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OPTIMAL SPACE SITUATIONAL
AWARENESS SYSTEM

BACKGROUND

[0001] This application generally relates to satellites, and
more particularly, to systems and methods for tracking
objects in space.

[0002] Characterizing objects in space to determine their
status is important. This may include, for instance, detection
and resolution of anomalies for spacecrafts, satellites, debris
or other space-based objects. In addition, detecting new
objects, verifying the position and velocity of existing
objects, locating objects that have been maneuvered, and
collecting imagery of objects serve a number of military,
civil, and commercial needs in terms of avoiding collisions in
space and understanding the operating status of satellites.
[0003] Space situational awareness (SSA) is knowing the
location of objects orbiting the Earth. SSA techniques may
include using ground-based observation, such as telescopes.
In addition, conventional SSA systems may use a variety of
ground-based radio frequency (RF) and optical sensors to
provide a “fence” for timely detection and tracking of resident
space objects (RSOs) at low-earth orbit (LEO), as well as
debris in LEO and other orbits.

[0004] FIG. 1 depicts conventional LEO satellite system
100 for space situational awareness. Satellite 110 orbiting
Earth 50 may be an upward looking LEO satellite, such as, for
example, Midcourse Space Experiment (MSX) and Space-
based Visible Sensing Systems (SBSS). In addition, satellite
110 may use visible (VIS) and possibly infrared (IR) sensors
to provide timely access to geosynchronous (GEO) RSOs and
other objects positioned along Geo belt 120. However, as
shown, field of view (FOV) 130 of satellite 110 is quite
limited.

[0005] FIG. 2 depicts another conventional LEO satellite
system 200 for space situational awareness. Satellite 210 may
include downward looking sensors, such as Raytheon’s Space
Tracking & Surveillance System (STSS) sensor, that look
past the horizon of Earth 50 to scan GEO arc 220 and other
high altitude objects. A problem with such a system is that
much of the line-of-sight of each sensor may be blocked by
Earth 50. As a result, access portions 230 are much smaller
than no access portions 240.

[0006] Theconventional satellite systems shown in FIGS. 1
and 2, therefore, are not optimal to provide timely access to
satellites in either LEO or GEO orbits. In particular, there is a
lack of angular diversity to any given GEO object such that, if
anobject s too close to the apparent position of the sun and/or
the object is not illuminated from the vantage of one observer,
this will be true of all observers.

[0007] Imaging of GEO objects, though, is typically per-
formed using special ground assets and/or by flying sensors in
co-orbits with selected GEO satellites. The vast majority of
satellites are positioned in GEO orbit at approximately
35,800 km altitude from Earth. Ground based sensors can
detect some objects at GEO altitudes, but this required tele-
scope sizes are prohibitive to collect sufficiently high resolu-
tion imagery. In principle, ground-based radar systems can
collect high-resolution imagery independent of the range to
the target using inverse synthetic aperture techniques. How-
ever, the extremely small velocity of most satellites at GEO
makes this difficult or impossible in practice. Similarly, it is
prohibitive to search the large volume at GEO for small
objects whose locations are not known a priori. Conventional
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collection of information from ground-based assets, however,
becomes increasing difficult for satellites at this high altitude.
Such observations may use of VIS and IR space based sen-
sors, but may not be able to effectively track small objects in
space. Also, ground-based observation must wait fora RSO to
fly overhead. This may take many hours.

[0008] A VIS or IR sensor positioned in LEO orbit can
access and detect many objects in LEO orbits within a few
hours. But, it may take almost a day for proper viewing
conditions for all objects to occur. In order to use a VIS sensor
for observing a target against a sky and/or star-litbackground,
the target must be illuminated by the sun on the side of object
facing the sensor, and the sun and the earth must be away from
the sensor’s optical axis. This event may not occur for 13
hours or more, from any given point in time. IR sensors do not
require solar illumination, but may require cryogenic cooling
and/or a larger aperture (as the IR signature of RSO’s is
relatively weak compared to the VIS illuminated signatures).
[0009] A LEO satellite sensor may have access to observe
almost any object in other orbits, such as, medium earth orbit
(MEO), highly elliptical orbit (HEO) or GEO, within a few
hours period. However, small objects located in other orbits
may be too faint to detect. For instance, objects in non-LEO
orbits will be distant and will have faint signatures compared
to objects in LEO orbits.

[0010] U.S. Patent Application Publication No. 2008/
0081556, herein incorporated by reference in its entirety,
discloses a system to rapidly image objects at GEO particu-
larly using radar techniques. It discloses that N satellites
could visit all objects in the GEO belt within 12/N hours.
Thus, even small objects could be detected and tracked in a
timely fashion. Satellite sensors in a retro-GEO orbit can
detect small RSOs in GEO orbit and access all objects at GEO
within 12 hours. These sensors, however, can see very few
objects in LEO, as they must view them in a limited annulus
near the Earth, and only when the object is not near a sunlit
portion of the Earth.

[0011] The Unites States Air Force has discussed plans to
deploy a constellation of up to four LEO satellites hosting
electro-optic payloads to provide timely detection and track-
ing information on objects in all orbits. This satellite constel-
lation, however, is limited in guaranteed response time to
detect objects at GEO because it takes many hours to search
the volume of space. In addition, there can be one to three
orbits of latency before a satellite has access to a ground
station to report its findings. Further delays can occur because
the location of the sun can inhibit detection and tracking for
extended periods (e.g. when the sun is behind the object of
interest. Even using several satellites in LEO does not solve
the viewing problem as all the LEO satellites view an object
at GEO at roughly the same geometry. In addition, this
planned system is also limited in its ability to detect very
small objects at GEO and has no imaging capability.

[0012] Thus, conventional space situational awareness
techniques have shortcomings.

SUMMARY

[0013] In an embodiment, a satellite system for observing
space objects includes two or more satellites positioned in an
Earth orbit and configured to observe objects in various orbits
including those viewed (i) against the Earth’s background; (ii)
against a sunlit Earth background; and (iii) against a space
background; and an electro-magnetic sensor provided on at
least one of the satellites that is responsive to electromagnetic
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radiation having a wavelength that discriminates against sub-
stantial reflection of electromagnetic radiation from the
Earth’s atmosphere to observe the space object.

[0014] In another embodiment, a method of observing
space objects using a satellite system, the method includes
generating commands to at least two satellites positioned in
an Earth orbit to selectively observe objects in various orbits
including those viewed (i) against the Earth’s background; (ii)
against a sunlit Earth background; and (iii) against a space
background; and generating commands to an electro-mag-
netic sensor provided on at least one of the satellites the that
is responsive to electromagnetic radiation having a wave-
length that discriminates against substantial reflection of
electromagnetic radiation from the Earth’s atmosphere to
observe the space object.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1 depicts a conventional LEO satellite system
for space situational awareness;

[0016] FIG. 2 depicts another conventional LEO satellite
system for space situational awareness;

[0017] FIG. 3 depicts a satellite system for space situational
awareness, in accordance with an embodiment;

[0018] FIGS. 3(a) and 3(b) depict satellite systems having
two and three satellites respectively, in accordance with
embodiments;

[0019] FIG.4 isaplot of the effective Albedo looking down
on the Earth;

[0020] FIG. 5 is a plot of exoatmospheric solar irradiance;
[0021] FIGS. 6(a)and 6(b) depict object observations using

the satellite system for space situational awareness, in accor-
dance with embodiments;

[0022] FIG. 7 depicts a retro sun-synchronous orbit (R-SS)
satellite for space situational awareness, in accordance with
an embodiment;

[0023] FIG. 8 shows exemplary method for scheduling a
satellite for space situational awareness in accordance with an
embodiment; and

[0024] FIG. 9 shows access and latency summary informa-
tion for various embodiments and conventional systems.

DETAILED DESCRIPTION

[0025] Satellite-based detection and imaging systems and
methods according to one or more embodiments may employ
two or more satellites positioned in an Earth orbit and con-
figured to observe objects in various orbits including those
viewed (i) against the Earth’s background; (ii) against a sunlit
Earth background; and (iii) against a space background. At
least one of the satellites may be provided with an electro-
magnetic sensor that is responsive to electromagnetic radia-
tion having a wavelength that discriminates against substan-
tial reflection of electromagnetic radiation from the Earth’s
atmosphere to observe the space object.

[0026] The satellites may be positioned in various orbits to
detect, track, and/or image various space-based objects.
These orbits may include, but are not necessarily limited to,
LEO, GEO, or GPS orbits. These orbits may be especially
important for space cyber warfare, anti-satellite countermea-
sures and foreign satellite warfare.

[0027] In one implementation, the satellite system may be
positioned in a retrograde (or “retro”) orbit about Earth. A
retrograde orbit is motion in an orbit opposite to the usual
orbital direction and which may be inclined at an angle of up
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to 180 degrees with respect to the equator to Earth. Retro
orbits share one primary characteristic, namely, they fly
approximately opposite to the “forward” orbits of satellites in
or near an orbital plane. An orbital plane is a volume of space
near a given altitude and inclination from the equator. To
achieve retrograde orbit, the satellites may be boosted to an
altitude of approximately 35,300 km and a tangential velocity
of approximately 3.05 km/sec such that the circular orbit is
opposite the direction of the Earth’s rotation. Flying in this
fashion, the average velocity of the satellites relative to resi-
dent objects in GEO orbits should be slightly more than 6
km/sec. This enables the satellites to pass within 500 km of
each object, on average. Retro orbits also provide very high
relative crossing velocities that enable rapid mono-static or
bi-static radar imaging. See, e.g., U.S. Patent Application
Publication No. 2008/0081556, mentioned above. Retro
orbits at other similar altitudes work well for the detecting
objects while the close approach of about 500 km is enabling
for the collection of imagery.

[0028] Prograde (or “pro”) orbits may also be used. A pro-
grade orbit is an orbit which moves in a circle around the
center of the Earth in the same direction as the rotation of the
Earth (inclination O-90 degrees). Prograde GEO orbits have
inclination of about 0 degrees and retrograde GEO is inclina-
tion of about 180 degrees.

[0029] In one embodiment, the satellite system may
include two or more satellites that together have instanta-
neous access to any space-based object (i.e., without a wait).
This greatly improves the ability to obtain more timely infor-
mation regarding the detection and tracking of various space-
based object in orbits. Timely access may be needed to
resolve anomalies, acquire newly launched satellites, reac-
quire satellites that have maneuvered, detect co-orbital
intruders, and to ensure collisions are avoided. This enables
rapid imaging of satellites and/or resident space object at
various orbits. For instance, the mean time to detect a space
target may be a little as 20 minutes.

[0030] The satellite system may provide frequent revisit
and imaging of geosynchronous resident space objects
located at all longitudes employing a minimum number of
satellites, as well as detection and tracking of satellites in all
orbits. For example, the largest plane of satellites is the GEO
Belt. Here, hundreds of satellites fly at approximately 35,800
km from Earth at a zero degree inclination. The second largest
plane is the LEO sun-synchronous (SS) satellites. At this
plane, satellites fly at approximately 800 km and 99 degrees
inclination, and may be used for supporting meteorology,
imaging, remote sensing, and other missions. Other satellite
constellations, such as, for example, the global positioning
system (GPS), IRIDIUM®, and GLOBALSTAR® use mul-
tiple planes with as many as eight satellites in each plane.
[0031] The use of retro orbits provides extremely timely
access at short range to objects in the “forward” orbit (i.e.,
average revisit time is about P/4N, where P is the period of the
orbit, and N is the number of observer satellites). This also
enables surveillance of the space near objects for debris or
intruder satellites.

[0032] FIG. 3 depicts satellite system 300 for space situ-
ational awareness, in accordance with an embodiment. Sat-
ellite system 300 may be configured in several ways. The
characteristics of the orbits, such as the number of orbits, the
inclination of each orbit, the number of satellites in each orbit
and the altitude of the satellites, may be tailored to minimize
the time it takes to achieve line-of-sight access, especially to
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sunlit RSOs, and particularly in the heavily populated GEO
belt and sun-synchronous LEO orbits. While two satellites
are shown, it will be appreciated that one or more additional
satellites might also be provided.

[0033] Asshown, two satellites 310A, 310B are positioned
in retro-GEO orbit 320 about Earth 50 and configured to
observe objects in all orbits. This may also be beneficial for
image objects at GEO. Satellites 310A, 310B, may be equally
spaced apart in orbit, as shown in FIG. 3.

[0034] However, for a two satellite constellation, with each
satellite spaced apart at 180 degrees from each other, there
may be no line of sight between satellites 310A, 310B
because Earth 50 is in the way. Therefore, as shown in FIG.
3(a), a two satellite constellation, each satellite 310A, 310B
may be positioned apart by at angle ®, which is half a GEO
arc less a certain angle. For instance, this may be about 18
degrees, such that the two satellites 310A, 310B would be
positioned apart at angle ©® of 162 degrees to provide line of
sight to each other.

[0035] For three of more satellites, line or sight between
satellites should not be a problem. Thus, if there are three or
more satellites (e.g., in either prograde or retrograde orbit)
they may be spaced equally (i.e., 360/N degrees). For
example, as shown in FIG. 3(b), three satellites 310A, 310B,
310C are equally spaced at about 120 degrees apart from each
other.

[0036] In this fashion, satellites 310 may have a line-of-
sight to about 100% of objects in orbit at altitudes of 300 km
or greater and to each other. This small constellation has
continuous access to all sunlit LEO, sunlit GEO, and other
orbiting RSOs. LEO targets that are not currently sunlit will
become sunlit within half an orbit (45-60 minutes). On the
other hand, GEO targets remain sunlit about 99% of the time.
The two satellites can communicate with each other at all
times. And at least one satellite has line of sight to the United
States at most times. When there is no line of sight to the U.S.
the delay until such a line of sight is available is less than one
hour. This means a single ground site can be utilized with very
low reporting latency.

[0037] Objects 330 in LEO orbits 340 may be observed
with Earth 50 as the background or adjacent to the field of
view of the tracking sensor. On the other hand, object(s) 350
in other orbits 370 may be observed with space 380 as the
background.

[0038] One or more of satellites 310 may be equipped with
one or more sensors for surveillance and other sensing. Such
sensors may use one or more spectra of the electromagnetic
spectrum for sensing. These may include IR, VIS, ultraviolet
(UV) and radio frequency (RF) portions of the electromag-
netic radiation spectrum. Of course, other spectra might also
be used such as radio frequency, including microwave. For
surveillance, VIS, and UV are generally the most cost effec-
tive. IR, for instance, may not be very effective for imaging
objects which are not sun-lit against a space background. A
retro orbit satellite constellation may be able to pass within
range, and to image many other satellites. IR, VIS, or RF
could be beneficial for this imaging mission. System 300
rapidly provides line-of-sight viewing of illuminated targets
and objects in any orbit and provides near constant access to
one or more U.S.-based ground stations for reporting of data.
It is may also be possible to provide geometries favorable for
both electro-optical (EO) and radar imaging. This architec-
ture may also use space-based, rather than conventional
ground platforms.

Sep. 22,2011

[0039] Satellites 310 pass near to (revisit) every assigned
GEO orbital slot at roughly 6-hour intervals (i.e., approxi-
mately 12/N for N satellites) and can scan the intra-slot vol-
ume for new objects. The average relative velocity of the
satellites to resident objects in GEO orbits may be slightly
more than 6 km/sec passing within 500 km of each GEO
RSO, on average. Much closer passes though could be imple-
mented, if desired. Satellite system 300 may be used to verify
the location of objects whose orbits are known or that have
maneuvered from known orbits.

[0040] In one implementation, an electro-optical sensor
satellite payload may include a two-dimensional focal plane
that is configured to sense radiation between 200-1000 nm. It
may also be configured to filter the radiation to be as narrow
as approximately 200-300 nm so that it can detect sunlit
objects with Earth in or near the field-of-view. This is advan-
tageous because the Earth’s atmosphere absorbs almost all
radiation in this band, scattering a very small amount back
into space.

[0041] FIG. 4 is a plot of the effective albedo looking down
on the Earth for various wavelengths of electromagnetic
radiation between about 200-400 nm. Albedo may be defined
as the ratio of diffusely reflected to incident electromagnetic
radiation. It is a unitless fraction. The albedo of an object is
the extent to which it diffusely reflects light from light
sources. In this case of orbiting Earth, the Sun is the primary
light source. As FIG. 4 shows, the albedo drops off slowly at
other viewing angles in accordance with the Rayleigh scatting
function. The satellites may utilize a spectral band where the
albedo is minimal compared with solar flux. This may occur
roughly about 200-300 nm.

[0042] FIG. 5 shows a plot of exoatmospheric solar irradi-
ance. The plot depicts solar illumination as a function of
wavelength outside of the Earth’s Atmosphere. As shown in
FIG. 5, there is ample solar irradiance for targets above the
atmosphere, increasing exponentially in the region above
about 300 nm.

[0043] In one implementation, satellite sensors may be
configured for sensing electromagnetic radiation (light) in
solar blind ultraviolet (SBUV) spectrum, having wavelengths
between about 200-300 nm and more particularly, 240 to 285
nm. This spectrum may be selected to improve observing
target object with respect to their background as viewed, and
enable observations of LEO targets from a GEO sensor or
high LEO sensor.

[0044] FIGS. 6(a)and 6(b) depict object observations using
satellite system 300 for space situational awareness, in accor-
dance with an embodiment. FIG. 6(a) shows that one satellite
sensor 610 may see objects past the horizon of Earth 50. For
example, sensor 610 may scan expected orbital tracks 620,
630, 640 for objects viewed against Earth 50. This satellite
group of constellation may be scheduled to observe objects in
all orbits, as needed. Sensor 610 may stare at Earth 50 or at
inertial space 650 (e.g., a space background), as necessary.
Staring at the Earth or at the space background enables the
detection and tracking of objects without a priori information
on their trajectories.

[0045] Objects flying at approximately 300 km will be sun-
lit at least 55% of the time and become sunlit within 45
minutes from any given point in time. The percentage of solar
illumination generally increases with altitude and reaches
66% of maximum at 1100 km (and become sunlit within no
more than 40 minutes). And, solar illumination will reach
99% of maximum at GEO altitude. One of the two satellites
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may be configured to have aline of sight to a sunlit object with
the sun far from its line-of-sight within a short time interval.
Sensors may include photoreceptor arrays, charge coupled
devices (CCD), or other optical detectors that are capable of
imaging.

[0046] FIG. 6(b) shows one satellite sensor 610 scheduled
to observe targets both against Earth 50 and adjacent Earth 50.
In one implementation, the SBUV spectrum may be selected
for viewing against a sunlit earth (region I) or when the
adjacent earth is sunlit (such as region II). Otherwise, stray
light may overwhelm the target intensity. On the other hand,
VIS and/or near infrared (NIR) spectral bands could be
selected for sensing targets when the background is inertial.
[0047] For viewing a target object against Earth 50, a “tar-
get following” mode keeps the sensor following the target
while enabling the use of a sufficiently small pixel footprint to
limit background photon noise.

[0048] Targets are best viewed away from the sunlit earth,
but should be sunlit themselves. Scheduling may be per-
formed either on-board and/or on the ground so that the most
favorable geometry is provided. When viewing an object
away from the sunlit earth, then the widest possible spectral
band may be employed. On the other hand, when viewing
targets with the sun-lit Earth in the background or adjacent to
the line of sight, then the SBUV spectral band may be
employed.

[0049] When viewing a target object against the Earth, the
highest sensitivity may be achieved when the target energy is
captured in one or a more pixels of the satellite sensor. The
pixels should be sized small enough such that background
photon noise does not overwhelm the target signal. Typically,
the background radiance in the 200-300 nm band is between
about 2 and 5 uW/cm?/Sr/pum.

[0050] There may be various trade-offs in design param-
eters to minimize detectable target, detection time, search
rate, and sensor size, cost and/or weight considerations. For
example, a sensor with a 75-cm aperture with a focal ratio
(F/#) of 4.5, employing a focal plane, such as, complementary
metal-oxide-semiconductor (CMOS) or silicon PIN focal
plane with a pixel pitch of approximately 8 microns, can
provide a pixel projected to be about 50 mx50 m. W. A
1024x1024 pixel focal plane array (FPA), for instance, may
be configured to observe a region of approximately 50 kmx50
km, instantaneously.

[0051] For a sensor with a 50 mx50 m pixel, a satellite
target is viewed as a point source, whose signal is blurred
across one or pixels on the focal plane. A target having an
effective area (the product of reflectivity and cross-sectional
area) of 1 meter-squared produces roughly the same number
of detected photo-electrons per detector as the background
(which has albedo of ~1e-4 as shown in FIG. 4). As the noise
component of the background is proportional to the square-
root of the background level this is a good result. The sched-
uler will set integration time such that the target will be
viewed for sufficient time to provide a signal-to-noise ratio
that is sufficient for detection.

[0052] A higher SNR may be obtained with longer i"tegra-
tion times, brighter targets, or alternate sensor design.
[0053] For objects viewed away from Earth, on the other
hand, a detection mode that uses inertial stare (stare at fixed
star background] may be used This satellite sensor design
may have higher SNR for objects observed in the VIS/NIR,
even at 80,000 km across the GEO arc. The same satellite
sensor can provide high-resolution imagery of objects at
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GEO during the close passes. At about 40 km range, the
instantaneous filed of view (IFOV) of a pixel may be about 10
cm

[0054] Itis noted that the above calculations do not include
the effect of glints or small flashes of lights. In fact, RSOs
often produce small, bright glints for brief periods of time.
Glints may add to the signature, but may not relied upon for
detection. Other size pixels can be employed to optimize
coverage rate versus minimum detectable object.

[0055] The satellite sensor payload may also be designed to
sense targets anywhere along the GEO belt. The satellites
have highly divergent views of every location in the GEO belt.
This assures that one or both of the satellites may be able to
observe a sunlit object at any longitude (except during
eclipse, which occurs 1% ofthe time or less and lasts less than
75 minutes).

[0056] GEO satellites have much shorter latency to any
number of fixed ground stations than conventional systems.
Ideally, one ground station would be in view of at least one of
the satellites almost continuously with short outages. two or
more ground stations could be located to provide continuous
communications access. These ground stations may be based
in the United States. Adding one or more additional GEO
satellites will ensure that the constellation always has access
to a ground station and would improve the diversity of view-
ing conditions for RSOs. For instance, a third satellite could
be used to search for LEO objects and could have a much
smaller sensor payload.

[0057] Some implementations may utilize an earth staring
mode. In an earth staring mode, a target may move through an
effective sensor pixel area in less than %50 of a second. Sensor
frames thus may be collected at about 50-100 Hz, and then are
digitally shifted and added to test for targets moving in any
selected direction. This mode may require faster frame rates
and greater processing complexity, but it may detect targets
moving in any direction. In certain implementations, this
mode searches along or near a specified direction.

[0058] This mode may be included in parallel with the
embodiment shown in FIG. 3, and might be better for search-
ing large volumes of space for unknown targets.

[0059] FIG. 7 depicts another satellite system 700 for space
situational awareness in accordance with an embodiment.
Satellite system 700 may include satellite 710 which flies in a
retro sun-synchronous (R-SS) orbit. This orbit may be
approximately 82 degrees in inclination. In one implementa-
tion, satellite 710 may fly at the minimum stable altitude
(approximately 400 km) and can look upwards and sideways
at LEO objects. In another implementation, satellite may fly
at approximately 1400-1600 km and looks down at LEO
objects. This implementation may use a similar spectral
selection methodology and sensor concept (but much
smaller) as used in satellite system 300 shown in FIG. 3.
These objects may include, for instance, satellites in orbit
today, such as, U.S. and foreign weather, science, and com-
mercial imaging satellites 701, 702, 703, 704.

[0060] In some implementations, satellite 710 may be
added to one or more other satellite systems disclosed herein,
in an up- or down-looking implementation).

[0061] Satellite 710 may pass close to all sun-synchronous
objects approximately every 45-60 minutes. Yet, at least every
other pass is in sunlight. Down-looking implementation
710A can also search for debris at altitudes below the stable
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orbit limit. On the other hand, up-looking implementation
710B may be limited to viewing such debris near the Earth’s
limb at much longer ranges.

[0062] These implementations may provide frequent
access to all LEO objects, though not as frequent as for
sun-synchronous objects. However, the advantage of adding
the retro sun-synchronous orbit satellite is to reduce the aper-
ture on the retro-GEO satellites to as little as 5 cm (or slightly
larger, for example, if standoff imaging is desired) while
preserving the ability to detect objects in all orbits. Additional
retro-satellites may be added to one or more planes of large
constellations (e.g. GPS). For example, an additional retro-
SS satellite may be positioned in an orbit with inclination of
roughly 82 degrees. It may fly at either an altitude of about
400 km or an altitude of about 1400 km.

[0063] In other implementations, one or more satellites
may fly at approximately 180 degrees inclination at the aver-
age altitude of a large constellation. Each of these satellites
may have numerous close passes to all satellites in the con-
stellation and to any intruders or debris co-orbiting with a
plane. Slight adjustments in altitude can be made to ensure the
retro-satellite samples the entire constellation, avoiding any
synchronicities, and to ensure there are no collisions with
debris located close to an active orbit.

[0064] FIG. 8 shows exemplary method 800 for scheduling
a satellite for space situational awareness according to an
embodiment.

[0065] Scheduling may be performed by using one or more
processors, which may be generally referred to as a “Sched-
uler”” The processors may be located on-board the sensor
platform of the satellite(s) and/or at ground-based positions.
In some implementations, the processors may be dedicated
hardware, like a application-specific integrated circuit
(ASIC) or field-programmable gate array (FPGAs). For dif-
ferent methods, the programming and/or software may vary.
[0066] In step 810, a user may designate an object for
tracking. In some instances, the exact location of the object
may be presently unknown. A “missing track” is a track that
was previously known and some asset has looked for the
target along this track and it was not found. The previous track
may have been incorrect or the target object may have maneu-
vered or strayed from its orbit. The user may be ground-based
on the Earth, although, it is contemplated that the user could
be space-based or extraterrestrial, for example, in a space-
based vehicle, or space-station.

[0067] Operation in this mode, assumes that the velocity
vector from the old track is relatively close to whatever new
velocity vector the target has. When velocity is approximately
known, the system may employ a “target follow tracking
operation,” its most sensitive method. In target follow track-
ing the sensor’s line of sight is scanned to match the expected
velocity vector. Targets moving at or near that angular rate
will be imaged on a single pixel or a small group of pixels,
increasing approximately linearly in signal level while noise
will accrue at a much slower rate.

[0068] The request to search for a missing track may
include the equivalent spherical target area, the estimated
position (known to be wrong), a user selected detection
threshold (e.g. threshold to noise ratio of 4), and/or the last
track velocity vectors.

[0069] Continuing to step 820, the Scheduler finds the opti-
mal viewing conditions for the target. Step 820 refers to the
scheduler selecting the satellite with most favorable condi-
tions to detect the missing target in the shortest time. If more
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than one satellite in the present invention can see the expected
target area then it will be the case that for a given equivalent
spherical area that one of the satellites can achieve greater
signal-to-noise ratio than the other. The signal to noise level is
a combination of the fraction of the target that is illuminated,
as seen by each satellite, the range to the target from each
satellite, the spectral band employed (which is itself a func-
tion of the background viewed behind the target by each
respective satellite), and the inherent noise level of the sen-
sors on each satellite. To find the missing track the following
steps may be performed by the Scheduler:
[0070] a. Determine a search region ahead of and behind
expected track position.
[0071] b. Determine where in the search region the target
is sunlit.
[0072] c. If the entire extent of the region is sunlit then:

[0073] 1. Determine the target solar phase angle (for
the target at altitude) and the background for a grid
within the search region for each sensor that has line-
of-sight (LOS) to the region. The backgrounds
include space, space near lit earth, lit earth, or non-lit
earth.

[0074] 2. Determine whether sun is within a “keep
out” region for each sensor.

[0075] 3. Estimate the signal to noise level vs. integra-
tion time for each spectral band on each sensor, given
the respective target phase angle and background. The
satellites can see any sunlit target, but the integration
time depends on target phase and background. When
the sun is within the “keep out™ region, the SNR per
unit time is zero.

[0076] 4.Ifthe SNR per unit time of all sensors is zero
then the Scheduler determines at what time in the
future the SNR per unit time will be non-zero. The
Scheduler reports this delay to the user and the system
can conduct other tasks or be idle during the delay
period. If SNR per unit time is not zero or delay period
has occurred, then continue to next step.

[0077] 5. Determine the search time using the sensor
with the highest signal to noise level per unit time.

[0078] 6. Ifthe search region will remain sunlit during
time then the sensor with the highest signal to noise
level is tasked to “target follow™ across the search
region using the spectral band that provides the high-
est SNR per unit time.

[0079] 7. Scheduler tasks this sensor to set its spectral
band for highest SNR per earlier computation and
determines the integration time needed for SNR to
reach the user supplied threshold.

[0080] 8. Optionally, all sensors with the line of vis-
ibility (LOV) to a search region may be tasked to the
target. I[f two or more sensors are tasked to a particular
region, the detection threshold may optionally educe
the detection threshold for each sensor and require
that each sensor detect the target.

[0081] In step 830, the Scheduler determines the back-
ground conditions expected target signature. The scheduler
may determine one or both of search regions ahead of and/or
behind expected track position. And, it may also determine
where in the search region the target is sunlit.

[0082] In step 840, the Scheduler sets the spectral bands
and sensing modes for tracking. For instance, the sensing
mode may include one of (i) target follow and (ii) staring
modes, discussed below.
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[0083] Target Follow Mode
[0084] Ifonly some part of the search region is sunlit, then

the system may perform a target follow for the entire region,
and may ignore any detections from the non-illuminated por-
tion.

[0085] The Scheduler determines the SNR in each spectral
band for each sensor that has line of sight to the illuminated
portion of the orbit. The Scheduler may then select the spec-
tral band with the highest SNR. If the target is not detected in
the search region, then the target may be presumed to be in an
unilluminated region. Any target in the unilluminated region
will become illuminated within about 45 minutes for LEO or
about 72 minutes or less for GEO. The system propagates the
orbits in the unilluminated region ahead to the time when the
target will be sunlit.

[0086] The system computes the SNR per unit time for the
each sensor with line of sight to the predicted illuminated
region and tasks the sensor with the shortest search time to
target follow that region.

[0087] Ifthesearchregion is completely unilluminated, the
system predicts ahead when the target will be illuminated.
[0088] In a target follow mode, if the entire extent of the
region is sunlit then the Scheduler may be configured to:

[0089] a. Determine the target solar phase angle (for the
target at altitude) and the background for a grid within
the search region for each sensor that has line-of-sight
(LOS) to the region. The backgrounds include space,
space near lit earth, lit earth, or non-lit earth.

[0090] b. Determine whether sun is within a “keep out”
region for each sensor.

[0091] c. Estimate the signal to noise level vs. integration
time for each spectral band on each sensor, given the
respective target phase angle and background. The sat-
ellites can see any sunlit target, but the integration time
depends on target phase and background. When the sun
is within the “keep out” region the SNR per unit time is
Zero

[0092] d. If the SNR per unit time of all sensors is zero,
then the Scheduler may determines at what time in the
future the SNR per unit time will be non-zero. The
scheduler reports this delay and the system can conduct
other tasks or be idle during the delay period. If SNR per
unit time is not zero or delay period has occurred then
continue to next step.

[0093] e. Determine the search time using the sensor
with the highest signal to noise level per unit time.
Search time may be determined by the amount of time
expected to reach a given signal-to-noise ratio. This level
is selected by the user. Signal to noise ratio may increase
somewhere between the sqrt(search time) and linearly
with search time, depending on the individual sensor and
background characteristics.

[0094] f. If the search region will remain sunlit during
time then the sensor with the highest signal to noise level
is tasked to “target follow” across the search region
using the spectral band that provides the highest SNR
per unit time.

[0095] g. Scheduler tasks the sensor to set its spectral
band for highest SNR per earlier computation and deter-
mines the integration time needed for SNR to reach the
user supplied threshold;

[0096] h. Optionally, all sensors with a LOV to a search
region may be tasked to the target. If two or more sensors
are tasked to a particular region, the detection threshold
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may be optionally reduce for each sensor and require

that each sensor detect the target.
[0097] Staring Mode
[0098] A staring mode can be substituted for target follow
mode. In the staring mode, an inertial stare may be used for
space background and earth stare for earth background.
[0099] The staring mode may take slightly more time to
detect a given target than the target follow mode, but targets
moving at any speed and in any direction across the field of
view can be detected. It also may enable multiple targets to be
detected simultaneously. When space is the background, an
inertial stare may be used. Stars are removed either because
they are stationary and targets are moving, or by catalogue
location. For targets viewed against the earth a fixed earth
stare is employed.
[0100] Staring mode may be used to search volumes of
space. The user may supply a minimum target size for the
volume to be searched and a minimum velocity relative to
inertial space. Targets viewed against the earth generally will
have high angular rates. SNR per unit time may be a function
of'target size, target solar phase angle, background, and target
angular rate. Since targets move across each sensor’s field of
view, their signal spans several detector elements. A proces-
sor can recover much of this signal, but more noise from
electronics may be introduced into the final result than in
Target Follow Mode.

[0101] In staring mode, the following steps may be
executed:
[0102] a. Determine whether the sun is within “keep out”

region for each sensor. A sensor that views the target
when the sun is within the keep out region has SNR per
unit time of zero.

[0103] b. For each volume search, the Scheduler can
determine the SNR per unit time for each spectral band
of each sensor for the minimum target and relative veloc-
ity.

[0104] c. The Scheduler then tasks the sensor with the
highest SNR per unit time, using the spectral band and
type of stare for that spectral band to provide the highest
SNR per unit time.

[0105] d. Ifall sensors have zero SNR per unit time, the
Scheduler determines the delay for each sensor until
SNR per unit time is not zero. The shortest delay is
reported and the sensor with the shortest delay is tasked
to the search region after the delay interval passes.

[0106] e. Once tasked, the sensor removes stationary
targets and reports all moving targets above minimum
velocity.

[0107] {£. The sensor is tasked to either repeat these steps
or begin again searching a new volume.

[0108] In step 850, the Scheduler sets the detection thresh-
old of each satellite sensor based on the target size, search
time allocated, background, and/or the number of satellites
tasked, as were determined above in step 840.

[0109] Next, the satellite(s) having been instructed by the
Scheduler, in step 860, to track objects above the threshold.
[0110] Lastly, the satellite(s) report, in step 870, earliest
target contact, to the user. Communications between the sat-
ellite and the ground station may be performed, for example,
using known cross-link (Xlink) or Downlink technologies.
The method subsequently ends.

[0111] The satellite systems and methods disclosed herein
may be optimized by sensor placement to maximize the solid
angle of orbital space that can be viewed with favorable target
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solar phase angle and low background level. Targets viewed
against the Earth may be harder and more time consuming to
detect, but only targets in LEO orbits will be viewed against
the Earth. The solid angle of orbital space to be viewed
against the Earth is a small fraction of the total search volume.
[0112] The system may combine the above scheduling
rules with optimal sensor locations to minimize the search
time, including delay in communications latency that will
occur for detecting and reporting on any target. This may
provide advantageous benefits over conventional ground and
LEO based sensors that have substantial delays in conducting
searches of many targets due to targets being in keep out
regions of long duration, delays in having line-of-sight to a
given target, poor solar phase angles, and communications
latency in reporting detections to a ground-based authority.

[0113] A method of observing a space object using a satel-
lite system includes generating commands to one or more
satellites positioned in an Earth orbit; and generating com-
mands to an electro-magnetic sensor provided on the satellite
(s) that is responsive to electromagnetic radiation having a
wavelength of approximately 200-300 nm to observe a space
object. The commands may be generated automatically, or by
a user from a tracking station (whether ground-based or
space-based).

[0114] FIG. 9 shows access and latency summary informa-
tion for various embodiments compared to conventional sys-
tems.

[0115] Three embodiments described herein are depicted
along the top three rows of the table. The bottom two rows
depict “conventional” LEO satellites, having two satellites
and differing in orbit: one plane and two planes.

[0116] FIG.9 also shows the worst communication delays,
maximum outage expected at the worst time of year (e.g.,
Equinox for GEO orbit), and “bad case” (95% case) latencies
for each. These configurations assume a single ground station
located in the U.S., but it could be any location between 15
and 50 degrees of latitude. The probability is determined by
examining random times of day such that the sun and the
satellites are at differing locations. The results may be some-
what better at times closer to winter or summer solstice, but
the relative performance rankings do not change.

[0117] The conventional LEO satellite configurations have
many more times of day where they either have delays/la-
tency due to the angle between the satellite-target-sun and/or
due to line-of-sight to the ground station in comparison with
the top three embodiments.

[0118] A 2-Retro embodiment (i.e., comprised of two sat-
ellites in retro orbit) may be positioned and equipped such
that it can see objects in orbit at an altitude of 300 km or
greater. A significant improvement in latency is realized with
this embodiment. A prograde two satellite constellation (not
shown) may also have better performance than the conven-
tional 2-LEO configurations, but may have longer search
latency than the retrograde.

[0119] If three or more satellites are employed they can
communicate with each other at all times and also any single
ground station. They also have even better viewing geom-
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etries. For instance, they may be able to detect objects that are
not in the Earth’s shadow (which occurs less than 1% of the
time).

[0120] Ina3-Retro embodiment, three satellites are equally
or nearly equally phased in orbit. This reduces communica-
tions latencies to essential zero and guarantees that every
object in GEO orbit that is sunlit presents a useable solar
phase angle to one or more viewers.

[0121] In a 3-Pro embodiment, three satellites are posi-
tioned in a prograde orbit, and have almost as good perfor-
mance as the 3-Retro embodiment. Three prograde satellites
have zero communications latency and a probability of
latency similar to two or three retrograde satellites

[0122] Compared with the conventional LEO system, these
systems offer significant improvement in communication
efficiency. Although, retrograde orbiting satellites may offer
better viewing angles compared to prograde in some
instances. In addition, retro orbits may be better for enabling
the detection of all very small objects (e.g., approximately 1
cm) at or near GEO objects and also can support imaging of
objects at or near GEO orbit.

[0123] A further advantage of the disclosed embodiments
is that they may take much less time than conventional sys-
tems to search for any particular object. The total interval of
time includes receiving of orders from the ground (which can
be delayed for prior systems due to lack of line of sight from
ground station), searching for an object under favorable con-
ditions (including range to object and availability of a solar
phase angle that allows detection). This lower interval capa-
bility is due to the unique orbits and the combination of
sensor, spectral selection, and scheduling) to select the best
satellite and selection of proper spectral band to see against
whatever background is present. These systems have much
faster search response than the conventional LEO satellite
system.

[0124] Other benefits include close passes to objects in
GEO for imaging, close range to objects in GEO and the
region between GEO orbital slots to search for very small
objects (e.g., centimeter size or smaller) and debris. These
may complement ground-based sensors which can already
see most objects in LEO, large and small, with fairly low
latency. In addition, while the systems described herein can
see objects in LEO, they may also be used to search for other
object which may not be timely for the ground assets to track.
Further, the system may be configured to immediately see a
LEO sunlit object (although it may need to additional time to
process and/or detect an object).

[0125] While Earth orbit is discussed above, it is contem-
plated that orbits about other bodies (e.g., planets, moon,
stars, etc.) could similarly be performed.

[0126] These disclosed systems and methods may over-
come various limitations in the art, including among others,
bringing sensors closer to the largest volume of targets, diver-
sifying the viewing geometries, and expanding the use of
sensor technology to access objects in all orbits with a mean
time of less than one hour.

[0127] Other embodiments, uses and advantages of the
inventive concept will be apparent to those skilled in the art
from consideration of the above disclosure and the following
claims. The specification should be considered non-limiting
and exemplary only, and the scope of the inventive concept is
accordingly intended to be limited only by the scope of the
following claims.
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What is claimed is:

1. A satellite system for observing space objects compris-
ing:

two or more satellites positioned in an Earth orbit and

configured to observe objects in various orbits including
those viewed (i) against the Earth’s background; (ii)
against a sunlit Earth background; and (iii) against a
space background; and

an electro-magnetic sensor provided on at least one of the

satellites that is responsive to electromagnetic radiation
having a wavelength that discriminates against substan-
tial reflection of electromagnetic radiation from the
Earth’s atmosphere to observe the space object.

2. The satellite system according to claim 1, wherein the
orbit of the satellites is one of a retrograde orbit or a prograde
orbit that is configured to observe objects at an altitude of 300
km or greater.

3. The satellite system according to claim 2, wherein the
retrograde orbit is a retrograde geo-synchronous (GEO) orbit.

4. The satellite system according to claim 1, wherein the
satellites are positioned in a retrograde sun-synchronous orbit
having an inclination of approximately 82 degrees.

5. The satellite system according to claim 4, wherein the
altitude of at least one the satellites is approximately 400 km
s0 as to observe space objects upwards and sideways in low
earth orbit (LEO).

6. The satellite system according to claim 4, wherein the
altitude of at least one of the satellites is approximately 1400-
1600 km so as to observe space objects downward in low
earth orbit (LEO).

7. The satellite system according to claim 1, wherein there
are only two satellites which are positioned apart from each
other at a half-orbital arc from the first satellite less an angle
to provide line or sight between the satellites.

8. The satellite system according to claim 7, wherein the
angle is about 18 degrees.

9. The satellite system according to claim 1, where there
three or more satellites positioned equally apart from each
other in orbit.

10. The satellite system according to claim 1, wherein the
sensor is configured to observe space objects in one or more
oflow Earth orbit (LEO), geo-synchronous (GEO) orbit, orin
global positioning system (GPS) orbit.

11. The satellite system according to claim 1, wherein at
least one of the satellites is configured to operate in (i) a target
follow mode, (ii) a staring mode, or both.

12. The satellite system according to claim 1, wherein at
least one of the satellites comprises an additional sensor
responsive to electromagnetic radiation in one or both of the
infrared and the visible spectra.

13. The satellite system according to claim 1, wherein the
wavelength of the electromagnetic radiation is approximately
200-300 nm.
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14. A method of observing space objects using a satellite
system, the method comprising:
generating commands to at least two satellites positioned
in an Earth orbit to selectively observe objects in various
orbits including those viewed (i) against the Earth’s
background; (ii) against a sunlit Earth background; and
(iii) against a space background; and

generating commands to an electro-magnetic sensor pro-
vided on at least one of the satellites the that is respon-
sive to electromagnetic radiation having a wavelength
that discriminates against substantial reflection of elec-
tromagnetic radiation from the Earth’s atmosphere to
observe the space object.

15. The method according to claim 14, wherein the orbit is
one of a retrograde or a prograde orbit that is configured to
observe objects at an altitude of 300 km or greater.

16. The method according to claim 15, wherein the orbit is
a retrograde geo-synchronous (GEO) orbit.

17. The method according to claim 14, wherein the satel-
lites are positioned in a retrograde sun-synchronous orbit
having an inclination of approximately 82 degrees.

18. The method according to claim 17, wherein the altitude
of at least of the satellites is approximately 400 km such that
the satellite is configured for observing space objects
upwards and sideways in low earth orbit (LEO).

19. The method according to claim 17, wherein the altitude
ofat least one of the satellites is approximately 1400-1600km
such that the satellite is configured for observing space
objects downward in low earth orbit (LEO).

20. The method according to claim 14, wherein there are
only two satellites positioned apart from each other at a half-
orbital arc from the first satellite less an angle to provide line
or sight between the satellites.

21. The method according to claim 20, wherein the angle is
about 18 degrees.

22. The method according to claim 14, where there three or
more satellites positioned equally apart from each other in
orbit.

23. The method according to claim 14, wherein the sensor
is configured to observe the space object in one or more of low
Earth orbit (LEO), geo-synchronous (GEO) orbit, or in global
positioning system (GPS) orbit.

24. The method according to claim 14, wherein at least one
of the satellites is configured to operate in (i) a target follow
mode, (ii) a staring mode, or both.

25. The method according to claim 14, further comprising:

providing at least one of the satellites with an additional

sensor responsive to electromagnetic radiation in the one
or both of the infrared and the visible spectra.

26. The method according to claim 14, wherein the wave-
length of the electromagnetic radiation is approximately 200-
300 nm.



