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GEOLOCATION LEVERAGING SPOT BEAM OVERLAP

BACKGROUND
The present disclosure relales {o using spot beam overlap for geolocation
leveraging. In particular, it relates {o using spotl beams to oblain precise positioning that

maintains high enocugh accuracy to be used for time transfer.

SUMMARY

The present disclosure relates (o a system, apparatus, and method for using spot
beam overlap for geclocation leveraging. In ong or more embodiments, the method for
using spot beam overlap for geolocation leveraging involves providing an estimate of a
iocation of a user receiver device. The method comprises emitling from at least one
vehicle at least one spot beam on Earth, and receiving with the user receiver device a
signal from at least one spot beam. The method further comprises calculating with the
user receiver device an estimale of the location of the user receiver device according {o the
user receiver device’s location within at least one spot beam.

in one or more embodiments, the method further comprises caiculating a range
from at least one vehicle to the surface of the Earth. In some embodiments, the method
further comprises calculating a range from at least one vehicle o the user receiver device.
in at least one embodiment, calculating the range from at least one vehicle 1o the user
receiver device involves measuring a Doppler frequency offset of al least one vehicle,
caiculating a Doppler range estimate and/or pseudorange measurements using a Kalman
filier, and calculaling a running estimate of the range from at least one vehicle to the user
receiver device.

in some embodiments of the present disciosure, the method for using spot beam
overiap for geciocation leveraging provides an improvement in accuracy of geolocation
algorithms.  In one or more embodiments, the user receiver device is located in an
atienuated environment, a jammed environment, and/or an occluded environment., In at
least one embodiment, the cccluded environment is indoors.  In some embodiments, the

method {or using spot beam overlap for geclocation leveraging further involves using signal
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to noise ratio (SNR) measurements from at least one vehicle in order to further refine the
estimate of the location of the user receiver device.

in one or more embodiments, at least one vehicle of the present disclosure is a
satellite, a pseudolite, a space shutlle, an aircrafl, a balloon, and/or a helicopter.  in
alternative embodiments, various other types of vehicles may be employed for at least one
vehicle of the present disclosure. In some embodiments, the types of aircrafis thal may be
used include, bul are not limited to, airplanes and/or unmanned aerial vehicles (UAVs). In
at ieast one embodiment, the types of satellites thal may be employed for the present
disclosure include, but are not limited lo, low earth orbit (LEO) satellites, medium earth
orbit (MEQ) satellites, and/or geostationary earth orbit (GEO) satellites. In some
embodiments, at least one vehicle has a known orbit and/or a known path. In oneg or more
embodiments, the user receiver device is mobile and/or siationary.

in some embodiments, the method involves at least one vehicle emitling at least
one spol beam with at least one radio frequency (RF) antenna. In at least one
embodiment, at least one spot beam is radiated from at least one RF anlenna as a fixed
position beam. In other embodiments, at least one spot beam is radiated from at ieast one
RF antenna as a scanning beam. In some embodiments, the user receiver device receives
the signal from at least one spot beam with at least one RF antenna.

in one or more embodiments, the user receiver device uses a processor {0
calculate the estimate of the location of the user receiver device. In some embodiments,
when the user receiver device receives a signal from only one spot beam, the user receiver
device calcuiales the estimate of the location of the user receiver device to be located in
the center of the intersection of the one spot beam. In at least one embodiment, when the
user receiver device receives signais from al least two spot beams, the user receiver
device calcuiates the estimate of the location of the user receiver device 10 be located in
the center of the intersection of at least two spot beams. In other embodiments, when the
user receiver device receives signals from at least two spot beams, the user receiver
device calculates the estimate of the location of the user receiver device 1o be located at a
centroid of the centers of at least two spot beams.

in some embodiments, the user receiver device of the present disclosure records a

spot beam position as being from the time the spot beam rises {(lrise) 10 the time the spot
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beam sets {Iser). In one or more embodiments, when the mask angles are uniform in all
directions with respect to the user receiver device, i is assumed that at ime = { (teer - tkise)
/ 2}, the user receiver device is iocated at the center of the spot beam in the in-track
direction. Alternatively, when the mask angles are non-uniform in a spot beam rise
direction and a spot beam sel direction, it is assumed thal at ime = ( (At )/2), where
{Myre)2 = (Mlgvermeasures + Alpsias )2, the user receiver device is located at the center of the
spot beam in the in-track direction.

in one or more embodiments, the user receiver device uses the received
amplitude of at least one spot beam (o calculale the estimate of the location of the user
receiver device. In one or morg embodiments, the user receiver device averages two or
more estimates of the location of the user receiver device that were calculated over time in
order {o further refine the estimaile of the location of the user receiver device,

in some embodiments, the user receiver device uses a Kalman filler in order {0
average two or more estimates of the location of the user receiver device. In alternalive
embodiments, the user receiver device uses a maliched filter in order to average two or
more estimates of the location of the user receiver device. In one or more embodiments,
the estimate of the location of the user receiver is used by a global positioning sysiem
(GPS) in order {0 assist in rapidly acquiring the GPS signal.

in one or more embodiments, the sysiem for using spot beam overlap for
geolocation leveraging invelves providing an estimate of a location of a user receiver
device. The system comprises at least one vehicle and a user receiver device. in some
embodiments, at least one vehicle emits at least one spotl beam on Earth. In at least one
embodiment, the user receiver device includes al least one RF amtenna and a processor.
in one or more embodiments, at least one RF antenna receives at least one spot beam. In
some embodiments, the processor calculates the estimale of the location of the user
receiver device according to the user receiver device’s location within at least one spot
beam.

in some embodiments, the user receiver device further includes a local clock and
memory. The memory is adapled {o store successive spot beam identifying information
that is recorded over time. Also, the processor of the user receiver device is able o

calculaie the Doppler frequency offset of al least one vehicle.
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in at least one embodiment, the user receiver device further includes an internal
orbital model.  In some embodiments, the user receiver device receives orbital data
information via transmissions from at least one vehicle. In other embodiments, the user
recaiver device receives orbital delta correction information via transmissions from at least
one vehicle andfor from an earth-based network., In at least one embodiment of the

present disclosure, the earth-based network is a cellular network.

DRAWINGS
These and other fealures, aspects, and advantages of the present disclosure wili
become better understood with regard to the following description, appended claims, and
accompanying drawings where:

FIG. 1A lllustrates the use of a single satellite’s overlapping multiple spot beams in
order (o obtain an estimate of the location of a user receiver device, in accordance with at
ieast one embodiment of the present disclosure.

FIG. 1B shows the use of a single satellite’s overlapping multiple spol beams
along with a celiular network in order {o oblain an estimate of the location of a user receiver
device, in accordance with at least one embodiment of the present disclosure.

FIG. 2 depicts the use of a single satellile’s overlapping multiple spot beams over
time in order {0 obtain an estimate of the location of a user receiver device, in accordance
with at least one embodiment of the present disclosure,

FIG. 3 illustrates the use of two satellites’ overlapping multiple spot beams in order
to obtain an estimate of the location of a user receiver device, in accordance with at least
one embodiment of the present disclosure.

FiG. 4 shows the use of a single satellile’s overlapping multiple spot beams that
are scanned over time in order to obtain an estimate of the location of a user receiver
device, in accordance with at least one embodiment of the present disclosure.

FiG. 5 depicts the use of a single satellite’s signal amplitude that is received by
the user receiver device in order {o obiain an estimate of the location of a user receiver

device, in accordance with at least one embodiment of the present disclosure.
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FiG. 6 shows the use of two satellites’ signal amplitudes that are received by the
user receiver device in order to oblain an estimate of the location of a user receiver device,
in accordance with at least one embodiment of the present disclosure.

FIG. 7 illustrates the use of a single satellite’s signal amplitude from a spot beam
that is scanned over time in order {o obtain an estimate of the location of 8 user receiver
device, in accordance with at least one embodiment of the present disclosure.

FIG. 8 is a piclorial representation of using a single salellite’s spot-beam’s rising-
and setling-times to estimate the lccation of a user receiver device for a uniform masking
angle, in accordance with at least one embodiment of the present disclosure.

FiG. 9A shows an illusiration of using a single spotl beam’s rising and setling times
to estimate the location of a user receiver device for a non-uniform masking angle, in
accordance with at least one embodiment of the present disclosure.

FIG. 9B shows a pictorial representation of using a single satellite’s spol beamy's
rising and setling times o estimate the location of a user receiver device for a non-uniform
masking angle, in accordance with at least one embodiment of the present disclosure,

FiG. 10 provides a flow diagram illustrating a method of obtaining a running
estimate of the range between a user receiver device and a satellite, in accordance with at

ieast one embodiment of the present disclosure.

DESCRIPTION

The methods and apparatus disclosed herein provide an operative system for
using spot beam overlap for geolocation leveraging. Specifically, this system relates to
using spot beams in order {o obtain precise posifioning that maintains a high enough
accuracy 1o be used for time transfer.

Currently, navigation and timing signals provided by varicus existing satellite
navigation systems often do not provide satisfactory system performance. In particular, the
signal power, bandwidth, and geometrical leverage of such navigation and timing signals
are generally insufficient {0 meet the needs of many demanding usage scenarios. For
example, existing navigation and timing approaches based on giobal positioning systemn
(GPS) signals may not typically be available to a navigation user in many instances.

During operation, a GPS receiver must typically receive at least four simullaneous ranging
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sources in order {o permit three-dimensional (3D} positioning and accurale time transfer.
However, GRS signals often provide insufficient, low-signal power or geometry readily {o
penetrate urban canyons or walis of buildings. When this occurs, a GPS receiver will not
be able 10 receive the signals if requires for accurate 3D positioning and fime transfer. In
another example, navigational approaches based on cellular telephone or television signals
also do not provide satisfactory system performance. This is bacause their signals typically
fack verlical navigation information, which is desired for many navigational usage
scenarios.

Existing navigalion systems have allempted to address indoor navigation
deficiencies by the use of various approaches. Some of these various approaches include
the use of inertial navigation systems, specialized beacons, and highly sensitive GPS
systems. However, it should be noted that each of these approaches has their cwn unique
drawbacks. Inertial navigation systems drift and are expensive. Beacons require
specialized tixed assets that are expensive and are not standardized. As such, beacons
are built only to have a specialized utility.  And, sensitive GPS systems often do not
perform {0 user expectations due {o the weakness of the GPS signals in indoor
environmenis. The disclosed systems and methods are able to provide an improvement in
navigation system performance when the user receiver device is localed in an attenuated
environment, a jammed environment, and/or an occluded environment, such as indoors.

The systems and methods of the present disclosure allow for determining an
estimate of the location of a user receiver device on or near the surface of the Earth based
on the knowledge of a satellite’s directional signals {i.e. spot beams) in which the user
receiver device s located within, By ulilizing the knowledge of the uniquely-identifiable
spot beam geometry, such as that from an iridium low earth orbiting (LEQ) satellile, the
user receiver device is able 1o discern which set of satellite spot beams the user receiver
device is located within at any given period of time. The simplest approximation of the user
receiver device's location is the calculation of the projection of the center of the spot beam
on the surface of the karth, which statistically holds the highest likelihood of being the user
receiver device's true location. This first order approximated user receiver device location
estimate combined with the known salellite position, as derived by the user receiver device,

can be usad to estimate the user receiver device-to-saieliite unif vector.
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The system of the present disclosure employs a method referred 1o as beam
averaging, which includes various embodiments in order {o estimate the user receiver
device's location, and subsequently refine the estimale with additional measuremenis.
After a first order location estimatle is developed from a signal spot beam, the eslimate can
be refined by monitoring successive spot beams sweeping over the user receiver device as
time progresses. When there is a situation of a user receiver device being located within
the intersection of two or more spot beams, the user receiver device’s location can be
esiimated o be at the center of the inlersection of the spot beams.

During a given duration of time, the user receiver device will be likely be located
within multiple overlapping spot beams from a single sateliite or multiple satellites. The
iocation of the user receiver device can be estimated {© be at the centroid of the centers of
the multiple overlapping spot beams. Additionally, two or more successive user receiver
device location eslimates can be averaged over time in order o reduce further the user
receiver device’s location error. Satellites transmitting a greater number of spot beams per
unit area will provide a more accurate user receiver device estimate. By carefully recording
which beams are overlapping and how the overlap changes with respect o lime, the
accuracy of geolocation algorithms and satelliie-ranging predictions can be significantly
improved. in at least one embodiment, a single spot beam's rising and setling times are
tracked, and the location of the user receiver device is estimated {o be al a posilion within
the spot beam that corresponds (o being haltway between the spot beam rise and set times
as determined by the user receiver device,

in one or more embodiments, the disclosed systems and methods obtain an
estimate of the position of a user receiver device that is located on or near the surface of
the Earth by using knowiedge of at least one non-geostationary vehicle’s directional signals
{i.e. spol beams) in which the receiver is located within, A particular type of non-
geostationary vehicles that may be employed by the present disclosure is exemplified by
the lridium satellite constellation, which are low-earth orbiting (LEQ), 3-axis stabilized,
earth-pointing satellites that transmit signals towards the karth in a known deterministic
antenna spot-beam pattern.  For any given satellite, if at any time {4, the position and
attitude of the salellile reialive o the Earth are known, and i the directions of the

fransmitted antenna spot beams relative (o the satellite are known, then the intersection of
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the center of the spol beams on the surface of the karth at time {4y can be calculated.
Further, if the properties of the antenna spot beams are well known, then the pattern of the
projections of the antenna spot beams on the Earth's surface at time 1 can be calculated.
This is well known to persons who are versed in the arl. As in the Iidium satellite
consiellation example, it is possible for the salelliie to ransmit the spot-beam center
iocation to the user receiver device in a defined coordinate system.

By utilizing knowledge of the uniquely-identifiable spot beam geomelry, the user
receiver device, which delects al least one spot beam signal, is able to discern which set of
sateilifes and spot beams that the user receiver device is located within at a given time .
For example, part of the received signal may identify the specific spot-beam identification
number. Once the spot beam in which the user receiver device is located within is
determined, the user receiver device can make the determination that it is at a locatlion
within the projection of the spot beam. Then, once the user receiver device calculates the
iocation of the projection of the spot beam at time 1, the user receiver device can calculale
an estimate of its own location at time ;. The accuracy of this measurement will depend on
the size of the projection of the given spot beam on the surface of the karth. Vehicles
transmilling a greater number of spot beams per vehicle will provide a more accurate
position estimate. As will be easily undersicod, the accuracy of such a system will be a
function of the size and number of the spot beam projeclions on or near the surface of the
Earth. As such, the accuracy of the system may be improved by increasing the number of
spot beams and decreasing the radius of the spot beams {i.e. focusing the spot beams) on
the surface of the karth.

it should be noted that the sysiems and methods of the present disclosure may
employ any various type of overhead vehicles as a transmission scurce for the spot
beams. Types of vehicles that may be employed for the system of the present disclosure
include, but are not limited {o, a salellile, a pseudoliie, a space shutlle, an aircrafl, an
airplane, an unmannead aerial vehicle (UAV), a balloon, and/or a helicopier. In addition,
various types of salelliles may be used for the vehicles of the disclosed system include, but
not limited 1o, low earth orbiling (LEQ) satelliles, medium earth orbit (MEO) satellites,
and/or geostationary earth orbit (GEQ) satellites. When employing vehicles that are not

saleilites, virlually no changes are required o the disclosed system s0 long as the spot
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beam geometry is known by the user receiver device and is well defined. Alsog, in one or
more embodimenis for the systemn of the present disclosure, at least one vehicle has a
known orbit and/or a known path.

in the following description, numerous detalls are set forth in order to provide a
more thorough description of the system. It will be apparent, however, {0 one skilled in the
ari, that the disclosed system may be practiced without these specific details. In the other
instances, well known fealures have not been describad in detaill so as not to unnecessarily
obscure the system.

FIG. 1A illustrates the use of a single satsllite’s 100 overlapping mulliple spot
beams 110 in order to obtain an estimale of the location of a user receiver device 120, in
accordance with at least one embodiment of the present disclosure. And, FIG. 18 shows
the use of a single satellite’s 100 overlapping multiple spot beams 110 along with the use
of a cellular network 130 in order to obtain an estimate of the location of a user receiver
device 120, in accordance with at least one embodiment of the present disclosure. FIG. 18
is similar to FIG. 1A except for the fact that FIG. 1B employs the use of a cellular network
130, In both of these figures, i can be seen that the single satellite 100 emits at least one
spot beam 110 on Earth. In one or more embodiments, the sateliite 100 uses at least one
radio frequency (RF) anienna o emil at least one of the spot beams 110. The user
receiver device 120 receives a signal from at least one of the projected spot beams 110.
The user receiver device 120 then calculates an estimate of iis locatlion on Earth according
{o its location within one of the projected spot beams 110.

in FIGS. 1A and 18, the user receiver device 120 calculates the location of at
ieast one spot beam within which the user receiver device 120 is localed. In order to make
this calculation, the user receiver device 120 uses knowledge of the satellite 100 position,
knowledge of the satellite 100 attitude, and/or knowledge of the direction and/or pattemn of
the spot beams 110. In some embodiments, in order for the user receiver device 120 to
obtain knowledge of the direction and/or pattern of the spot beams 110, the user receiver
device 120 refers {0 a beam geometry database and/or an internal orbital model.

in FiG. 1A, the sateliite 100 position information {(le. the ephemerides) is
transmilled o the user receiver device 120 from the satellite 100 Hself. In some

embodiments, the user receiver device 120 receives orbital data information and/or orbital
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delta correction information via transmissions from the satelite 100. In one or more
embodiments, the user receiver device 120 calculales the satellite 160 position by using
data from is intemmal orbital model and using orbital della correclions that i receives from
the sateliife 100. In some embodiments, the calculation of the direction and/or pattern of
the spot peams 110 is accomplished on-board the satellite 100, The direction and/or
patiern information of the spot beams 110 may be transmitled from the satellite 100 o the
user receiver device 120 as part of a message contained in the signatl of the spot beams.

Alternatively, in FIG. 1B, the salellile 100 position information (i.e. the
ephemerides) is transmitled to the user receiver device 120 over a cellular network 130. In
other embodiments, various fypes of earth-based networks, other than cellular networks,
may be employed by the system of the present disclosure o transmit the satellite 100
position information {(i.e. the ephemerides) {o the user receiver device 120, in some
embodiments, the user receiver device 120 raeceives orbilal data information and/or orbital
delta correction information via transmissions from the cellular network 130, In one or more
embodiments, the user receiver device 120 caiculates the satellite 100 position by using
data from its internal orbital model and using orbital delta corrections that i receives from
the cellular network 130.

in one or more embodiments, when the user receiver device 120 receives a signal
from only one spot beam 110, the user receiver device 120 calculaies the eslimate of the
iocation of the user receiver device 120 to be localed at the center of the spot beam.
Alternatively, when the user receiver device 120 receives a signal from two or more spot
beams 110, the user receiver device 120 calculates the estimate of the location of the user
receiver device 120 {o be located at the center of the intersection 150 of the spot beams
110 from which it receives a signal. In other embaodiments, when the user receiver device
120 receives a signal from two or more spot beams 110, the user receiver device 120
calculates the estimate of the location of the user receiver device 120 to be located at the
ceniroid of the centers of the spot beams 110 from which it receives a signal. In at least
one embodiment, the user receiver device 120 uses signal to noise (SNR) measurements
that it receives from the sateillite 100 in order {o further refine its calculaled estimate of its
iocation. it should be noted that in some embodiments, the estimate of the location of the

user receiver device 120 is used (o provide an improvement in the accuracy of currently
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used geolocation algorithms.  In addition, the estimate of the location of the user recsiver
device 120 may be used by a global positioning system (GPS) in order {o assist in rapidly
acquiring the GPS signal.

in some embaodimenis, the user receiver device 120 of FIGS. 1A and 18 includes
at teast one radio frequency (RF) antenna 140 that is used {o receive a signal from at least
one spot beam that is projected from the satellite 100, The RF anlenna may be
manufactured {0 be either inlernal or exiernal {o the housing of the user receiver device
120. In some embodiments, the user receiver device 120 also includes a processor thal is
used to calculate the estimate of the location of the user receiver device 120 according to
the user receiver device’s 120 location within at least one spot beam 110, In at least cne
embodiment, the user receiver device 120 further includes a local clock and a memaory that
is adapted to store successive spol beam identifying information that is recorded over time.
it one or more embodiments, the user receiver device 120 is either mobile or slationary.

FiG. 2 depicts the use of a single satellite’s 100 overlapping multiple spot beams
over time in order {0 obtain an estimate of the location of a user receiver device 120, in
accordance with at least one embodiment of the present disclosure. In this figure, il is
shown that at time {p, the user receiver device 120 is located within an intersection 210 of
the spot beams 200 that are radiated by the SAT 1 saleilite 100. it should be noted that in
this figure the spot beams 200 that are being radiated by SAT 1 satellite 100 are fixed
directional beams, not scanning beams. In one or more embodiments, the processor of the
user receiver device 120 calculates a first estimate of the location of the user receiver
device 120 to be located at the center of the intersection 210 of the spot beams 200. Then,
the user receiver device 120 stores the locations of the spot beams 200 at time { as well
as stores this first estimate of the location of the user receiver device 120 in ils memory.

As also shown in this figure, at a later time {p + AL, the spot beams 200 radiated
from SAT 1 satellite 100 have swept across the surface of the Earth. As such, the user
receiver device 120 is now located within a different intersection 220 of the spot beams 200
on the surface of the Earth. At this point in time, the processor of the user receiver device
120 calculates a second estimate of the location of the user receiver device 120 to be

iocated at the center of the inlersection 220 of the spot beams 200. The user receiver
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device 120 then stores the locations of the spot beams 200 at time {p + Al as well as stores
the second estimate of the location of the user receiver device 120 in its memory.

Once the user receiver device 120 oblains at least two estimates of the locations
of the user receiver device 120, the processor of the user receiver device 120 uses the
estimates o calculate a further-refined estimate of the location of the user receiver device
120, In this figure, it is shown that the processor of the user receiver device 120 calculated
the refinad eslimate of the location of the user receiver device 120 {0 be in the center of the
overlapping area 230 of the inlersection 210 area and the intersection 220 area.

in one or more embodimenis, the user receiver device 120 uses a beam
averaging technique in order to oblain the further refined estimate. With this technique, the
processor of the user receiver device 120 calculates the average of all of the stored
estimates of the location of the user receiver device 120 in order lo oblain a refined
estimale. In some embodiments, the processor of the user receiver device 120 uses g
Kalman filter in order 1o perform the beam averaging. In allernative embodiments, the
processor of the user receiver device 120 uses a maiched filler in order to perform the
beam averaging.

FiG. 3 illusirates the use of two satellites’ overlapping mulliple spot beams in order
to obtain an estimate of the location of a user receiver device, in accordance with at least
one embodiment of the present disclosure. In this figure, it is shown that al time {, the
user receiver device 120 is located within an intersectlion 320 of the spot beams 310 that
are radiated by the SAT 1 satellite 100 and the SAT 2 satellite 300. In this figure, the spot
beams 310 that are being radiated by the SAT 1 satelliie 100 and the SAT 2 satellite 300
are not scanning beams, but rather are fixed directional beams. In some embodiments, the
processor of the user receiver device 120 calculates a first estimate of the iocation of the
user receiver device 120 o be located at the center of the intersection 320 of the
intersection 330 of the spot beams that are radiated by the SAT 1 salellife 100 and the
intersection 340 of the spot beams that are radiated by the SAT 2 satellite 300. The user
raceiver device 120 then stores the locations of the spot beams 310 at time §p as well as
stores this first estimate of the location of the user receiver device 120 in its memory.

in at least one embodiment, at time tp + AL the spot beams 310 radiated from the
SAT 1 satellife 100 and the SAT 2 sateliite 300 have swept across the surface of the Earth.
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As such, the user receiver device 120 is now located within a different intersection of the
intersection of the spol beams that are radialed by the SAT 1 salelliie 100 and the
intersection of the spot beams that are radiated by the SAT 2 satellite 300, Al this point in
time, the processor of the user receiver device 120 calculates a second estimate of the
iocation of the user receiver device 120 t© be located al the infersection of the intersection
of the spot beams thatl are radiated by the SAT 1 satellite 100 and the intersection of the
spot beams that are radiated by the SAT 2 satellite 300,

The user receiver device 120 then slores the locations of the spot beams 310 at
time {y + Al and stores the second estimate of the locatlion of the user receiver device 120
in its memory. In some embodiments, the user receiver device 120 obtains a more refined
estimale by using beam averaging. For the beam averaging, the processor of the user
receiver device 120 determines the refined estimate by calculating the average of all of the
stored estimates of the location of the user receiver device 120.

it should be noted that in alternative embodiments, the processor of the user
receiver device 120 calculates the location of the user receiver device 120 to be located at
the ceniroid of the centers of the spot beams that are radiated by the SAT 1 sateilite 100
and the centers of the spot beams that are radiated by the SAT 2 satellite 300.

FIG. 4 shows the use of a single salelliie’s overlapping multiple spot beams that
are scanned over time in order to oblain an estimale of the location of a user receiver
device, in accordance with at least one embodiment of the present disciosure.  In this
figure, it is shown that at time {p, the user receiver device 120 is localed within an
intersection 410 of the spot beams 400 that are radiated by the SAT 1 satellite 160, §
should be noted that the spot beams 400 radiated by the SAT 1 satellite 100 are scanning
beams, not fixed directional beams. As such, the scanning spot beams 400 are being
swept across the surface of the Earth over time. The processor of the user recsiver device
120 calculates a first estimate of the location of the user receiver device 120 o be located
at the center of the intersection 410 of the spot beams 400 that are radiated by the SAT 1
sateliite 100. Then, the user receiver device 120 stores the locations of the spot beams
400 at time Iy as well as stores this first estimate of the location of the user receiver device

120 in its memory.
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Al time {p + Al the scanning spot beams 400 radiated from the SAT 1 satellite 100
have swept across the surface of the Earth. The user recelver device 120 is now located
within a different intersection 420 of the spot beams 400 on the surface of the Earth. Al
this time, the processor of the user receiver device 120 calculates a second estimate of the
iocation of the user receiver device 120 to be located at the center of the inlersection 420
of the spot beams 400, Then, the user recelver device 120 stores the locations of the spot
beams 400 at time b + Al and stores the second estimate of the location of the user
receiver device 120 in its memory.

Alter the user receiver device 120 obtains at least two estimates of the location of
the user receiver device 120, the processor of the user receiver device 120 uses the
estimales {o calculale a refined estimate of the location of the user receiver device 120
The processor of the user receiver device 120 calculates the refined estimate of the
iocation of the user receiver device 120 to be in the center of the overlapping area 430 of
the intersection 410 area and the intersection 420 area.

in some embodiments, the user receiver device 120 uses beam averaging in order
to calculate the further refined estimate. For this iechnique, the processor of the user
receiver device 120 calculates the average of all of the stored estimates of the location of
the user receiver device 120 in order {0 obtain the refined estimate.

FIGS. 5, 6, and 7 show varicus embodiments of the use of salellite signal
amplitude in order {o obtain an estimate of the location of a user receiver device, in
accordance with multiple embodiments of the present disclosure.  In particular, FIG. 5
depicts the use of a single sateliite’s signal amplitude that is received by the user receiver
device in order to obtain an estimate of the location of a user receiver device, FIG. 6 shows
the use of two satellites’ signal amplitudes that are received by the user receiver device in
order to obtain an estimate of the location of a user receiver device, and FIG. 7 illustrates
the use of a single satellite’s signal ampiitude from a spot beam that is scanned over time
in order to obtain an estimate of the location of a user receiver device.

in FIG. 5, the SAT 1 satellite 100 radiates one spot beam 110 on karth. in this
figure, the spot beam 500 is shown to have a main beam 510 and two side lobe beams
520. It should be noted thal, for this figure, the spot beam 500 is a fixed directional beam,

not a scanning beam.  In this figure, the user receiver device 120 is shown (o receive a
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signai from the radiated main beam 510. The processor of the user receiver device 120
uses the amplitude of the signal that it receives {0 calculate an estimate of its location on
Farth according to its location within the signal amplitude confours 530 of the projecied
main beam 510. Once the user receiver device 120 oblains an estimate of its location, the
user receiver device 120 stores the location of the spot beam 500 on Earth as well as
stores its estimate of the location of the user receiver device 120 in its memory.

In FiG. 8, the SAT 1 satellite 100 and the SAT 2 satellite 300 are each shown to
each be radiating one spol beam 600, 610, respectively, on Earth. In this figure, it is shown
that the user receiver device 120 is located within an intersection 630 of the spot beam 600
that is radiated by the SAT 1 satellife 100 and the spot beam 610 thal is radiated by the
SAT 2 sateliite 300. For this figure, spot beam 600 and spot beam 610 are g fixed
directional beams, not a scanning beams. The processor of the user receiver device 120
uses the amplitude of the signal that i receives o calculate an estimate of iis location
within infersection 630 according to its location within the signal amplitude contours 640 of
the projecied spot beams 600, 610. After the user receiver device 120 oblains an esltimate
of its location, the user receiver device 120 stores the locations of the spot beam 600 and
spot beam 610 as well as stores its estimate of the location of the user receiver device 120
in its memaory.

in FIG. 7, at time {p, the SAT 1 satellite 100 is shown to radiate a spot beam 700
on Earth. At this time, the user receiver device 120 is located within spot beam 700 that is
being radiated by the SAT 1 satellite 100. it should be noted that the spot heam 700
radiated by the SAT 1 sateliite 100 is a scanning beam, not a fixed directional beam. Thus,
as spot beam 700 is being scanned over time, it is being swept across the surface of the
Farth. The processor of the user receiver device 120 uses the amplitude of the signal that
it receives o calculate a first estimate of its location within spot beam 700 according to its
iocation within the signal amplitude contours of spot beam 700. The user receiver device
120 then stores the location of the spot beam 700 at time tp as well as siores the first
estimate of the location of the user receiver device 120 in its memory.

Also in FIG. 7, at time t + AL, the spot beam 700 radialed from the SAT 1 satellite
100 is shown {0 have swept across the surface of the Earth (now shown as spol beam

710). The user receiver device 120 is now located within spot beam 710, At this time, the
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orocessor of the user receiver device 120 uses the amplitude of the signal that it receives
o calculate a second estimate of its location within spot beam 710 according to its location
within the signal amplitude contours of spot beam 710. Then, the user receiver device 120
stores the location of the spot beam 710 at time {p + At and stores the second estimate of
the location of the user receiver device 120 in its memory.

Once the user receiver device 120 oblaing al least two estimates of the location of
the user receiver device 120, the processor of the user receiver device 120 uses the
estimates to calculate a further refined eslimate of the location of the user receiver device
120. The processor of the user receiver device 120 uses beam averaging o calculale the
further refined estimate of the locatlion of the user receiver device 120 to be within the
averfapping area 720 of spot beam 700 and spot beam 710, In addition, the processor
obtains an even further refined estimate of the location of the user receiver device 120 by
using the amplilude of the signal thal it receives to calculale iis location within the
overiapping area 720 according to its location within the signal amplitude contours 730 of
spot beams 700 and 710.

FIG. 8 is a pictorial representation of using a single satellite’s 100 spoi beam’s
rising and setling times o estimate the location of a user receiver device 120 for a uniform
masking angle, in accordance with at least one embodiment of the present disclosure. in
this figure, a spot beam’s rising and setting times are used {0 obtain an estimaie of the user
receiver device's 120 location. For these embodiments, all of the spot beam’s positions
are recorded from the time the spot beam rises (Inise) to the time the spot beam sets (fset).
Assuming uniform elevation mask angles in all directions with respect o the user receiver
device 120, at time = { {tser - trise) / 2), the user receiver device is assumed 1o be incated at
the center of the spot beam in the in-track direction.

it shouid be noted that the in-track direction is defined as the direction of motion of
the salellite passing overhead the user receiver device 120. For the in-rack direction
coordinate frame, the origin is located at the location of the user receiver device 120, the x-
axis is in the direction of motion of the satellite passing overhead the user receiver device
120, the z-axis is in the direction towards the center of the Earth, and the y-axis compleles

the right-handed Carlesian coordinale frame.
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FIG. A shows an illustration of using a single spot beam’s rising and setiting times
{o estimate the location of a user receiver device for a non-uniform masking angle, in
accordance with at least one embaodiment of the present disclosure. And, FIG. 9B shows a
pictorial representation of using a single salelliie’s spot beam’s rising and setiting times {o
estimate the location of a user receiver device for a non-uniform masking angle, in
accordance with at least one embodiment of the present disclosure. For these figures,
since the beam patlern for the satellite constellation that passes over the user receiver
device is in a known direction (e.g., North to South), only the masking angles in those
directions {e.g., North and South} would be pertinent because the first direction {e.q.,
North) is the direction in which the salellite rises and the second direction {(e.q., South) is
the direction in which the satellite sets.

For these embodimentis, o represents the constellalion masking angle; By is the
masking angie that is associated with g possible cobstruction that is blocking the user
receiver device’s ling of sight {0 the satelliie in the direction in which the satellife rises; and
Bz is the masking angle that is associated with a possible obstruction that is blocking the
user receiver device’s line of sight to the satellite in the direction in which the salellile sets.
Bias is introduced when either or both § angle{s) » a. The uniform mask angle case as
discussed in FIG. 8 occurs when By - Bo - or B4 - Bz 2 0. For these embodiments, the B
angles either are known or are estimaied. FIGS. 9A and 9B show a specific case where
there is an obstruction causing B: o be greater than the masking angle, a. When thereis a
smail obstruction in the sateliite’s rise direction, By < ¢ and, thus, the cbstruction does not
affect the user receiver device's line of sight with the salellite. Therefore, the obstruction is
negligible. It should be noted that similar variations exist for an obstruction in the satellite’s
rising direction where §y > 0. Assuming a non-uniform elevation in the direction in which
the satellile rises and in the direction in which the satellile sels, it may be assumed that at
time (Aly,, )2, where (Al 12 = (Algaenessurss * Alaspias V2, the user receiver device is
iucated at the center of the spot beam projection in the in-track direction.

FIG. 10 provides a flow diagram 1000 #lustrating @ method of oblaining a running
estimate of the range belween a user receiver device and a satellite, in accordance with at
ieast one embodiment of the present disclosure. In this figure, a user receiver device

receives the salellite ephemerides data from a low-earth orbit (LEO) satellite 1040, 1
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should be noted that in other various embaodiments, different types of satellites other than
LEQO satellites may be employed by the disclosed method.

Alfter the user receiver device receives the ephemerides data, the processor of the
user receiver device derives the instantaneous satellite position, velocity, and acceleration
1020, Afier the user receiver device calculales those derivations, the user receiver device
receives from the salellite initial spot beam identifiers of the radialed satellite spot beam
1030, After receiving spot beam identifiers from the satellite, the user receiver device logs
in the user receiver device’s memory the spot beam identifiers and spot beam centers for
successive spot beams 1040,

Then, the processor of the user receiver device employs those logged spot beam
identifiers and spot beam centers with a beam averaging technique in order to derive 3
running user receiver device position estimate 1050, The processor of the user receiver
device then derives a running estimate of the user receiver device to satellite unil vector
1060. Nexi, the processor of the user receiver device measures the Doppler frequency
offset of the salellite 1070. Then, the processor of the user receiver device uses the
Doppler frequency offset to calculate a Doppler range estimate 1080, In at least one
embodiment, the user receiver device uses a Kalman filter to cailculate the Doppler range
estimate. The user receiver device mainiains a running estimate of the calculated user
receiver device to satellite range 1080,

Although certain illustrative embodiments and methods have been disclosed
herein, it can be apparent from the foregoing disclosure o those skilled in the art that
variations and modifications of such embodiments and methods can be made without
departing from the true spirit and scope of the art disclosed. Many other examples of the
art disclosed exist, each differing from others in matiers of delaill only. Accordingly, it is
intended that the art disclosed shall be limited only o the exient required by the appended

claims and the rules and principles of applicable law.
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WE CLAIM:

1. A method of providing an estimate of a location of a user receiver device, the
method comprising:
emitling from at least one vehicle at least one spot beam on Earth;
receiving with the user receiver device a signal from the at least one spot
beam; and
calculating with the user receiver device the estimate of the location of the
user receiver device according to the user receiver device’s location within the at least one

spol beam.

2. The method of providing an estimate of a location of a user receiver device of
claim 1, wherein the method further comprises calcuialing a range from the at least one

vehicle to a surface of the Earth.

3. The method of providing an estimate of a location of a user receiver device of
claim 1, wherein the method further comprises calculating a range from the at least one

vehicle {0 the user receiver device.

4. The method of providing an estimate of a location of a user receiver device of
claim 3, wherein the calculating of the range from the at least one vehicle 1o the user
receiver device comprises:

measuring a Boppler frequency ofiset of the atl least one vehicle;

calculating a Doppler range estimate and pseudorange measurements using
a Kalman filler; and

calculating a running estimate of the range from the at least one vehicle o

the user receiver device.

5. The method of providing an estimate of a location of a user receiver device of
claim 1, wherein the method provides an improvement in accuracy of geolocation

algorithms.
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8. The method of providing an estimate of a location of a user receiver device of

ciaim 1, wherein the user receiver device is located within an attenuated environment,

7. The method of providing an estimale of a location of a user receiver device of

claim 1, wherein the user receiver device is located within a jammed environmeni.

8. The method of providing an estimate of a location of a user receiver device of

claim 1, wherein the user raceiver device is located within an occluded environment.

9. The method of providing an estimate of a location of a user receiver device of

claim 8, wherein the occludad environment is indoors.

10, The method of providing an estimate of a location of a user receiver device of
claim 1, wherein the method further comprises using signal {o noise (SNR) measuremenis
from the at least one vehicle in order {o further refine the estimate of the location of the

user receiver device.

11, The method of providing an estimate of a location of a user receiver device of

claim 1, whersin the at least one vehicle is a satsilite.

12.  The method of providing an estimate of a location of a user receiver device of

claim 1, wherein the at least one vehicle is a pseudolite.

13.  The method of providing an estimate of a location of a user receiver device of

claim 1, wherein the at least one vehicle is a space shutile.

14, The method of providing an estimale of a location of a user receiver device of

claim 1, wherein the at least one vehicle is an aircraft.

15, The method of providing an estimate of a location of a user receiver device of

claim 14, wherein the aircraft is an airplane.

16.  The method of providing an estimate of a location of a user receiver device of

claim 14, wherein the aircraft is an unmanned aerial vehicle (UAV).
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17.  The method of providing an estimate of a location of a user receiver device of

ciaim 1, wherein the at least one vehicle is a balloon.

18. The method of providing an estimate of a location of a user receiver device of

claim 1, wherein the at least one vehicle is a helicopter.

18, The method of providing an estimate of a location of a user receiver device of

claim 11, wherein the satellite is a low earth orbil (LEO) sateliite,

2.  The method of providing an estimate of a location of a user receiver device of

claim 11, wherein the satellite is a medium earth orbit (MEO) satellite.

21, The method of providing an estimate of a location of a user receiver device of

claim 11, wherein the satellite is a geostationary earth orbit (GEQ) satellite.

22.  The method of providing an estimate of a location of a user receiver device of

claim 1, whersin the at least one vehicle has a known orbit,

23. The method of providing an estimate of a location of a user receiver device of

claim 1, wherein the at least one vehicle has a known path.

24 The method of providing an estimate of a location of a user receiver device of

claim 1, wherein the user raeceiver device is mobile.

25 The method of providing an estimate of a location of a user receiver device of

claim 1, wherein the user receiver device s slalionary.

26.  The method of providing an estimate of a location of a user receiver device of
claim 1, wherein the at least one vehicle emits the al least one spot beam with at ieasi one

radio frequency {(RF) antenna.

27. The method of providing an estimate of a location of a user receiver device of
ciaim 26, wherein the at leas! one spot beam is radialed from the at least one RF antenna

as a fixed position beam.
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28.  The method of providing an estimate of a location of a user receiver device of
claim 26, wherein the al least one spot beam is radiated from the at least one RF anlenna

as a scanning beam.

29, The method of providing an estimate of a location of a user receiver device of
cliaim 1, wherein the user receiver device receives the signal from the at least one spot

beam with at least one radio frequency {(RF) antenna.

33, The method of providing an estimate of a location of a user receiver device of
claim 1, wherein the user receiver device uses a processor {o calcuiate the estimate of the

location of the user receiver device.

31, The method of providing an estimate of a location of a user receiver device of
claim 1, wherein when the user receiver device receives a signal from only one spot beam,
the user receiver device calculates the estimate of the location of the user receiver device

to be located in a center of the one spot beam.

32, The method of providing an estimate of a location of a user receiver device of
claim 1, wherein when the user receiver device receives signals from at least two spot
beams, the user receiver device calculates the estimate of the location of the user receiver

device 1o be located in a center of an intersection of the at least two spot beams.

33.  The method of providing an estimate of a location of a user receiver device of
claim 1, wherein when the user receiver device receives signals from al least two spot
beams, the user receiver device calculates the estimate of the location of the user receiver

device t0 be located at a ceniroid of centers of the at least two spot beams.

34.  The method of providing an estimate of a location of a user receiver device of
claim 1, wherein the user receiver device records a spot beam position as being from a

fime the spot beam rises (fnise) 10 a time the spot beam sets (iser).

35. The method of providing an estimate of a location of a user receiver device of

claim 34, wherein when mask angles are uniform in all directions with respect to the user
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receiver device, it is assumed that at time = { {teer - trise) / 2}, the user receiver device is

iocated at a center of the spot beam in an in-track direction.

38.  The method of providing an estimate of a location of a user receiver device of
claim 34, wherein when mask angles are non-uniform in a spot beam rise direction and a
spot beam set direction, it is assumed that at time = { (Al )/2), where (My, 2 =
{Mgovereasured + Mopias /2, the user receiver device is located al a center of the spot beam in

an in-track direction.

37. The method of providing an estimate of a location of a user receiver device of
claim 1, wherein the user receiver device uses the received amplifude of the atl least one

spot beam to calculate the estimate of the location of the user receiver device.

38.  The method of providing an estimate of a location of a user receiver device of
claim 1, wherein the user receiver device averages two or more estimates of the location of
the user receiver device thal were calculated over time in order {o further refine the

gztimaie of the location of the user receiver device.

39, The method of providing an estimate of a location of a user receiver device of
claim 38, wherein the user receiver device uses a Kalman filter in order to average the two

or more estimates of the Incation of the user receiver device.

43,  The method of providing an estimate of a location of a user receiver device of
claim 38, wherein the user receiver device uses a maiched filter in order {0 average the two

or more estimates of the location of the user receiver device.

41, The method of providing an estimate of a location of a user receiver device of
claim 1, wherein the estimate of the location of the user receiver is used by a global

positioning system (GPS) in order to assist in rapidiy acquiring the GPS signal.

42, A system of providing an estimate of a location of a user receiver device, the
system comprising:
at least one vehicle, wherein the al least one vehicle emils at least one spot

beam on karth; and
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the user receiver device, wherein the user receiver device comprises:
at least one radio frequency {RF) antenna, wherein the at least one RF
antenna receives the at least one spot beam; and
a processor, wherein the processor calculates the estimate of the
iocation of the user receiver device according (o the user receiver device’s location within

the at least one spot beam.

43.  The sysiem of providing an estimate of a location of a user receiver device of
ciaim 42, wherein the user receiver device further comprises:
a local clock; and
a memory, wherein the memory s adapted to store successive spot beam

identifying information that is recorded over time.

44 The system of providing an estimate of a location of a user receiver device of
claim 42, wherein the processor is able to calculate Doppler frequency offset of the at least

one vehicle.

45, The sysiem of providing an estimate of a location of a user receiver device of

claim 42, wherein the user receiver device further comprises an internal orbital model.

45, The system of providing an estimate of a location of a user receiver device of
claim 45, wherain the user receiver device receives orbital data information via

fransmissions from the at least one vehicle.

47.  The system of providing an estimate of a location of a user receiver device of
claim 45, whearein the user receiver device receives orbital delia corraction information via

fransmissions from the at least one vehicle.

48,  The system of providing an estimate of a location of a user receiver device of
claim 45, wherein the user receiver device receives orbital delia correction information via

fransmissions from an earth based network.

49, The system of providing an estimate of a location of a user receiver device of

claim 48, wherein the sarth based network is a cellular network.
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