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1

SYSTEM FOR PRODUCING REMOTE
SENSING DATA FROM NEAR EARTH ORBIT

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation application of U.S.
patent application Ser. No. 15/868,794, filed Jan. 11, 2018,

2

and represent generally accepted usage of the terms LEO,
MEQO and GEO. Satellites can orbit at any altitude above the
atmosphere, and the gaps 1n altitude shown 1n Table 1, such

as between LEO and MEQ, are also used, if less regularly.
It 1s also common that satellites may orbit 1n eccentric,
non-circular orbits, thereby passing through a range of
altitudes 1n a given orbit.

TABLE 1

Typical characteristics of common orbits.

Orbit

LEO
MEO

GEO

entitled “System For Producing Remote Sensing Data From

Near Earth Orbit,” which claims priority to U.S. Provisional
Patent Application Ser. No. 62/430,727, filed Dec. 6, 2016,
entitled “A Satellite System” and U.S. patent application
Ser. No. 15/439,533 filed on Feb. 22, 2017, entitled “A
Satellite System”. The entirety of U.S. Provisional Patent
Application Ser. No. 62/430,727, U.S. patent application

Ser. No. 15/439,533 and U.S. patent application Ser. No.
15/868,794 are incorporated herein by reference.

BACKGROUND

Satellites are used 1n many aspects of modern life, includ-
ing earth observation and reconnaissance, telecommunica-
tions, navigation (e.g., global positioning systems, or
“GPS”), environmental measurements and monitoring and
many other functions. A key advantage of satellites 1s that
they remain 1n orbit due to their high velocity that creates an
outward centripetal force equal to gravity’s imnward force.
Therefore, once 1n orbit, they stay there typically for vears
or decades. Since the velocities are so high (e.g., 3-8 km/s,
depending on altitude), atmospheric drag should be mini-
mized and/or avoided, which means satellites typically
operate outside virtually any trace of the particles that
constitute the atmosphere. In addition to drag, atmospheric
collisions with particles, even at trace concentrations, can
overheat, damage or eventually destroy the satellite.

Satellites are therefore clearly differentiated from atmo-
spheric flying (1.e., airborne) vehicles such as airplanes,
unmanned aerial vehicles (UAVs), helicopters or balloons,
in which the atmosphere supports lift and the vehicles
operate at velocities typically between zero (1.e., hovering)

to 1-3 times the speed of sound and at altitudes below about
35 km.

Satellite orbital heights are typically categorized in three
broad segments: low earth orbit (LEO), medium earth orbit
(MEQO) and geostationary earth orbit (GEQO). The general

uses and characteristics of these orbits are shown 1n Table 1

Altitude, Velocity,
km km/s  Exemplary Uses Comments
400-2,000 6.9-7.8 Earth observation, Random orbits, 3-10 Y
sensing, ISS, telecom  lifetime, space junk issue,
constellations little radiation
15,000-20,000 3.5 GPS, GLONASS, Highest radiation (Van
Earth observation Allen Belt), equatorial to
polar orbits
42,000 3.1 Sat TV, high BW Can remain above same
telecom, weather spot on Earth, typically
satellites equatorial orbits
25 For most satellites, their useful lifetime 1s determined by
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multiple factors. For example, 1n the case of GEO satellites,
small fluctuations in solar winds and earth’s gravity require
regular use of fuel to maintain the satellite’s position and
attitude. Once exhausted of fuel, a satellite 1s typically

rendered useless and decommissioned. However, due to
GEO height, such a satellite itself will stay 1in orbit virtually
forever due to its altitude and near zero atmospheric drag.
Due to their apparent stationary position as viewed from
carth’s surface, they are widely used for telecommunications
and satellite TV. Their large distance from Earth limaits their
usefulness 1n telephone services (time delay) and in high-
resolution 1maging (distance). They encounter solar winds
and cosmic radiation that force use of very specialized and
expensive electronics to survive.

MEQO satellites are 1in the mid-range, mostly similar to
GEO satellites except that they do not appear stationary
when viewed from earth’s surface. Their most common
usage 1s for satellite positioning services, such as GPS, and
certain Earth observation missions for which their trade-off
in altitude between GEO and LEO 1s beneficial. Due to the
presence of the so-called Van Allen Belts, these satellites can
sufler large amounts of radiation and therefore require very
specialized and expensive electronics to survive.

LEO satellites, conversely, may be in a constant state of
very slight atmospheric drag requiring either regular boost to
their altitude (e.g. fuel burns of typically chemical engines)
or an end-of-useful-life caused by reentry and burn up
similar to a meteor entering the earth’s atmosphere. As an
example, the International Space Station (ISS), orbiting at
about 425 km, loses approximately 2-4 km/month of altitude
and requires regular fuel burns to ensure it stays 1n proper
orbit. But the atmospheric drag 1s still very low and LEO
satellites can remain 1n orbit for years without fuel burns.

This relatively long life 1s the source of so-called “space
munk”, 1 which any orbiting device can potentially collide
with a usetul satellite, thereby damaging or destroying it and
creating additional orbiting objects. It 1s a widely recognized
issue that at some density of space junk, probabilities of
collisions increase, eventually leading to a virtually unus-
able orbit. A beneficial element of the current invention 1s to
provide satellite services without increasing the space junk
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1ssue and furthermore to enable a mechanism that will be
“self-cleaning™ 1n the chosen orbits of 180-350 km.

Due to various shielding eflects, especially of earth’s
magnetic fields, LEO satellites encounter little radiation and
therefore do not necessarily require specialized and expen-
sive electronics to survive. An exception to this rule 1s the
so-called South Atlantic Anomaly, or SAA, which 1s a region
in which a higher density of energetic particles may be
found, causing short term 1nterruptions of some electronics.
This effect can be mitigated by many known techniques, so
does not present a large 1ssue for LEO satellites.

In fact, continual improvement in system operation 1s
realized since by lowering the operating altitude, system
components (e.g. optics, electronics, synthetic aperture radar
(SAR), required solar panel area, etc.) can be made smaller,
which in turn reduces vehicle size and drag, thereby
enabling an even lower operating altitude, and so-on. While
it 1s desirable to be closer to earth’s surface (or any celestial
body’s surface, say Mars), atmospheric density effectively
sets a lower limit on orbital altitude; or forces expensive,
heavy counteracting systems such as on the Gravity field and
steady-state Ocean Circulation Explorer satellite (GOCE),
discussed below. For bodies without an atmosphere, such as
carth’s moon, there 1s no lower limit other than hitting the
body itsell.

SUMMARY

The present disclosure relates, generally, to satellite sys-
tems 1n a near earth orbit, and more particularly to a satellite
system capable of high frequency, low latency data acqui-
sition and transfer rates, the system occupying a near earth
orbit.

As described below, a properly designed near earth orbit
(NEO) vehicle must generate thrust to overcome the vehi-
cle’s drag on a regular basis. As used herein, Near Earth
Orbiters (NEOs) describe the system and 1ts constituent
vehicles (1.e., a “NEO satellite system”, “NEO vehicle” or a
“NEO satellite”) that operate 1n stable orbits at 180-350 km
(e.g., below a typical LEO). Therefore, 1t 1s a purpose of this
invention to describe a satellite system based on orbital
vehicles operating in stable Earth orbits at altitudes well
below traditional satellites, specifically between approxi-
mately 180 and 350 km.

The satellite system described herein employs a plurality
ol spacecraft configured to communicate with each other, as
well as with terrestrial based recervers (e.g., ground and/or
sea based antenna). In some examples, each spacecrait
balances a variety of systems for sustained operation 1n a
near earth orbit. For istance, drag 1s directly proportional to
atmospheric density. Therefore, each spacecrait has a rela-
tively small cross-sectional area facing the direction of
travel compared to the total surface area, to reduce drag from
collisions with atmospheric particles (e.g., oxygen, nitrogen,
etc.). Each spacecralt has a volume suflicient to support data
collection equipment (e.g., imaging and/or radar apertures),
and a total surface area that 1s large relative to the direction
of travel surface area support solar energy collection. Each
spacecralt contains a means of propulsion, which can
include an engine and/or a volume of engine propellant (e.g.,
compressed xenon housed 1n tanks).

Further, each spacecrait includes one or more surfaces
with solar energy collection panels, to provide power to a
rechargeable battery and/or to power one or more compo-
nents of the spacecraft directly. In some examples, the solar
panels are arranged about the spacecrait such that sunlight 1s
collected from various angles while maintaining a static
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position of each solar panel relative to the spacecrait bus. In
this manner, the solar panels act as passive acrodynamic
control (1.e., “stability fins,” 1 a swept-configuration,
described 1n detail, below, with respect to one or more of the
figures).

To achieve the multiple goals with a single vehicle, an
example spacecraft 1s defined by a thin, long bus, with
stability fins extending from the bus such that solar panels
incorporated thereon are exposed to solar energy regardless
of the angle of the spacecraft. In some examples, a sharp
leading edge with a specialized coating may also be incor-
porated onto the spacecralt to reduce atmospheric drag.
Further, the bus 1s capable of housing multiple components,
including, but not limited to, transceivers, processors, 1mag-
Ing systems, positioning systems, and propulsion systems. In
some examples, each spacecrait 1s capable of maintaining an

orbit of about 220 km to 280 km from Earth or greater, for
approximately three (3) years.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows an example satellite 1n accordance with
aspects of this disclosure.

FIG. 2 shows a perspective view ol an example satellite
in accordance with aspects of this disclosure.

FIGS. 3A-3C show example satellite configurations in
accordance with aspects of this disclosure.

FIG. 4 shows an example satellite deploying a solar
collection system 1n accordance with aspects of this disclo-
sure.

FIG. 5 shows another example satellite 1 accordance
with aspects of this disclosure.

FIG. 6 shows a cross-section of an example forward
surface of a satellite 1n accordance with aspects of this
disclosure.

FIG. 7 shows a cross-section of another example forward
surface of a satellite 1n accordance with aspects of this
disclosure.

FIG. 8 1llustrates graphical data of air particle interaction
within an example satellite 1n accordance with aspects of
this disclosure.

FIG. 9 shows a cross-section of an example satellite
illustrating various components in accordance with aspects
of this disclosure.

FIG. 10 shows another cross-section of an example sat-
cllite illustrating various components 1 accordance with
aspects of this disclosure.

FIG. 11 shows another perspective view of an example
satellite 1n accordance with aspects of this disclosure.

FIG. 12 shows an example of satellites interacting with
plural ground stations 1n accordance with aspects of this
disclosure.

FIG. 13 shows an example of satellite necklaces 1n
accordance with aspects of this disclosure.

FIG. 14 provides a tflow chart of an example method 260
ol generating an 1mage from data acquired by an 1maging
system ol one or more NEO vehicles 100, in accordance
with aspects of this disclosure.

The several figures provided here describe examples 1n
accordance with aspects of this disclosure. The figures are
representative ol examples, and are not exhaustive of the
possible embodiments or tull extent of the capabilities of the
concepts described heremn. Where practicable and to
enhance clarity, reference numerals are used 1n the several

figures to represent the same features.

DETAILED DESCRIPTION

This detailed embodiment 1s exemplary and not intended
to restrict the invention to the details of the description. A
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person ol ordinary skill will recognize that exemplary
numerical values, shapes, altitudes, applications of any
parameter or feature are used for the sole purpose of
describing the invention and are not intended to be, nor
should they be interpreted to be, limiting or restrictive.

The current disclosure relates to vehicles operating at
altitudes between about 180 km to 350 km, what 1s defined
herein as a Near Earth Orbiter (NEO), using thrusters for
orbiting where atmospheric density 1s too high for traditional
satellites and too low for airborne vehicles. To remain 1n
stable orbit, the NEO satellite employs a propulsion system
(c.g., electric or chemical propulsion engine) to generate
thrust suflicient to overcome the vehicle’s drag. An exem-
plary NEO satellite based on electric propulsion 1s described
herein, but a person of ordinary skill 1n the relevant art waill
appreciate that other forms of propulsion are possible, such
as chemical, optical or others that may be substituted and
align with the scope of the present invention. The NEO
satellite may be powered by solar energy and equipped with
vartous data collection systems, data transmission and
reception systems, data storage, power storage, as well as
other systems.

The NEO satellite may include an attitude and orbit
control subsystem consisting of sensors to measure vehicle
orientation, control laws embedded in the flight software,
and one or more actuators (e.g., reaction wheels, thrusters,
etc.). These actuators apply the torques and forces needed to
re-orient the vehicle to a desired attitude, keep the satellite
in the correct orbital position, and keep antennas and sensors
pointed 1n the rnight directions.

Additionally or alternatively, a thermal control subsystem
can make adjustments to protect electronic equipment from
extreme temperatures due to mtense sunlight or the lack of
sun exposure on different sides of the satellite’s body (e.g.
optical solar reflector). Another system 1s the communica-
tion payload, which 1s made up of transponders. A transpon-
der 1s capable of receiving uplinked radio signals from earth
satellite transmission stations (e.g., antennas; see FIG. 12),
amplifying recerved radio signals, sorting the input signals,
and directing the output signals through input/output signal
multiplexers to the proper downlink antennas for retrans-
mission to earth satellite receiving stations (e.g., antennas).

Some example satellites disclosed with respect to the
current invention may orbit at altitudes below LEO (i.e.,
lower than 350 km). Due to atmospheric drag at these
altitudes, thrust may be provided on a continuous or regular
periodic basis or the vehicle’s orbit will decay 1n a matter of
days, weeks or months, depending on altitude. The NEO
vehicle 100 described hereln could be configured to provide
suilicient thrust to maintain orbits between 180-350 km.

At altitudes lower than LEO, atmospheric density
increases exponentially. Below an altitude of about 120 km,
atmospheric density that causes atmospheric drag increases
by an order of magnitude about every 20 km. Meanwhile,
above that breakpoint and up to about 400 km, the atmo-
sphere changes by an order of magnitude about every 50-75
km. The key eflect 1s that atmospheric density, and therefore
drag, 1s about five orders of magnitude higher at an altitude
of 100 km compared to the altitude of the ISS at about 425
km. Furthermore, the high velocity collisions with residual
atmospheric oxygen are highly destructive to vehicle com-
ponents at this range. Accordingly, very few satellites oper-
ate below about 400 km, and those that do are often 1n hughly
clliptical orbits, thus spending very little time at the lower
altitudes. Conventional satellite design assumes that the
vehicle design itself has little or no effect on drag, which 1s
a fair assumption for satellites operating at ISS altitudes and
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higher. Because of the rapid increase in drag below these
altitudes, 1t has conventionally been thought that orbits in the
zone of rapidly increasing drag had little utility, and systems
have conventionally been designed to avoid these lower
altitudes. Certainly, traditional satellite design 1s poorly
suited to a high drag environment.

However, maintaining a lower altitude orbit 1s desirable
for multiple reasons. For mstance, any earth imaging appli-
cation can get higher resolution 1images from a smaller, less
complex 1maging device simply by being closer to the
surface. For example, if an optical imager 1s 3 times closer
to 1ts object, 1t will get approximately 9 times better reso-
lution (1.e., 1n pixels per area) for a given optical system.
Similarly, for telecommunications, due to the inverse square
law relationship between radio frequency (RF) energy and
distance, a transmitter that 1s 3 times closer will create 9
times stronger signal at a receiver, or require 9 times less
power to achieve the same signal power at the receiver.
Additionally, for an active radar application, being 3 times
closer requires 81 times less power for equivalent perfor-
mance due to the 1/r* power law of radar (or 27 times less
power for SAR, due to the associated 1/r° power law). All of
these factors enable the exemplary NEO vehicle to reduce
the size and cost of a NEO satellite system sufliciently to
enable large satellite constellations that have short revisit

times at aflordable cost.

FIG. 1 1llustrates, 1n a front view, an exemplary version of
a NEO vehicle 100. The NEO vehicle 100 can further
include an electric propulsion engine 106 to generate thrust
by, for example, 1onizing and accelerating a propellant gas
to counteract drag, in order to maintain the desired orbit.
Additionally or alternatively, the engine 106 can be com-
prise an engine with chemical thruster capabilities, such as
a micro-thruster type engine. Although represented as being
external to the vehicle bus 102, the engine 106 can be
integrated within the bus 102, shielded by one or more
panels of the bus 100, and/or dimensioned to extend beyond
a surface of the bus 102, 1n accordance with the present
disclosure. One or more stabilization surfaces or panels 108
can be employed, designed to enhance the stability of the
NEO vehicle 100, as well as support solar paneling to collect
power. The NEO vehicle 100 1s defined by a narrow cross
section, as exemplified 1n vehicle bus 102. The bus 102
includes a first or top panel 110, a second or bottom panel
112, and lateral sides 114 and 116. At the nose of the NEO
vehicle 100 1s a leading edge 104, which 1s configured with

a bevel to slope toward one or both the first or second panel
110, 112.

The example NEO vehicle 100 of FIG. 2 1s shown 1n
perspective view, 1llustrating a bevel 118 sloping from the
leading edge 104 to the panel 110. In some examples, the
bevel 118 1s angled at 20 degrees, and another bevel opposite
bevel 118 slopes toward panel 112. In some examples, the
angle 1s greater than or less than 20 degrees. In examples, the
bevel 118 slopes at a first angle, whereas the opposite bevel
slopes at a second angle different from the first angle.
Furthermore, the bevel can slope at a constant angle on a flat
surface, or can progress at a varying gradient toward the
panels 110, 112. Other variations on the surface of the bevel
can also be employed, including ovoid-conical shape, pyra-
midal shape, etc., with the key feature being that the frontal
area 1s sharply angle along the direction of travel. As
described herein, the small cross section of the NEO vehicle
100, as well as the sloping bevel from the leading edge 104,
reduces drag on the vehicle 100 from atmospheric particles
and aids 1n maintaining stable orientation in orbit.
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FIGS. 1 and 2 illustrate a NEO vehicle 100 1n a deployed
configuration. FIGS. 3A-3C show example satellite configu-
rations for storage and/or transport, in accordance with
aspects of this disclosure. For instance, FIG. 3A 1s a view
from the top or bottom of the NEO vehicle 100, whereas
FIG. 3B shows a perspective view from the rear of NEO
vehicle 100. FIG. 3C shows a stack of three NEO vehicles,
which can be arranged 1n a tight grouping for eflicient
transport on a launch satellite. Once the launch satellite
delivers the vehicle(s) to an appropriate orbit, the configu-
ration changes to operational. In the example of FIG. 4, the
NEO vehicle 100 deploys the support panels 108 (housing,
the solar collection system). As shown, the panels 108 are
secured or otherwise arranged tightly against the NEO
vehicle body 102 during storage/transport, such that a pair of
panels 108 are uniolded from each of the first surface 110
and the second surface 112. In some examples, a light baflle
1s further deployed once the vehicle 1s delivered in the
proper orbit (see, e.g., FIG. 9).

Stabilization surfaces/panels 108 can be arranged to
extend from the vehicle bus 102 to both minimize drag on
the vehicle and to maximize energy capture by solar panel-
ing mounted thereon. In the example of FIG. 5, the NEO
vehicle 100 includes four panels 108 arranged at an angle
from the horizontal plane. This arrangement provides for
maintained exposure of at least two solar collection surfaces
regardless of vehicle 100 orientation relative to the sun 120.
Thus, at a 45 degree angle, a panel 108 would have an
cllective radiation exposure in accordance with the follow-
ing equation:

dxcos O

where d 1s the length of the panel and 0 the angle of
incidence of the solar rays relative to the panel normal
direction. Although shown in a particular arrangement, the
panels 108 can be angled in any manner with respect to the
vehicle bus 102. Further, the panels 108 can be deployed in
a fixed position, or can be movable to maximize exposure to
the sun 120. In some examples, movement of the panels 108
can be commanded by a controller, such as to turn a motor,
or 1n response to a sensor configured to track the intensity of
the sun’s rays. In some examples, the satellite bus panels
110, 112, 114, 116 can also support solar cells. Of note 1n this
design 1s that 1n all cases, the large panels are presented edge
on to the direction of travel, which substantially reduces
drag eflects from the panels relative to presenting the solar
surface to the direction of travel, and indeed the small {frontal
cross section of the vehicle shown in FIG. 1 relative to 1ts
overall dimensions and volume 1s an important aspect of the
inventive design.

FIG. 6 shows a side-view of an example forward surface
of a satellite with a drag analysis represented as a vector. For
instance, the leading edge of object 130 experiences signifi-
cant drag force, shown as particles rebound at a vector V, 1n
response to particles travelling toward the object 130 at a
velocity V. Object 132 experiences a less direct effect 134,
as the direction of the reflected particles (shown as vectors
134, V,) are directed at generally more diffuse angles than
object 130.

Unlike traditional atmospheric drag cases for controlled
flight 1n the atmosphere, drag at these altitudes 1s a function
of particle density, speed, and the mechanism by which those
particles interact with the satellite vehicle. Some particles
will “bounce” ofl the drag surface 1n “retlective” collisions,
which do not result 1n the full transfer of momentum from
the vehicle to the particle, and the particle retains a large
vector V, relative to 1ts original pre-collision vector V.
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Other collisions are “thermally accommodative”, meaning
that the particle 1s eflectively trapped or absorbed by the
surface, with a full transfer of momentum and energy that
results 1n the particle leaving the surface with a small
residual vector V, relative to the drag surface. The latter
collisions have a higher contribution to drag. Conventional
orbital vehicle design does not account for or design against
the two types of drag inducing collisions.

The objects 130, 132 shown 1n FIG. 6 are representations
of a typical satellite surface material that exhibits difluse
reflection and full thermal accommodation drag proportional
to (V,-V,), which 1s approximately equal to V,, as V, 1s
much greater than V,. FIG. 7, by contrast, exhibits the
interaction of a front edge/bevel of a NEO vehicle 100 with
a surface treatment and/or selected material, as descried
herein. An example of such materials and possible applica-
tions are described 1n co-pending application No. 62/616,
325 , enftitled “Atomic Oxygen-Resistant, Low Drag Coat-
1ngs And Matenals,” to Timothy Minton and Thomas E.
Schwartzentruber. For instance, the object 138 1s coated with
an advanced matenial (e.g., such as S10x), which results in
a partial specular retlection (shown by vector V,, 136) and
low thermal accommodation. The presentation of angled
surfaces in the direction of travel, on the one hand, plus the
use of materials that exhibit reflective properties with
respect to residual atmospheric particles, on the other, result
in drag on the object 138 (e.g., the leading edge and bevel
of NEO vehicle 100) that 1s much lower, as V, can be
comparable to V, in magnitude.

In one example, different surface treatments or materials
are used for the exterior of the satellite system. For example,
atomically smooth materials such as sapphire or other pol-
ished materials may be used, where interactions with atmo-
spheric particles would be similar to specular reflection.
Accordingly, the endurance of the NEO vehicle 100 may
exceed that of traditional satellites. In the case of a NEO
vehicle 100 operating with an 10n engine, 1nteraction with
oxygen, and to some degree nitrogen, may limit endurance
of the system. Such 1ssues may be mitigated significantly,
for example, by proper choice of materials. For example,
metallic elements, such as heavy, noble metals like gold do
not oxidize and are less susceptible to sputtering than other
maternials. New synthetic materials or high strength ceramics
may also be used.

In some examples, advanced materials are used to reduce
drag from atmospheric particles. For instance, the use of
advanced materials combined with a beveled (1.e. sharp)
leading edge can reduce the drag experienced by the satellite
system by approximately a factor of two. Importantly, the
mass and volume needed to maintain orbit of the satellite
system decreases, as much as half. Similarly, the mission
lifetime for the system could be doubled. The improvement
can also have an impact on satfety factors for endurance and
weight.

FIG. 8 1llustrates graphical data of air particle interaction
in accordance with aspects of this disclosure. At altitudes of

180-350 km, earth’s atmosphere 1s made up primarily of O,
O,, N and N,. In an example where the NEO vehicle 100
orbits the Farth at about 200 km, the NEO vehicle 100 has

an orbital velocity of about 7.8 km/sec, these atom and
molecule species have a velocity relative to the vehicle of
the same 7.8 km/sec. The drag analysis presented in FIG. 8
shows a molecular beam of oxygen atoms (O), traveling at
approximately 8 km/s. The molecular beam impacts the
S102 surface at approximately a 20-degree angle. The
narrow scattering distribution is centered at approximately

T 1 T 1 _
jﬂut/'jiﬂ_60_

30 degrees. Accommodation 1s low, with an
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80%. Thus, the application of a S10x coating and angled
incidence has a meaningiul reduction in drag versus tradi-
tional materials, on the order of one-half the drag experi-
enced by a diffuse material without a beveled (1.e. sharp)
leading edge.

FIG. 9 shows a view of an example NEO vehicle 100 with
the bottom surface removed to expose various components
therein. As shown 1n FIG. 9, a radio frequency antenna 1350
(e.g., a phased array) can be included. An example of such
a system and possible applications are described 1n co-
pending application Ser. No. 15/868,812, entitled “Radio
Frequency Data Downlink For A High Revisit Rate, Low
Earth Orbit Satellite System,” to Daniel Nobbe and Ronald
E. Reedy. A computing platform 152 can include a proces-
sor, memory storage, and/or various sensor types. Attitude
control gyroscopes and/or reaction wheels can be included.
A battery 154 or other storage system (e.g., capacitor, etc.)
can be used to store power collected by solar panels 1n order
to, for example, power the various components and the
clectronic engine 106 of the NEO vehicle 100.

One or more optical imaging systems/lenses 156,158 are
also 1ncluded (e.g., variable field of view, multispectral
imaging, etc. ) The lenses 156, 158 are conﬁgured to have a
thickness suflicient to provide detailed imaging (e.g., a 1 m
resolution at NEO altitudes) yet thin enough to fit within the
vehicle bus 102, along with the various other components. A
folded light path contributes to reduced thickness of an
optical assembly, while a radar assembly can be made from
an array similar to the radio phased array antenna. Addi-
tionally or alternatively, the imaging system can include a
mechanical device to control the onentation of the lenses
156, 158 to adjust the focus of the imaging system. A baflle
162 can be used to provide stability as well as filtering stray
light effects from non-imaged sources, supported by one or
more posts 164. Each spacecrait 1s configured with suflicient
area/volume to house one or more 1imaging systems, such as
two camera lenses 156, 158, and one or more baflles 162. In
some examples, a camera lens can be a 10 cm thick optical
lens system, and a baflle external to the vehicle bus 1s used.

Many aspects of the spacecraft have equal applicability
for systems configured for image capture (e.g., optical data
collection) and radar capable spacecrait. In some examples,
considerations related to size of the vehicle, weight, drag,
power demands, as well as propellant needs, may change
based on these and other factors. For example, in some
embodiments, the cross-sectional area for an imaging satel-
lite 1s greater than that for a radar capable satellite (e.g.,
about 5 c¢cm thick vehicle bus for radar satellite, compared
with about 10 cm thick to house the camera optics).

Additional and alternative components may be included
in the NEO vehicle 100, such as radar or radio components,
sensors, electronics bays for electronics and control cir-
cuitry, cooling, navigation, attitude control, and other com-
ponentry, depending on the conditions of the orbiting envi-
ronment (e.g., air particle density), the particular application
of the satellite (e.g., optical imaging, thermal imaging, radar
imaging, other types of remote earth sensor data collection,
telecommunications transceiver, scientific research etc.), for
instance. In some examples, the system can include one or
more passive and/or active systems to manage thermal
changes, due to operation of the components themselves, 1n
response to environmental conditions, etc. The computing,
platform 152 can be configured to adjust the duty cycle of
one or more components, transier power storage and/or use
from a given set of batteries to another, or another suitable
measure designed to limit overheating within the NEO

vehicle 100.
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A propellant storage tank 160 1s coupled with the engine
106 to generate thrust to counter the forces on the NEO
vehicle 100 from drag, or to position the vehicle in the
proper orbit. The present and desired orbit can be compared
and any adjustments can be implemented by the computing
platform 152. For example, based on sensor data, the com-
puting platform 152 can determine spatial i1nformation
indicative of a current altitude of the satellite, an orientation
of the satellite relative to a terrestrial surface, and a position
of the satellite relative to other satellites. This data can be
compared against a desired altitude, orientation or position.
If the computing platform 152 determines an adjustment 1s
needed, the electric propulsion engine 106 1s controlled to
generate thrust sutlicient to achieve the desired altitude,
orientation or position.

FIG. 10 shows another cross-section of an example sat-
cllite 1illustrating various components and representative
dimensions for the NEO vehicle 100, in accordance with
aspects of this disclosure. For instance, the vehicle, from
leading edge 104 to the far end of the vehicle bus 102, is
shown 1n the example of FIG. 10 as being approximately
120 cm long. Further, from the bottom edge of the engine
106 to the baflle 162 1s approximately 20 cm. As shown, the
batile 162 provides a filter for optical imaging systems 1356,
158. Moreover, a wide-angle reception band of 45 degrees 1s
illustrated for RF antenna 150. Additionally, FIG. 10 shows
a profile of the leading edge 104 and a top bevel 118 and a
lower bevel 119.

FIG. 11 shows another perspective view of an example
satellite. As shown, the baflle 162 i1s placed between the
vehicle 100 and the surface to be mmaged (e.g., toward
Earth). In this example, two openings are provided to
accommodate two 1maging systems. However, a single
imaging system, or three or more imaging systems, are
considered for the disclosed vehicle. Although a one to one
correspondence 1n 1maging system to baflle opening 1is
shown, a single baflle opening may be used for multiple
imaging systems, or no baflle may be used, depending on the
particular application. Although not shown 1n FIG. 11, the
baflle may be attached to the satellite bus 1n a number of
mechanical ways, and the deployment of the baflle may be
performed 1 a number of mechanical ways, for example
with a system of springs and latches. Additionally, the center
of mass of the satellite should generally be located forward
of the center of pressure (e.g., the location where the net
acrodynamic force, due to particles impacting the satellite
surfaces, acts). Locating the center of mass forward of the
center of pressure facilitates passive stability and aids 1n
avoidance of any tumbling motion. Similar considerations
are engineered into design of passenger aircraft. The precise
location of the center of mass and pressure can be arranged
in many ways based on engmeermg tradeodls.

In some example imaging systems, a baflle can be used to
block a portion of incoming light. Accordingly, only light
associated with the imaged surface 1s transmitted to a lens of
an 1maging system. The baflle system cooperates with the
thin lens and 1maging system to provide transmitted light
from the 1maged surface to a detector (e.g., an array,
photodetector, etc.) to collect data and/or 1mages associated
with the imaged surface. In accordance with the NEO
vehicle described herein, the lens and 1maging system are of
a thickness suflicient to be fully housed within the vehicle
bus (i.e. thinner than the bus height).

Moreover, the satellite systems described herein can
employ various forms of electric propulsion devices (e.g.,
ion engines) such as pulsed plasma thruster (PPT), Hall-
cellect thruster (HET), microwave discharge, and RF dis-
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charge devices. For example, Xe or Ar, both noble gases
with relatively high atomic masses, can be used as a pro-
pellant. Noble gases are selected because they tend not to
damage engine components, and massive atoms efliciently
convert energy into momentum. An example electric pro-
pulsion engine 1s manufactured by PhaseFour, Inc. Addi-
tionally or alternatively, the engine 106 can comprise an
engine with chemical thruster capabilities, such as a micro-
thruster type engine.

FIG. 12 shows an example of satellites interacting with
plural ground stations 1n accordance with aspects of this
disclosure. As shown, a plurality of satellites 100A-100C are
in a near earth orbit, as described herein. A vehicle-to-
vehicle laser communication system may be included to
improve data download rates, flexibility and reliability. Each
satellite 100A-100C 1s equipped with communications sys-
tems to communicate with other satellites (e.g., laser com-
munications, radio communications, etc.).

For example, satellite 1008 can send and receive infor-
mation to satellite 100A via link 244 and with satellite 100C
via link 246. In a high volume constellation with close
spacing at low altitudes, line of sight laser communications
to neighbor vehicles will be effective. In the example of 90
satellites 1n an orbital plane at 1-minute intervals, distance
between satellites will be approximately 450 km. Since the
horizon from 180 km altitude 1s more than 1,000 km away,
a laser communications system 1s capable of providing a
direct link to multiple satellites 1n the same orbital plane
with minimal atmospheric diffusion eflects at low power.
Since the vehicles will be oniented along the orbital plane 1n
order to minimize drag and their relative positions change
very slowly, the pointing system for the inter-vehicle laser
communications may be relatively simple. Using such an
inter-vehicle link would enable very high-speed data rate
transier between vehicles, enabling downloads to be handled
by a vehicle other than the one collecting an image. Adding,
this tlexibility to the system has several benefits, including,
filling dead-zone gaps, backup capability 1f recervers are
unavailable, and backup capabaility 11 a downlink transmaitter
on a NEO vehicle becomes disabled.

Although three satellites are shown in succession, any
number of satellites into the tens of thousands can be
employed 1n a satellite constellation, and can be aligned 1n
a single direction of travel in a single orbit, or may be
traveling at angles with respect to each other, and occupy
multiple orbits (see, e.g., FIG. 13).

As shown, each satellite 100A-100C 1s configured to send
and receive mformation to and from ground based systems
240A-240C. Each ground based system 240A-240C 1s con-
figured to communicate with another ground based system
via communication links 248, 250. For example, communi-
cations links 248 and 250 can be laser based, radio fre-
quency transmissions, wired or fiber optic connections, or a
combination thereof. The communication links may utilize
dynamic beam shapes to maximize data download during
cach pass of satellites.

The system further includes a distributed earth receiver
system relying on a large number of receivers each down-
loading data during a satellite overpass. For instance, ground
based systems 240A-240C are configured to communicate
with satellites 100A-100C to send and receive mformation
via communication links 242A-242C. Additionally or alter-
natively, a ground based system can communicate with more
than one satellite, or vice versa. As shown in FIG. 12, ground
based system 240A 1s communicating with satellite 100A via
communications link 242A, and 1s also configured to com-
municate with satellite 1008 via link 252. In examples,
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ground based station 240A can anticipate the arrival of
satellite 1008 and adjust one or more antennas to facilitate
data transier. The position of satellites within the orbit can
be determined based on information stored 1n a database and
available to each ground station and/or satellite. The data-
base can be updated 1n response to data received through
carlier ground based station communications to 1mprove
estimates of a given satellite’s location, speed and/or other
operational parameters. Moreover, communication between
the ground based station 240A and satellites 100A and 1008
can occur simultaneously or 1n succession.

It 1s a key element of the current invention that phased
array antennas may be used for radio communications, with
antennas located on each satellite as well as on each ground
based system. For example, phased array antennas permit
variable antenna beam shapes to facilitate both signal acqui-
sition (e.g., larger bean width with lower data rates) and
signal transmission (e.g., narrower beam width with higher
data rates), as described in co-pending application entitled
“Radio Frequency Data Downlink For A High Revisit Rate,
Low Earth Orbit Satellite System”.

The example NEO satellite system described herein 1s
capable of providing imaging, communication services,
earth measurements, and other satellite ser<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>