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(57) ABSTRACT

A dedicated satellite to reduce the cost and increase the rate
and reliability of data transmission from space to ground 1s
provided. For each client satellite producing data in Earth
orbit, a dedicated relay satellite 1s provided. The relay
satellite may fly near the client satellite and receive data
from the client satellite by RF communication. The relay
satellite may transmit the data to a ground terminal or to
another satellite using a laser communication system.
Because the relay satellite 1s not physically connected to the
client satellite, the attitude-control requirements of an opti-
cal communication system are not imposed on the client
satellite. The relay satellite may also be deployed from the
client satellite. The relay satellite may allow downlinking
large amounts of data for new satellite operators without an
existing ground network and for established satellite opera-
tors seeking higher data rates, lower latency, or reduced
ground system operating costs.
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CO-ORBITING LASER COMMUNICATIONS
RELAY SATELLITE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Patent Application No. 62/131,702, filed Mar. 11, 2015,

entitled “Co-Orbiting Laser Communications Relay Satel-
lite,” which 1s hereby incorporated by reference in 1ts
entirety.

FIELD

[0002] The present invention relates to an application of a
relay satellite, and in particular, a communications relay
satellite.

BACKGROUND

[0003] Recent progress 1n sensor technology has allowed
low Earth orbit (LEQO) satellites to shrink significantly in
s1ze, disrupting a legacy industry where traditional satellites
cost 500 million dollars to 1 billion dollars to build and
launch. Major investments are being made to address the
new opportunities that this provide for data collection, and
many companies are launching nanosatellites and/or micro-
satellites 1into LEO to capture this opportunity. The rapidly
expanding satellite infrastructure 1s generating vast amounts
of data, reaching nearly 20 PB/year in 2014, with no signs
that the trend will level off. To bring all that data down from
LEO requires an average communication rate of 5 Gb/s,
continuously, and that demand will continue to grow.

[0004] Typically, most satellites download data via space-
to-ground radio-frequency (RF) links, communicating
directly with fixed ground stations as the satellites fly within
range. The current ground station infrastructure has several
key limitations that present significant challenges as the
satellite 1ndustry continues to grow. Satellite-to-ground
communications are “line-of-sight,” meaning that ground
stations must receive data only from satellites that are
directly above the local horizon. The duration of a satellite
passes over a ground station depends on the altitude of the
satellite and the distance between the ground station and the
ground track of the satellite. With satellites 1n LEO, the
maximum pass duration 1s typically less than ten minutes.

[0005] The frequency of passes 1s strongly dependent on
the satellite orbit parameters and the location of the ground
station. For example, a satellite in equatorial orbit will pass
over an equatorial ground station on each orbit. This means
that with a typical orbital period of 90 minutes, the satellite
will pass the ground station 16 times per day. Similarly, a
satellite 1n a polar orbit will pass over a ground station
located at the North Pole once per orbit. On the other hand,
the satellite 1n polar orbit will pass over the equatorial
ground station between two and four times per day depend-
ing on the alignment of the ground track with the location of
the ground station.

[0006] However, 1t should be noted that the satellite 1n

equatorial orbit will never pass over the polar ground station.
Most LEO satellites are 1n orbits at some inclination
between equatorial and polar, and most ground stations are
located at latitudes well south of the North Pole. As such, the
pass frequency for any given satellite over any given ground
location will typically be three to five times per day for
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ground stations that are not at high latitude (above about 60
degrees) and not at latitudes higher than the orbital inclina-
tion of the satellite.

[0007] The consequence of limitations on pass duration
and frequency i1s that a satellite will be within communica-
tion range of a given ground station for no more than 10
percent of a day, and typically for less than 2 percent of the
day. These constraints on pass duration and pass frequency
are driven by orbital dynamics and can be overcome only by
increasing the number of ground stations or locating the
ground stations at very high latitudes. However, increasing
the number of ground stations require a large amount of
capital mvestment. Furthermore, avoiding downlink con-
straints requires a large number of geographically diverse
ground stations that are inherently underutilized.

[0008] To compensate for the limitations on ground con-
tact time, the data transmission rate during what contact time
1s available 1s increased. High data rates in the RF require
some combination of high transmitter power and high-gain
antennas on the satellite and the ground station. High power
transmitters and high-gain antennas on the space segment
are constrained by power and mass limitations on the
satellite. High-gain antennas on the ground are not mass
limited, but tend to be very large (10 meters or more 1n
diameter) and require significant capital investment.

[0009] As data produced in LEO increases substantially
with more satellites launched, downlink infrastructure must
grow to meet demand. However, a more fundamental 1limi-
tation to downlink rates will be encountered in the future,
simply due to the overuse of available RF bandwidth in the
space environment. Furthermore, simply adding new RF
ground terminals will not solve the problem, because the
ground stations will start to interfere with one another.
Similarly, RF bandwidth 1s constrained on the space side.
For example, when two satellites are relatively close to one
another, their RF signals can interfere.

[0010] For new satellite companies leveraging advances 1n
satellite costs, capital imnvestment for an extended ground
station network 1s particularly burdensome because the size
and cost of the ground network does not scale with the size
ol the satellites. Ground station costs have not scaled at the
same rate as satellite costs, requiring significant investment
to match growth 1n satellite capacity.

[0011] Laser communication has the potential to provide
data rates adequate to handle all the data generated on orbait
for the foreseeable future. However, current laser commu-
nication technology requires installation of expensive laser
transmitters on each satellite, and places operational con-
straints on the satellite (pointing, jitter, etc.) that are often
beyond the capability of budget satellites.

[0012] A distributed constellation of satellites 1n Earth
orbit, called network satellites, may enhance the utility of
client satellites 1n Earth orbit by providing a high-bandwidth
data link to ground. Chient satellites may include any satel-
lite 1n Earth orbit that collects data at a high rate, where high
can mean that satellite operations are constrained by avail-
ability of communications bandwidth, or that satellite opera-
tions requires one or more dedicated ground stations. The
network satellites may receive data at close range from the
client satellites, and subsequently transier the client data to
the ground using optical communication. The system may
also 1nclude several widely-distributed optical ground sta-
tions for recerving data from the network satellites.
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[0013] However, this system includes limitations. For
example, the network satellites, unless in the same orbit as
the client satellite, will be close to the client satellite for only
briel time periods. To provide reliable and ubiquitous cov-
erage for client satellites with non-co-orbiting network sat-
ellites would require a large number of network satellites. In
addition, existing client satellites are typically three-axis
stabilized, and configured to transmit toward ground. If a
network satellite 1s co-orbiting with the client satellite, 1t wall
be either ahead of, or behind, the client satellite 1n 1ts orbit,
and will not be 1n a position to receive data from the client
satellite’s primary ground link antenna.

[0014] Thus, dedicated communications relay satellites
may be beneficial.

SUMMARY

[0015] Certain embodiments of the present invention may
provide solutions to the problems and needs in the art that
have not yet been fully 1dentified, appreciated, or solved by
current satellites. For example, in some embodiments, a
dedicated communications relay satellite (hereinafter “relay
satellite”) 1s placed 1n a quasi-orbit about a client satellite. In
one or more embodiments, the relay satellite may pass
between the client satellite and the Earth once per orbait,
passing through the normal communications beam of the
client satellite. The relay satellite may receive data from the
client satellite over a short-range low-power link and then
retransmit the data over a long-range link, such as an optical
link, to another satellite node, or directly to the ground.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] In order that the advantages of certain embodi-
ments of the mvention will be readily understood, a more
particular description of the invention briefly described
above will be rendered by reference to specific embodiments
that are 1llustrated in the appended drawings. While it should
be understood that these drawings depict only typical
embodiments of the invention and are not therefore to be
considered to be limiting of its scope, the invention will be
described and explained with additional specificity and
detail through the use of the accompanying drawings, 1n
which:

[0017] FIG. 1 1s a view 1llustrating a client satellite and a
relay satellite orbiting in an Earth-centered frame, according,
to an embodiment of the present invention.

[0018] FIG. 2 illustrates a relay satellite quasi-orbit 1n a
client centered frame with coplanar orbits having different
eccentricities, according to an embodiment of the present
invention.

[0019] FIG. 3 illustrates a relay satellite quasi-orbit 1n a
client-centered frame with non-coplanar orbits having dii-
ferent eccentricities, according to an embodiment of the
present mvention.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

(L]

[0020] In one or more embodiments, a relay satellite may
include a receiver for receiving data from a client satellite,
memory for storing that data on board the relay satellite, and
a transmitter for transmitting that data to another satellite or
to the ground. The relay satellite may be launched 1n an orbit
where the relay satellite becomes a quasi-satellite of the
client satellite. In one embodiment, a quasi-satellite may be
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a second object 1 a co-orbital configuration with a first
object. In such an embodiment, both objects orbit 1n a
gravitational field, e.g., around the Earth, with the same
period and 1n nearly the same orbit.

[0021] However, it should be appreciated that the second
object orbits with an eccentricity and/or inclination slightly
different from the first object. For example, in a coordinate
system centered on the first object, the second object may
appear to be orbiting the first object with a period equal to
the period of the two objects orbiting 1n the primary gravi-
tational field. The second object may be 1n a quasi-orbit
about the first object. Alternatively, the first object may be
considered to be 1n a quasi-orbit about the second object. In
either case, the distinction 1s purely a matter of selecting the
appropriate coordinate system.

[0022] In one embodiment, the relay satellite may be in an
orbit that allows 1t to pass directly between the client satellite
and the Earth. As such, the relay satellite may pass through
the beam of the downlink antenna of the client satellite once
per orbit. This may be accomplished by placing the relay
satellite 1n an orbit with the same period and inclination as
the client satellite, but with a diflerent eccentricity.

[0023] FIG. 1 1s a view 100 1llustrating a satellite orbiting
in an Earth-centered frame, according to an embodiment of
the present invention. In this embodiment, the client satellite
and the relay satellite orbit about Earth 115 1n an Earth-
centered coordinate system. For simplicity, the client satel-
lite 1s shown 1n a circular orbit 105 while the relay satellite
1s shown 1n an elliptical orbit 110. In other embodiments, the
relay satellite may be in a circular orbit and the client
satellite may be 1n an elliptical orbit. In yet another embodi-
ment, both client and relay satellites may be in elliptical
orbits with differing eccentricities. The eccentricity of relay
satellite orbit 110 1s exaggerated for clanty in FIG. 1.

[0024] In FIG. 2, the same orbits shown i FIG. 1 are now

shown 1n a coordinate system centered on client satellite
205. In this embodiment, the relay satellite may have a
quasi-orbit 210 about client satellite 205. The period of
quasi-orbit 210 will be the same as the period of client
satellite 205 about the Earth.

[0025] Alternatively, i1 it 1s deemed detrimental to client
satellite 205 to have the relay satellite passing through the
client satellite’s 205 field of view of the ground, then the
relay satellite can be placed in an orbit that has both an
eccentricity difference and a slight inclination difference
relative to client satellite 205.

[0026] FIG. 3 shows, for example, orbits in a coordinate
system centered on client satellite 305. In this embodiment,
the relay satellite may be 1n a quasi-orbit 310 about client
satellite 305. In such an embodiment, quasi-orbit 310 may
be inclined with respect to the plane of the orbit of client
satellite 305 about the Earth. The period of the quasi-orbit
310 may be the same as the period of client satellite 305
about the Earth.

[0027] The radius of the quasi-orbit, 1n either case, can be
selected according to the preferences of the owner and/or
operator of the client satellite, and the requirements of the
RF link between the client satellite and the relay satellite. As
the quasi-orbit radius decreases, the strength of the RF link
may improve, increasing the rate of data transfer. However,
a smaller quasi-orbit radius may increase the potential for
collision between the relay satellite and the client satellite,
and places tighter constraints on station-keeping for relay
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satellite. In general, the station-keeping requirements on the
relay satellite may be similar to those of the client satellite.

[0028] In FIG. 2 and FIG. 3, the relay satellite 1s shown 1n
a quasi-orbit about the client satellite that 1s centered on the
client satellite. It should be understood that the quasi-orbit 1s
not controlled by the gravitational attraction between the
client satellite and the relay satellite; the quasi-orbit 1s an
artifact of the relative orbits of the client satellite and the
relay satellite both about the Earth. As such, 1t 1s not
necessary that the quasi-orbit be centered on the client
satellite. In an embodiment of this invention, the center of
the quasi orbit may be displaced along the orbital track of the
client satellite. From the perspective of the quasi orbit, the
client satellite 1s displaced from the center of the quasi orbait.
If the center of the quasi-orbit 1s displaced from the client
satellite a distance greater than the radius of the quasi-orbit,
then the radius of the quasi-orbit may be made arbitrarily
small without risk to the client satellite. In the limiting case
ol a zero-radius quasi orbit displaced along the orbital path
of the client satellite, the client satellite and the relay satellite
are 1n the same orbit but with an in-track ofiset that keeps the
relay satellite and the client satellite within a pre-determined
distance.

[0029] The relay satellite may include one or more RF
receivers configured to receive on communications bands
normally used by the client satellite for communications
with the ground. The short-range communications with relay
satellite may be performed at a power level substantially
below that required for commumnications directly to ground,
presenting a cost savings for satellite operators. In addition,
the use of short-range communications may reduce the
demand for RF bandwidth in space communications. The
radio frequency selected for short range commumnication
between the client satellite and the relay satellite may be one
that does not penetrate the Earth’s atmosphere, such that the
selected radio frequency i1s a frequency that 1s not normally
used for space-to-ground communications.

[0030] The relay satellite may also include a laser com-
munication transmitter configured to transmit data at rates
above 100 Mb/s, and 1n some embodiments, above 1 Gb/s.
For example, the laser communication system for the relay
satellites may utilize the laser system developed for Aero-
Cube-OCSD. This laser 1s a 10-W Master Oscillator Fiber
Amplifier (MOFA) configuration capable of encoding data
at 500 Mb/s. Changes to the electronics and software may
allow this laser to reach gigabit rates. This may be high
enough such that the potential data rates that can be achieved
through the use of the relay satellite depends on the capacity
of the RF link between the client satellite and the relay
satellite. In certain embodiments, the entire laser may be
included within a package that 1s about 10 cm square and 2.5
cm thick. The power supply (e.g., in the form of batteries)
may occupy an additional volume of about 10 by 5 by 2 cm.
As such, this laser may easily {it 1n a CubeSat form factor,
and provide the necessary downlink capacity.

[0031] If, however, the data capacity of a single relay
satellite 1s insuflicient to meet the requirements of client
satellite, 1t may also be possible to include more than one
relay satellite for each client satellite. The multiple relay
satellites may operate in orbits phased with one another to
maximize availability of relay satellites as a function of
time.

[0032] The ground station, which receives data from the
communication laser, may include an optical telescope that
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1s larger than 30-cm. Such telescopes may be available 1n the
amateur-astronomy market. The drive systems produced for
astronomy applications, however, are not typically adequate
for precision tracking of objects in LEO. As a result, an
upgraded system may be necessary. Such tracking systems
may be available, and may operate autonomously given
knowledge of the anticipated location of the relay satellites.
Such knowledge can be obtained using on-board GPS
receivers on each of the relay satellites. In addition, the
ground systems can use the communication beam from the
relay satellite to enable closed-loop pointing for higher
precision once the beam has been acquired.

[0033] The relay satellite may operate mn a store-and-
forward mode or 1 a continuous communication mode
when other network nodes are visible. In the store-and-
forward mode, data may be transferred from the client
satellite to the relay satellite whenever convenient. The data
may be transferred from the client satellite to the relay
satellite at any data rate convenient for the client satellite.
The collected data may be stored on the relay satellite until
the relay satellite passes over an available optical ground
station. When the relay satellite passes over an available
optical ground station, the data may be downloaded using
the laser communication system. The data may be trans-
ferred using terrestrial networks, or high-capacity space
relay networks, from the optical ground station to the user’s
destination.

[0034] Because the relay satellite may be small and
simple, a 3U (or smaller) CubeSat may be adequate. Fur-
thermore, because the ground stations are far less expensive
than RF ground stations with comparable data rates, the
overall cost of the system can be quite modest.

[0035] Because the relay satellite 1s small 1n size, the relay
satellite may be incorporated in the design of new client
satellites with the mtention of launching the client and relay
satellites 1n a single package and deploying the relay satellite
from the client satellite after i1t reaches orbit. Launching the
client and relay satellites together may minimize the pro-
pulsion requirements for the relay satellite. For example,
co-launch may simplity the needed propulsion for launch
and deployment by placing the satellites into a similar orbat,
minimizing the amount of delta-v required to place the
satellites 1nto a quasi-orbit. In some embodiments, multiple
relay satellites may be deployed simultaneously ifor
increased capacity, or deployed as needed to replace relay
satellites lost due to malfunction or excessive orbital decay.
In further embodiments, the client satellite and relay satellite
may be configured such that the relay satellites may re-dock
with the client satellite, for example, to replenish propellant
for station keeping.

[0036] The motivation for deploying a relay satellite rather
than leaving 1t attached to the client satellite 1s that the
attitude-control requirements of the laser-communication
system are likely to be more stringent than, or incompatible
with, the attitude-control requirements for the client satellite.
Currently, when a laser communication system 1s mounted
on a satellite, 1t 1s connected with a complex gimbal system
that allows the laser to point 1n the required direction and
with i1ts required degree of precision. Such gimbal systems,
however, tend to be quite expensive. In addition, with any
gimbaled system, the pointing direction of the laser 1s never
independent of the attitude of the primary satellite, with
consequent constraints on operation of the laser communi-
cation system. The deployable relay satellite may provide an
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alternative technique that separates the attitude-control
requirements ol the data collection system and the laser
system, and may make the laser communication completely
independent of the attitude of the primary satellite.

[0037] The relay satellite described above provides many
potential benefits to established satellite operators with
existing RF downlink networks and to newer satellite opera-
tors who may not have the resources to establish their own
RF downlink network. In some embodiments, the relay
satellite may provide a communication solution to satellite
operators unwilling to establish theirr own RF downlink
network. They relay satellite may also provide higher data
rates than are available with existing RF systems.

[0038] Optical communication may provide improved
data security because the beam diameter can be substantially
smaller than comparable RF systems. During operation, it
may be possible to make the beam ground footprint as small
as a few tens ol meters. As a result, 1t may be possible to
maintain ownership/control over the entire ground footprint,
substantially reducing opportunities for eavesdropping. It
should be appreciated that optical communications may be
less susceptible to interference and harder to jam than RF
communications.

[0039] In one or more embodiments, the relay satellite
may provide reduced data latency compared to single-user
systems. The relay satellite may also provide for higher
utilization of the space assets by offloading the data trans-
mission task and reducing data storage requirements. Fur-
thermore, the relay satellite may provide for a reduced
satellite power envelope by reducing transmission power
requirements, and provide higher availability by having
widely distributed ground systems that will limit outages
due to atmospheric conditions.

[0040] It will be readily understood that the components of
various embodiments of the present invention, as generally
described and illustrated in the figures herein, may be
arranged and designed in a wide variety of different con-
figurations. Thus, the detailed description of the embodi-
ments, as represented 1n the attached figures, 1s not intended
to limit the scope of the invention as claimed, but 1s merely
representative of selected embodiments of the invention.

[0041] The features, structures, or characteristics of the
invention described throughout this specification may be
combined in any suitable manner in one or more embodi-
ments. For example, reference throughout this specification
to “certain embodiments,” “some embodiments,” or similar
language means that a particular feature, structure, or char-
acteristic described in connection with the embodiment is
included 1n at least one embodiment of the present invention.
Thus, appearances of the phrases “in certain embodiments,”
“in some embodiment,” “in other embodiments,” or similar
language throughout this specification do not necessarily all
refer to the same group of embodiments and the described
features, structures, or characteristics may be combined 1n

any suitable manner 1n one or more embodiments.

[0042] It should be noted that reference throughout this
specification to features, advantages, or similar language
does not imply that all of the features and advantages that
may be realized with the present invention should be or are
in any single embodiment of the invention. Rather, language
referring to the features and advantages 1s understood to
mean that a specific feature, advantage, or characteristic
described 1n connection with an embodiment 1s included 1n
at least one embodiment of the present invention. Thus,
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discussion of the features and advantages, and similar lan-
guage, throughout this specification may, but do not neces-
sarily, refer to the same embodiment.

[0043] Furthermore, the described features, advantages,
and characteristics of the invention may be combined 1n any
suitable manner 1n one or more embodiments. One skilled 1n
the relevant art will recognize that the invention can be
practiced without one or more of the specific features or
advantages of a particular embodiment. In other instances,
additional features and advantages may be recognized in
certain embodiments that may not be present in all embodi-
ments of the mvention.

[0044] One having ordinary skill 1in the art will readily
understand that the invention as discussed above may be
practiced with steps 1n a different order, and/or with hard-
ware elements 1n configurations which are different than
those which are disclosed. Theretfore, although the invention
has been described based upon these preferred embodi-
ments, 1t would be apparent to those of skill in the art that
certain modifications, variations, and alternative construc-
tions would be apparent, while remaining within the spirt
and scope of the invention.

1. A relay satellite for relaying data from a client satellite
to thereby reduce power and pointing accuracy requirements
of the client satellite, said relay satellite comprising:

a short-range communications link configured to receive
data from the client satellite; and

a long-range communications link configured to retrans-
mit the received data to a ground station or another
satellite,

wherein the relay satellite 1s deployed 1n one of (a) a
quasi-orbit with respect to the client satellite such that
the relay satellite and the client satellite can be kept
within a pre-determined distance or (b) the same orbit
as the client satellite but with an in-track oflset that
keeps the relay satellite and the client satellite within a
pre-determined distance;

wherein the short-range communications link can be used
to recerve data from the client satellite when the client

satellite 1s within a pre-determined distance of the relay
satellite.

2. The relay satellite of claim 1, wherein the short-range
communication link 1s a radio communication link.

3. The relay satellite of claim 2, wherein the radio
communications link receives data on a radio communica-
tion band specified for the client satellite to transmait data to
ground.

4. The relay satellite of claim 1, wherein the long-range
communications link 1s a laser communication transmaitter.

5. The relay satellite of claim 1, further comprising a
memory for storing the received data, wherein the recerved
data 1s retransmitted when the relay satellite passes over a
ground station.

6. The relay satellite of claim 1, wherein the received data
1s retransmitted to another relay satellite.

7. The relay satellite of claim 1, wherein the relay satellite
1s a CubeSat.

8. The relay satellite of claim 1, wherein the quasi-orbit
passes between the client satellite and Earth.

9. The relay satellite of claim 1, wherein the quasi-orbit 1s
elliptical.
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10. The relay satellite of claim 1, wherein the quasi-orbit
has a different inclination than an orbit of the client satellite.
11-14. (canceled)
15. A method of relaying data using a relay satellite to
thereby reduce power and pointing accuracy requirements of
the client satellite, comprising:
deploying the relay satellite 1n one of (a) a quasi-orbit
with respect to the client satellite such that the relay
satellite and the client satellite can be kept within a
pre-determined distance or (b) the same orbit as the
client satellite but with an in-track offset that keeps the
relay satellite and the client satellite within a pre-
determined distance;
the relay satellite receiving data from a client satellite via
a radio communications link; and

transmitting the received data from the relay satellite to a
ground station or another satellite using an optical
communication link:
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wherein the short-range communications link can be used
to recerve data from the client satellite when the client

satellite 1s within a pre-determined distance of the relay
satellite.

16. The method of claim 15, further comprising:

storing the received data 1n a memory, wherein the
transmitted data 1s the data stored in memory.

17. The method of claim 16, wherein the data transmis-
s1on 1s begun when the network satellite 1s over the ground
station.

18. The method of claim 15, wherein the direction of the
optical communication link is distinct from the direction of
observation of an instrument of the client satellite.

19. (canceled)
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