range between LEO spacecraft and ground terminals, and/or by telescopes i the ground

terminals being much larger than space-bome telescopes. Also, ground telescopes described

herein are smaller and lower-cost than previous high-performance lasercom downlink

receivers, for example, due to the shorter range between LEO spacecraft and ground

terminals, and the use of extremely high-efficiency modems (e.g., with single-mode fiber

feeds for their inputs) that can operate at extremely high data rates, and adaptive optics

components/systems.

[00126] Given the fast spatial and signal acquisition times for components of the

communications systems described herein, the data transfer protocols and extremely high

burst rates allow for the transmission of very high volumes of data down through even largely

cloudy skies. Downlink availability is therefore much larger than the numbers provided by

the climatological probability statistics of Cloud-Free Line-of- Sight (CFLOS).

Communications approaches described herein can increase the science collection capability

of future missions, freeing mission designers from science scheduling complexity.

Furthermore, as satellite constellations mature, and more satellites (such as those described

herein) are launched with crosslinks, downlink availability will increase since satellites with

data to downlink can crosslink over to satellites passing over ground terminals that are not

'clouded out," rather than attempting to directly downlink. Optical channels can also be

more data secure than RF channels, and with no spectrum registration requirements, the

capacity of the available optical band is nearly infinite.

[00127] Conclusion

[00128] 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 each of such variations and/or modifications is deemed to



be within the scope of the inventive embodiments described herein. More generally, those

skilled in the art will readily appreciate that a l parameters, dimensions, materials, 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 inventive teachings is/are used. Those skilled in the art will

recognize, or be able to ascertain using no more than routine experimentation, many

equivalents to the specific inventive embodiments described herein. It is, 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, inventive embodiments may

be practiced otherwise than as specifically described and claimed. Inventive embodiments of

the present disclosure are directed to each individual feature, system, article, material, kit,

and/or method described herein. In addition, any combination of two or more such features,

systems, articles, materials, 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.

[00129] 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.

[00130] Further, it 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 a tablet computer. Additionally, a computer may be embedded in a device not generally-

regarded as a computer but with suitable processing capabilities, including a Personal Digital

Assistant (PDA), a smart phone or any other suitable portable or fixed electronic device.

[00131] Also, a computer may have one or more input and output 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 output. 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 input information through speech recognition or in

other audible format.

[00132] Such computers may be interconnected by one or more networks in any

suitable form, including a local area network or a wide area network, such as an enterprise

network, and intelligent network (IN) or the Internet. Such networks may be based on any-

suitable technology and may operate according to any suitable protocol and may include

wireless networks, wired networks or fiber optic networks.

[00133] The various methods or processes (e.g., of designing and making the

technology disclosed above) outlined herein may be coded as software that is executable on

one or more processors that employ any one of a variety 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 may be compiled as executable

machine language code or intermediate code that is executed on a framework or virtual

machine.

[00134] In this respect, various inventive concepts may be embodied as a computer

readable storage medium (or multiple computer readable storage media) (e.g., a computer

memory, one or more floppy 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 various embodiments of the invention discussed above.

The computer readable medium or media can be transportable, such that the program or

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.

[ 0 3 ] The terms "program" or "software" are used herein in a generic sense to refer

to any type of computer code or set of computer-executable instructions that can be employed

to program a computer or other processor to implement various aspects of embodiments as

discussed above. Additionally, it should be appreciated that according to one aspect, one or

more computer programs that when executed 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.



[00136] Computer-executable instructions may be in many forms, such as program

modules, executed by one or more computers or other devices. Generally, program modules

include routines, programs, objects, components, data structures, etc. that perform particular

tasks or implement particular abstract data types. Typically the fu ctional y of the program

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

[00137] Also, data structures may be stored in computer-readable media in any suitable

form. For simplicity of illustration, data structures may be shown to have fields that are

related through location in the data structure. Such relationships may likewise be achieved

by assigning storage for the fields with locations in a computer-readable medium that convey

relationship between the fields. However, a y suitable mechanism may be used to establish a

relationship between information in fields of a data structure, including through the use of

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

[00138] Also, various 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 in which acts

are performed in an order different than illustrated, which may include performing some acts

simultaneously, even though shown as sequential acts in illustrative embodiments.

[00139] All definitions, as defined and used herein, should be understood to control

over dictionary definitions, definitions in documents incorporated by reference, and/or

ordinary meanings of the defined terms.

[00140] The indefinite articles "a" and "an," as used herein in the specification and in

the claims, unless clearly indicated to the contrary, should be understood to mean "at least

one."

[00141] 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, i.e., elements

that are conjunctively present in some cases and disjunctively present in other cases.

Multiple elements listed with "and/or" should be construed in the same fashion, i.e., "one or

more" of the elements so conjoined. Other elements 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 conjunction with open-ended language such as "comprising" can refer, in

one embodiment, to A only (optionally including elements oilier than B): in another



embodiment, to B only (optionally including elements other than A); in yet another

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

[00142] 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. For example, when

separating items in a list, "or ' or "and/or" shall be interpreted as being inclusive, i.e., the

inclusion of at least one, but also including more than one, of a number or list of elements,

and, optionally, additional unlisted items. Only terms clearly indicated to the contrary, such

as "only one of or "exactly one of," or, when used in the claims, "consisting of will refer to

the inclusion of exactly one element of a number or list of elements. In general, the term "or"

as used herein shall only be interpreted as indicating exclusive alternatives (i.e. "one or the

oilier but not both") when preceded by terms of exclusivity, such as "either," "one of," "only

one of," or "exactly one of." "Consisting essentially of," when used in the claims, shall have

its ordinary meaning as used in the field of patent law.

[ΘΘ143] As used herein in the specification and in the claims, the phrase "at least one,"

in reference to a list of one or more elements, should be understood to mean at least one

element selected from any one or more of the elements in the list of elements, but not

necessarily including at least one of each and every element specifically listed within the list

of elements and not excluding any combinations of elements in the list of elements. This

definition also allows that elements may optionally be present other than the elements

specifically identified within the list of elements to which the phrase "at least one" refers,

whether related or unrelated to those elements specifically identified. Thus, as a non-limiting

example, "at least one of A and B" (or, equivalently, "at least one of A or B," or, equivalently

"at least one of A and/or B") can refer, in one embodiment, to at least one, optionally

including more than one, A, with no B present (and optionally including elements other than

B); in another embodiment, to at least one, optionally including more than one, B, with no A

present (and optionally including elements other than A); in yet 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.

[00144] n the claims, as well as in the specification above, all transitional phrases

such as "comprising," "including," "carrying," "having," "containing," "involving,"

"holding," "composed of," and the like are to be understood to be open-ended, i.e., to mean

including 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 2 1.03.



CLAIMS

1. A method of free-space optical communications, the method comprising;

receiving data, from a spacecraft via a free-space optical channel, at a remote terminal

at an altitude of less than about 100,000 feet at an average rate of at least Tbit per day.

2 . The method of claim 1, wherein receiving the data comprises receiving the data at an

average rate of at least about 100 Tbit per day.

3 . The method of claim 1, wherein receiving the data comprises receiving a free-space

optical signal modulated at a rate of at least about 10 Gbps

4 . The method of claim 1, wherein receiving the data comprises receiving a free-space

optical signal modulated at a rate of at least about 200 Gbps.

5 . The method of claim 1, wherein the spacecraft is in low Earth orbit (LEO).

6 . The method of claim 1, wherein the spacecraft is in medium Earth orbit (MEO).

7 . The method of claim 1, further comprising:

storing the data in a buffer on the spacecraft at an average rate of at least about 300

Mbps.

8 . The method of claim , further comprising;

storing the data in a buffer on the spacecraft at an average rate of at least about 1200

Mbps.

9 . A method of free-space optical communications between an optical receiver based on

Earth with an optical transmitter on a spacecraft in low Earth orbit (LEO), the method

comprising:

receiving, by the optical receiver, a free-space optical signal from the optical

transmitter, the free-space optical signal comprising a burst modulated at a rate of at least

about 10 Gigabits per second (Gbps).

0 . The method of claim 9, wherein receiving the free-space optical signal comprises

receiving information at a rate of at least about 40 Gbps.



. The method of claim 9, wherein receiving the free-space optical signal comprises

receiving information at a rate of at least about 0 Gbps.

12. The method of claim 9, wherein receiving the free-space optical signal comprises

receiving at least about 1 Terabyte of information.

. The method of claim 9, wherein receiving the free-space optical signal comprises

receiving information for up to about 6 minutes.

14. The method of claim 9, wherein the free-space optical signal comprises a plurality of

wavelength-division multiplexed (WDM) signals, and further comprising:

de-multiplexing the WDM signals in the free-space optical signal.

5 . The method of claim 9, further comprising;

coherently demodulating the free-space optical signal at the optical receiver.

6 . The method of claim 9, wherein the optical receiver has an elevation of angle of at

least about 20 degrees above a horizon.

17. The method of claim 9, further comprising:

detecting degradation of the free-space optical signal received by the optical receiver;

and

repeating transmission of at least a portion of the free-space optical signal in response

to detection of the degradation.

. A system for free-space optical communications, the system comprising:

an optical transmitter, disposed on a spacecraft in low-Earth orbit, to transmit a free-

space optical signal compri sing a burst modulated at a rate of at least about 0 Gigabits per

second (Gbps); and

a receiver, based on Earth and in optical communication with the optical transmitter,

to receive the free-space optical signal.

9 . The system of claim , wherein the optical transmitter is configured to modulate the

burst at a rate of at least about 40 Gbps.

20. The system of claim 18, wherein the optical transmitter is configured to modulate the

burst at a rate of at least about 0 Gbps.



. The system of claim 8, wherein the optical transmitter is configured to transmit a

least about 1 Terabyte of information in the burst.

22. The system of claim , wherein the optical transmitter is configured to transmit the

burst over a duration of up to about 6 minutes.

23. The system of claim 18, wherein the optical transmitter is configured to transmit the

burst in response to a signal from the receiver indicating that the optical transmitter is at an

elevation of angle of at least about 20 degrees above the horizon of the Earth.

24. The system of claim 18, wherein the receiver is configured to coherently demodulate

the free-space optical signal.

25. The system of claim 8, wherein the receiver is configured to detect degradation of

the free-space optical signal received by the receiver and to cause the optical transmitter to

repeat transmission of at least a portion of the free-space optical signal in response to

detection of the degradation.

26. The system of claim 18, further comprising:

a sensor, disposed on the spacecraft, to generate data at a rate of less than about

Gigabits per second (Gbps); and

a buffer, disposed on the spacecraft and operably coupled to the sensor and to the

optical transm itter, to store the data for transmission to the receiver by the optical transmitter.

27. The system of claim 18, further compri sing:

a processor, operably coupled to the sensor and the buffer, to encode the data with a

forward error correction code prior to storage of the data in the buffer.
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