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(57) Abrégé/Abstract:

A direct geolocation approach for estimating a location of a stationary emitter located on the Earth surface is provided. The
approach uses data collected during a plurality of time periods including Time Difference of Arrival (TDOA) and Frequency
Difference of Arrival (FDOA) measurements of a radar pulse sent from the emitter, and altitude measurements of an aircraft above
the Earth surface. The approach includes estimating a location of the emitter for each of the time periods based on the TDOA,
FDOA, and altitude measurements associated with a respective time period. The estimated location of the stationary emitter
includes possible longitude and latitude of the emitter. The approach further includes averaging the estimated locations associated
with the plurality of time periods to form an averaged estimated location of the emitter. A convenient example of the approach
computes the location of the emitter based on the averaged estimated location.
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(57) Abstract: A direct geolocation approach for estimating a location of a stationary emitter located on the Earth surface is
provided. The approach uses data collected during a plurality of time periods including Time Difference of Arrival (TDOA) and Fre -
quency Difference of Arrival (FDOA) measurements of a radar pulse sent from the emitter, and altitude measurements of an aircratt
above the Earth surface. The approach includes estimating a location of the emitter for each of the time periods based on the TDOA,
FDOA, and altitude measurements associated with a respective time period. The estimated location of the stationary emitter includes
possible longitude and latitude of the emitter. The approach further includes averaging the estimated locations associated with the
plurality of time periods to form an averaged estimated location of the emitter. A convenient example of the approach computes the
location of the emitter based on the averaged estimated location.
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DIRECT GEOLOCATION FROM TDOA, FDOA, AND AGL

BACKGROUND

A location of a radio emitter can be determined by measuring a frequency difference
of arrival (FDOA) of & radar pulse received by two radar pulse receivers separated by a fixed
distance. FDOA is the difference in received frequency of the radar pulse between the two
radar pulse receivers. The location of the radio emitter can also be determined by measuring
time difference of arrival (TDOA) of the radar pulse received by two radar pulse recelvers. A
TOA method calonlates the location using the difference in time of arrival of the radar pulse
between the two radar pulse receivers. The radar pulse receivers can be on a moving platform

such as an gircrafl

SUMMARY

In accordance with an example, a method for estimating a location of a stationary
emitter located on the Earth surface is provided. In an estimating ongine provided with data
collected during a plurality of time periods, the dats including Time Difference of Axrival
(TDOA) and Frequency Difference of Arrival (FIDOA) measurements of g radar pulse sent
from g stationary emitier located on the Earth surface and received by at least two antennas on
an aircrafl, and altitude measurements of the alreraft above the Earth surface, the method
includes, for each of the plurality of time periods, estimating a location of the stationary
emitier based on the TDOA, FDOA, altitude measurements associated with a respective time
period. The result being an estimated location of the stationary emitter associated with the
respective time period. The estimated location of the stationary enitter including a candidate
longitude and a candidate latitude of the stationary emitter. The method further includes
averaging the estimated locations associated with the plurality of time periods forming an
averaged estimated location of the stationary emitter. The averaged estimated location

mcluding an average of the candidate longitudes and an average of the candidate latitudes of
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the stationary emitter. The method further inchudes providing the averaged estimated location
of the stationary emitter,

In accordance with another example, 8 system for estimating 8 location of a stationary
emitter located on the Barth surface is provided. The system includes memory having
computer executable instructions thereupon and at least one interface receiving Time
Difference of Arrival (TDOA) and Frequency Ditference of Arrival (FDOA) measurements
of a radar pulse sent from a stationary emiiter located on the Earth surface and received by at
least two antennas on an atveraft. The least one interface further receiving an altitude
measurement of the atrcrafi above the Farth surface. The system further includes an
estimating engine coupled fo the memory and the at least one interface. The computer
executable instructions when executed by the estimating engine cause the estimating engine
to estimate for each of the plurality of time periods, a location of the stationary omitter based
on the TDOA, FDOA, altitude measurements associated with a respective time period. The
result being an estimated location of the siationary emitter associated with the respective time
period. The estimated location of the stationary omitter including a candidate longitude and a
candidate latitude of the stationary emiiter. The estimating engine further caused to average
the estimated locations associated with the plurality of time periods forming an gveraged
estimated location of the stationary emiiter. The averaged estimated location including an
average of the candidate longitudes and an average of the candidate Iatitudes of the siationary
emitter, The estimating engine further caused to provide the averaged estimated location of
the stationary emitier,

In accordance with yet another example, a tangible computer-readable storage
medium baving computer readable instroctions stored therein for estimating a location of a
stationary emitter located on the Barth surface is provided, Given data collected during a
plurality of time periods including Time Difference of Arrival (TDOA) and Frequeney
Difference of Arrival (FDOA} measurements of a radar pulse sent from a stationary emitter
focated on the Earth surface and received by at least two antenngs on an aireraft, and an
aliftude measurement of the atreraft above the Harth surface, the computer readable
instructions when executed by one or more processors cause the One or more processors (o
estimate for each of the plurality of time periods, & location of the stationary emitter based on

the TDOA, FDOA, altitude measurements associated with a respective time period, The



10

3

(4

CA 02949209 2016-11-15

WO 2015/179016 PCT/US2015/021726

[
(s
4

result being an estimated location of the stationary emitter associated with the respective time
period. The estimated location of the stationary emitter including a candidate longitude and 8
candidate latitude of the stationary emitier. The one or more processors further caused to
average the estimated locations associated with the plurality of time periods forming an
averaged estimated location of the stationary emitier. The averaged estimated location
including an average of the candidate longitudes and an average of the candidate latitudes of
the stationary emitter. The one or more processors further caused to provide the averaged
estimated location of the stationary emifter.

in some examples, any of the aspects above can include one or more of the following
features.

In other examples of the method, estimating includes representing each of the TROA,
FDOA, and altitude measurements as a surface in three dimensional space. The method
further includes identifying an imtersection of the surfaces, and based on the identification,
returning each identified intersection as one of the estimated location of the stationary emitter.

In some examples of the method, each of the surfaces is described by a simultaneous
equation and tdentifying the intersection of the surfaces includes solving the simultasecus
equations using Laguerre’s method,

In other examples of the method, estimating inclades caloulating two solutions for
each of the estimated locations. Averaging includes maintaining a first averaged estimated
location and a second averaged estimated location, cach being & running average of the
solutions caleulated for the estimated locations. The examples frther include associating
sach of the solutions with either the first or second averaged estimated location based on
proximity of each of the solutions to either the first or second averaged estimated location.
Providing includes selecting either the first or second averaged estimated location having a
range to the aireraft closest in value to a computed range from the gircrafl to the stationary
emitier,

In some examples of the method, caleulating the solutions includes 1dentifying
sclutions that are consistent with locations on the Earth surface as valid solutions, and
associating includes including the valid solutions in the first and second averaged estimated

iocations.
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In other examples of the method, associating includes for each solution, determining
whether a respective solution is closer in proximity to either the first or second averaged
estimated location. These examples further include, based on the determination, inclading the
respective solution in the ranning average of either the first or second averaged estimated
location,

(ther examples of the method further include determining the computed range from 2
ratio of effeciive radisted power of the stationary emitter to received power of the stationary
smitter.

In some examples of the method, averaging includes assigning weights to each of the
estimated locations based on an approximation of noise in the data collected during the
phurality of time periods, and averaging the estimated locations according to the assigned
weights resulting in a weighted-average estimated location of the stationary emitier.

In other examples of the method, providing includes providing the averaged estimated
focation of the stationary emitter to a user.

Some exarnples of the method further include computing a location of the stationary
emitier on the Earth surface based on the averaged estimated location of the stationary emitter
being provided.

These and other features and characteristics, as well as the methods of operation and
functions of the related elements of structure and the combination of parts and economies of
manufacture, will become more apparent upon consideration of the following description and
the appended claims with reference to the accompanying drawings, all of which form a part of
this specification, wherein like reference numerals designate corresponding parts in the
various figures, It is to be expressly understood, however, that the drawings are for the
purpose of illustration and description only and are not intended as a definition of the limils of
claims. As used in the specification and in the claims, the singular form of "a", "an”, and "the"

include plural referents unless the context clearly dictates otherwise,

BRIEF DESCRIPTION OF THE DRAWINGS
The foregoing and other objects, features and advantages will be apparent from the
foflowing more particular description of the examples, a8 illustrated in the accompanying

drawings in which like reference characters refer to the same parts throughout the different



10

15

CA 02949209 2016-11-15

WO 2015/179016 PCT/US2015/021726

-5

views. The drawings are not necessarily to scale, emphasis instead being placed upon
ittustrating the principles of the examples.

FIG. 1A is a schematic illustration of an enviromment in which an estimating engine of
a mobile platform remotely tracks an obiect according fo a direct geolocation approach.

FIG. 1B is a graphical tlusiration of a time difference arrival (TDOA) cone and
frequency difference of arrival (FDOA) cone used to estimate a geolocation of a remote
ernitier.

FIG. 2 is a functional block diagram of an example of the estimating engine
implementing examples of the direct geolocation approach, in which TDOA and FDOCA
measuremenis may include noise as well as values for these measurements,

FIG. 3 is g chart showing estimated locations and average estimated locations of
stationary emitted determined according to an example of the direct geolocation approach,

FiG. 4 is a functional block diagram of another example of the estimating engine

implement examples of the direct geolocation approach.

DETAILED DESCRIPTION

In the description that follows, like components have been given the same reference
numerals, regardless of whether they are shown in different examples. To illustrate an
example(s) of the present disclosure in a clear and concise manner, the drawings may not
necessarily be to scale and certain features may be shown in somewhat schematic form,
Features that are described and/or illustrated with respect to one example may be used m the
same way or in a similar way in one or more other examples and/or in combination with or
instead of the features of the other examples.

FIG. 1A is a schematic illustration of an environment 100 in which a mobile
platform 110 {e.g., a plane) remotely tracks s fixed object 140 {e.g., a remote emitter) using
an estiroating engine 135, In particular, the mobile platform 110 is configured for passive
geoloeation of the remote emitter 140 based on messured differential Doppler rates resulting
from motion of the mobile platform 110 relative to the remote emitter 140,

The remote emitter 140 can be configured to emit eleciromagnetic radiation 150
predominantly in a preferred direction, for example, by way of a directional device, such as a

directional anterma 141, The remote emitter 140 can pulse modulate the electromagnetic
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radiation 150 to form a pulse waveform. The mobile platform 110 may be illuminated by the
eleciromagnetic radiation 150 periodically, for example, during pericds in which the remote
emitter scans a vohume of space that includes the mobile platform 110, Such instances in
which the mobile platform is iHuminated by the electromagnetic energy are sometimes
referred o as dwells,

In some embodiments, the remote emitier 140 can be sonic, as would be used by a
sonar system. In other embediments, the remote emitter 140 can be a reflector as used by @
semi-active radar or ladar system that includes a transmitter. For example, a laser of a ladar
system can direct laser energy toward the remote emitter 140, The remote emitier 140 then
reflects the energy towards a target. In yet other embodiments, the remote emitter 140 can be
a reflector that is luminated by a radar or ladar transmitter on a different platform, and
detected by passive sensors 120s-b. The remote emitier 140 can be, or include, an antenna
that transmits RY (radio frequency) signals. It shounld be noted that the remote emitter 140, in
some examples, can be g moving object {e.g., an aircrafl or other yooving remote smitter).

The mobile platform 110 receives {e.g., measures) emissions 138 {e.g.,
electromagnetic radiation} via the sensors 120a-b {e.g., 2 first antenna and 2 second antenna)
from the remode emitter 140, As an example, ‘ﬁ,racking of the remote emitter 140 can be
utilized in weapon targeting systems in order to locate and track movement of the remote
emitter 140, As another example, tracking of the remote emitter 140 {e.g., rescue beacon,
surveillance radar, cell phone, or tracking radar) can be utilized in order to facilitate search
and rescue missions that require an accurate indication of the location of the remote emitter
140, In another example, tracking of the remote emitter 140 can be wtilized in order fo
facilitate locating and destroying the remote emitter 140, Although the mobile platform 110
is illustrated as a plane, the mobile platform can be any type of a mobile vehicle {e.g., land-
based, air-based, space-based, or sea-based). For instance, the mobile platform can be an
aircraft, ship, missile, or spacecratt,

The sensors 120a-b are configured to capture at least a portion of the electromagnetic
radiation 150, In an example, the first and second sensors 120a-b are separated by a straight
line, referred to a5 4 baseline 105, The mobile platform 118 is configured to perform spatial
maneuvers while electromagnetic energy is being received by the sensors 120a-b. In this

embodiment, the maneuver includes a rotation about an axis 115, Rotation of the mobile
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platform 110 about the axis 115 causes & distance between the remote emitter 140 and 4 first
sensor 1204 to change, For instance, if the mobile platform 110 rotates about the axis 115 in
a clockwise direction (as shown), the first antenna (first senser) 120a turns away from the
remote omitter 140, while the second antenna (second sensor) 120b turns towards the remote
emitter 140, In at least some smbodiments, such rotational maneuvers can ocour while the
platform is also moving in a iranslational sense, with respect to the remote emitter 140 {2.g.,
from right 1o left in the figure). Alternatively or in addition, the platform iteelf can be
positioned with a respective piteh, roll and yaw, one or more of which may also vary during a
MANSUVEL.

In these embodiments, the sensors 120a-b can be passive sensors that recetve radiation
but do not transmit radiation. Passive sensing has the advantage of being simple, allowing for
clandestine operation, requiring low power, and also can be implemented with only firmware
and software changes to existing radar warning receiver equipment or other stmilar
surveiliance equipment. [t should also be noted that, while two sensors 120a-b are depicted,
three or more sensors can be employed,

As siated above, the sensors 120a-b receive emissions 150 (e.g., electromagnetic
radigtion) from the remote emitier 140, In response to receiving the electromagnetic radiation
150, the mobile platform 110 processes the received emissions 150 to determine a geolocation
of the remote emitier 140, In an example, the mobile platform 110 determines the
geolocation of the remote emitter 140 by determining a frequency-difference-of arrival
(FDOA) of the signals received by the pair of sensors, The mobile plaiform 110 determines
the FDDOA by messuring a differential Doppler phase rate between the signals received by the
pair of sensors 120a-b. In another example, the mobile platform 110 determines the
geolocation of the remote emitter 140 by determining a time difference of arrival (TDOA)
hetween the signals received by the sensors 120a-b. In yet another example, the mobile
platform 110 determines both FDOA and TDOA a8 two measures of the same waveform. For
instance, both FDOA and TDOA are determined from the same samplo of the signal received
by the sensors 128a-b.

As iHlustrated, the mobile platform 110 includes an inertial navigation systerm 130 that
determines, among other things, the altitade of the mobile platform 110 above the ground or

“AGL.” Using information corresponding to the AGL of the mobile platform and the
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FDOA/TDOA information determined by the mobile platform 119, the estimating engine 135
estimates a geolocation of the remote emitter 140, as described in greater detail below.  FIG.
1B is g graphical illusiration of a time difference arrival (TDOA) cone 156a derived from the
determined TDHOA of a radar signal and frequency difference of arrival (FDOA) cone 156b
derived from the determined FDOA of the radar signal 150 that can be used to determine or
estimate a geolocation of the remote emitter 140,

A single TDOA measurement places the emitter 140 on the TDOA cone 156a, whose
axis is along the baseline 105 connecting the antennas 120a-b. lu particular, the TDOA
measurements indicate that the emitter 140 is located somewhers on an are 171 where the
TDOA cone 156a intersects the surface of the Farth 165, As the platform 110 flies and
maneuvers around axis 116, the TDOA cone 156a and the corresponding are 171 on the Earth
shifts slightly. According to some geolocation approaches, the location of the emifter 140 can
then be determined by a best fit to the series of TDOA measurements.

A similar method can be used to determine a location of the emitter 140 by using an
FEIOA cone 156b derived from an FDOA measurement. As the platform 110 flies and
mancuvers around axis 116, a series of FROA measurements are used {o derive an
approximate FIDOA cone. The possible geolocation of the emitter 140 lies along the
approximate FDOA cone, whose axis 160b is perpendicular to the TDOA cone 156a. The
TDOA and FDOA measure two independent quantitics, This can greatly speeds the
convergence of the best £if {0 an emitter focation in some geolocation approaches

Traditional geolocation approaches using TDOA and FDOA measurements are
unreliable due to the inability to generate a good initial estiraate. For example, noise in the
TDOA and FDOA measurements hinders the calculation of a pood initial estimate. Herative
minimum error approaches can correct for a bad seed value but diverge when the underlying
error surface is rough, which ofien is the case. Therefore, there is a need to estimate the
focation of a remote emitter directly from TDHOA and FDOA measurements without an initial
seed. There is a further need to provide an estimaied location despite noise in the TDOA and
FDOA measurements.

Accordingly, a direct geolocation approach is provided herein to address the foregoing
needs and others as well. The direct geclocation approach and its examples described herein

generate a candidate latitude and longitude of an emitter, directly, without a seed. Hach
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TDOA and FDOA measurement pair determines a location. In the approach, the average
{mean) over a moderately small set of data converges rapidly despite large variations due o
noise in the TDOA and FDOA measurements, In the divect geolocation approach, the
altitude of the emitter is estimated instead of a three-dirmensional seed value. The altitude of
the emitter is far better known than the latitude and longitude of the emilter.

FIG, 2 shows an example of the estimating engine 135 and iis operation is described
with reference to FIG. 3. The estimating engine 135 includes estimating module 205 and an
averaging module 210 communicatively coupled as shown.. As the aircraft flies along a
flight path, a stationary emitter located on the surface of the Earth (shown in FIG. 3 as origin
0,0) emits electromagnetic energy in an effort to find the aircraft, The aiveraft is illuminated
by the electromagnetic energy during periods of time called dwells. During each dwell, the
TDOA and FDOA of the electromagnetic energy are measured.

TDOA and FDOA measurements as well as the altitude of the alreraft above ground
{AGL) during the dwells are collected over a phurality of time periods corresponding to the
dwells, Datg collected over the plurality of time periods, referred to as a “data collect” 215,
including the TDOA, FDOA, and AGL measurements, is provided to the estimating engine
135. Por cach data collect 2135, the estimating module 205 estimates a location of the
stationary emitter based on the TDOA, FDOA, and AGL measurements,

Fach of the TDOA, FDOA, and AGL measurements defines g surface in three
dimensional space on which the emitier may be located. With reference to FIG. 1B, each
point on the surface of the TDOA cone 156a defined by the measured TDOA is s possible
location of the emitter having the measured TDOA. The FDOA cone 156 defined by the
FDOA measurement and the surface of the Barth (i ¢., ground} 165 defined by the AGL
measurement, similarly, represent possible locations of the emitter.

When an RF signal emanates from an emitier on the ground, the TDOA cone 1564 and
FDOA code 156b are expected to intersect in two lines 170a and 170b, cach representing a
ling-of-sight of the emitter. Generally, the two lines 170s and 170b intersect the ground 165
at two solution points 175a and 1755, each representing a possible (candidate} location of the
emitter. The emitter is expected to be at the location represented by either the solution point

175a or solution point 175b. In some cases, however, the two lines 170a and 170b do not
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infersect the ground 165, In these cases, there are no solution points. A convenient technique
for finding the intersection and apparent location of an emitter is discussed below in detail.
Bauations 1, 2, and 3, below, describe the three surfaces representing the TDOA,
FDOA, and AGL measurements. As used herein, vectors are denoted by an arrow above the
S symbol, ie B and unit vectors are denoted by a carat above the symbol, f.e. b=5b/b. The
scalar product between two veciors is denoted by & ‘& and the vector product by & x&
cATih = F h=siny Eguation 1,
where & is the baseline vector from one antenna to another, and 5 is the angle

between the perpendicular to the baseline and the line of sight.

| e AT L [(oxd ) g N
10 o e T s ( — g {xh Hquation 2.
b odi L F y.

where —Vx#r is the angular veloctty of the aireraft flying around the emitter with

fever arm, 7, while & is the angular velocity of the aircraft about its own center.

y=posing - %5{?5' sin" g~ {¥} ~#}) Fquation 3.
where the line-of-sight distance # is expressed as a function of the elevation angle ¢.
I3 In the convenient example, the foregoing relationship between Equations 1,2, and 3
is expressed by combing them into a single equation provided below, Equation 4.

cr.  dAT v dy v (B b—(BFYF B b . db .
o I =T = H ( { }( )> - el Fo hutalt EQUEUGH é,
bveosy df v gt FROSY vhoosy

Fguation 4 is reduced to an equation with one unknown using an appropriate coordinate basis

set closely related to the measured quantities TDOA, FDOA, and AGL. The result is Bquation 3.

. {é}F tany - by cosg—fy sin & }T sin g, (v, cosy +v, siny cosg +v, sin ysin f;ﬁ)

vh v{sin £~ -\,iisinz £—sin’ &y )
Equation 5.
where ¢ represents the angle 180 around the TDOA cone 1362 of FIG. [Band is
urknown. Bquation 5 is then transformed into a polynomial in sing. The result is BEquation
6, which is an equation for the roots of a polynomial of degree 6 n s,
25 K{()=GHay~(1-s)H (5)= B (k,5)=0 Equation 6.

where & = § & §+[7 ® 2,001 -[0,0,7 & &]
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A convenient example of the direct geolocation approach uses Laguerre’s method to
find the & roots. Generally, there are two such solutions but there may be one or none,
depending on how and if the three surfaces intersect.

The forgoing technique results in an estimaied location 220 of the stationary emitier
during the time period associated with the data collect 215, The estimated location 220
includes g possible (candidate) longitude and possible (candidate) latitude of the stationary
emitter. FIG. 3 shows the estimated locations (results) of 30 data collects, cach represented
as a “+." (FIG. 3 also shows spurious results of the estimation, which will be discussed
iater.)

FIG. 3 shows a considerable spread in the estimated location computed from each
data collect, This is due to measurement noise in both the TDOA and FDOA measwrements,
and in the dynamics of antenna motion. To mitigate the effect of noise, the averaging module
210 averages the estimated locations. A resulting averaged estimated location 225 is shown
in FIG. 3 as an ervor ellipse. As the number of data collects increases from which to compuie
estimated locations, the averaged estimated location 225 converges on the true location of the
stationary emitter (shown in FIG. 4 as ervor ellipse for 30 data collects is smaller than ap error
ellipse for 20 data collects). The estimating engine 135 then provides the average estimated
focation.

One advartage to the direct geolocation approach is that the location of a stationary
emitter s estimated without an initial estimate or “seed.” Conventional geolocation
techniques, on the other hand, require g seed. Without a “good” seed or a seed at all, these
technigues may fail to converge, converge very slowly, or converge to a false answer.

in 8 convenient example of the estimating engine 135, the estimating engine 1335
further caleulates the location of the stationary emitter based on the provided averaged
estimated location 225, In another exarnple, the averaged estimated location 225 is provided
as a seed to another process, such as one used in a conventional geolocation technique, o
calenlate the location of the stationary emitier. In vet another example, the estimating engine
135 provides the averaged estimated location 225 to a user, for example, as a visual/and or
audio indicator or warning.

FIG. 4 shows a convenient example of the estimating engine 135, As an overview 1o

its operation, the estimating engine 135 computes one or two acceptable estimated locations
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{solutions) for each dwell. As the estimated locations are compuied, the estimating engine
135 uses a dual-hypothesis tracker {0 associate an estimated location with one of two
averaged estimated locations to which it is closest in proximity. The estimating engine 133
associates the remaining estimated location with the other averaged estimated location. After
several dwells, the estimating engine 135 chooses the averaged estimated location whose
range to the aireraft is closest fo a range computed from g ratio of effective radiated power
(ERP) of the stationary emitter to received power (RP) of the stationary emitter,

In more detail, to compute an estimated location for a given data collect, the
estimating module 205 computes two solutions. For example, for the data collect labeled
“dwell 1,” the estimating module 205 computes estimated location 220a and estimated
location 220b. One example of the estimating module 205 dstermines whether each
compuied solution is consistent with a location on the Earth surface. The estimating module
205 identifies those solutions that are consistent with locations on the Barth surface as valid
solutions, The estimating engine 135 considers valid solutions in determining the average
gstimated location. Therefore, in some instances, the estimating engine 135 computes one
estimated location for a dwell.

For purpose of discussion, assume the estimating module 205 computes two solutions.
(ne solution is closer {o the alrcrafi than the other solution. As such, it may be convenient to
call one solution the “near solution,” and the other the “far solution,” The averaging module
210 maintains a first average estimated location 22352 and second average estimaied location
225b. Each is a running average of the solutions caleulated for the estimated locations. The
averaging module 210 associates each of the solutions (220a, 220b) with either the first
average estimated location 2253 or second aversge estimated location 223b based on
proximity of each of the solutions to either the first or second average estimated location.

For example, the averaging module 210 determines whether the near solution is closer
0 the first averaged estimated location 2253 or the second averaged estimated location 225b.
If the near solution is closer to the first averaged estimated location 2233, then the average
module includes the near solution with the first averaged estimated location 225a. In doing
50, the first average estimated location 225a is the running average of all near solutions
computed so far. And similarly, the second average estimated location 225b is the running

average of all far solutions computed s far, Keeoping a runming average is compulationally
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convenient. In other examples, the estimated locations are saved individually and then
averaged in bulk,

The sbove-described systems and methods can be implemented in digital electronic
circuitry, in computer hardware, firmware, and/or software. The implementation canbe as a
computer program product (i.e., a computer program tangibly embodied in an information
carrier medium). The implementation can, for example, be in a machine-readable storage
device for execution by, or to control the operation of, data processing apparatus. The
implementation can, for example, be a programmable processor, a computer, and/or multiple
computers.

n one example, a computer program can be written in any form of programming
language, including compiled and/or interpreted langoages, and the computer program can be
deployed in any form, including as a stand-alone program o1 as a subroutine, element, and/or
other unit suitable for use in a computing environment to carry out the features and functions
of various examples discussed herein. A compuler program can be deployed to be executed
on one computer or on multiple computers af one site.

Method steps or operations can be performed as processes by one or more
programmable processors executing a corputer program to perform functions of various
examples by operating on input data and generating output. Method steps can also be
performed by and an apparatus can be implemented as special purpose logic circultry, The
eircuitry can, for example, be a field programmable gate array (FPGA) and/or an application
specific integrated circuit (ASIC). Modules, subroutines, and sofiware agents can refer {0
portions of the computer program, the processor, the special circuitry, software, and/or
hardware that implements that functionality.

The estimating engine 135 may comprise one or more processors suitable for the
execution of & computer program include, by way of example, both general and special
purpose microprotessors, and any one or more processors of any kind of digital computer.
Generally, a processor receives instractions and data from a read-only memory or a random
access memory or both. The elements of a computer may comprise a processor for executing
instructions and one or more memory devices for storing instructions and data. Generally, a
computer can include, can be operatively coupled o receive data from and/or transfer data to

one or more mass storage devices (e.g., a memory module) for storing data {e.g., magnetic,
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magneto-optical disks, or optical disks), The memory may be a tangible non-transitory
computer-readable storage medium having computer-readable instructions stored therein for
processing images, which when executed by one or more processors {e.g., cstimating engine
135) cause the one or more processors to carry out or implement the features and
functionalitics of various examples discussed herein.

Information carriers suitable for embodying compuier program instructions and data
include all forms of non-volatile memory, including by way of example semiconductor
memory devices, The information carriers can, for example, be EPROM, EEPROM, flash
memory devices, magnetic disks, infernal hard disks, removable disks, magneto-optical disks,
CIROM, and/or DVD-ROM disks. The processor and the memory can be supplemented by,
and/or incorporaied in special purpose logic circnitry.

To provide for interaction with & user, the above described techniques can be
implemented on a computing device having a display device, The display device can, for
example, be a cathode ray fube (CRT) and/or a liquid orystal display (LCD)} monitor, and/or a
Hght emiiting diode (LED) monitor. The inferaction with a user can, for example, be a display
of information to the user and a kevboard and a pointing device {(e.g., a mouse or a trackball}
by which the user can provide input to the computing device {e.g., inferact with a user
interface element). Other kinds of devices can be used {0 provide for interaction with a user.
Other devices can, for example, be feedback provided to the user in any form of sensory
feedback {e.g., visual feedback, auditory foedback, or tactile feedback). Input from the user
can, for example, be received in any form, including acoustic, speech, and/or tactile input.

The above described systems and technigues can be implemented in g distribuied
computing system that includes a back-end component. The back-end component can, for
example, be a daia server, a8 middleware component, and/or an application server. The above
described technigues can be implemented in a disiributing computing system that includes a
front-end component. The front-end component can, for example, be a client computing
device having a graphical user interface, a Web browser through which a user can interact
with an example implementation, and/or other graphical user interfaces for a transmitiing
device. The components of the system can be interconnected by any form or medium of

digital data communication {e.g., a communication network). Examples of communication
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networks include a local area network {(LAN), & wide area network {WAN), the Internet,
wired networks, and/or wireless networks.

The system may be coupled to and/or include clienis and servers. A client and a server
are generally remote from each other and typically interact through a commumication
network, The relationship of client and server arises by virtue of computer programs running
on the respective computing devices and having a client-server relationship to each other.

Communication networks may include packet-based networks, which can include, for
example, the Infernet, a carrier internet protocol (IF) network (e.g., local area network {LAN),
wide area network { WAN), wireless network (e g., radio access network (RAN), 802,11
network, 802,16 network, general packet radio service {GPRS) network, HiperLAN), and/or
other packet-based networks, Circuit-based networks may include, for example, a private
branch exchange (PBX}, a wircless network {e.g., RAN, Bluetooth, code-division muitiple
access (CDMA) network, time division multiple access {TDMA) network, global system for
mobile communications {GSM} network}? and/or other circuit-based networks.

The estimating engine 135 may include, for example, a computer, a computer with a
browser device, a telephone, an IP phone, a mobile device {e.g., cellular phous, personal
digital assistant (PDA) device, laptop computer, electronic mail device), and/or other
communication devices. The browser device includes, for example, a computer (e.g., desktop
computer, laptop computer) with a World Wide Web browser {e.g., INTERNET
EXPLORER® available from Microsoft Corporation, of Redmond, WA}, The mobile
computing device includes, for example, a BLACKBERRY® provided by Research In
Motion Limited of Waterloo, Oniario, Canada.

"Comprise,” "include," and/or plural forms of each are open ended and include the
listed parts and can include additional parts that are not listed. "And/or” ia open ended and
inciudes one or more of the listed parts and combinations of the Hsted parts.

Although the gbove disclosure discusses what is currently considered o be a variety
of useful examples, it is fo be understood that such detail is solely for that purpose, and thal
the appended claims are not Hmtied to the disclosed examples, but, on the contrary, are
intended fo cover modifications and equivalent arrangements that are within the spirit and

scope of the appended claims.
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One skilled in the art will realize the invention may be embeodied in other specific
forms without departing from the spirit or essential characteristics thereof. The foregoing
embodiments are therefore to be considered in all respects illustrative rather than limiting of
the invention described herein. Scope of the invention is thus indicated by the appended
claims, rather than by the foregoing description, and all changes that come within the meaning

and range of equivalency of the claims are therefore intended to be embraced therein.



17

THE EMBODIMENTS OF THE INVENTION FOR WHICH AN EXCLUSIVE
PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

1. A method for estimating a location (225) of a stationary emitter located on the Earth surface
(165), the method comprising:

in an estimating engine provided with data collected during a plurality of time periods, the data
including Time Difference of Arrival TDOA' and Frequency Difference of Arrival FDOA'
measurements of a radar pulse sent from a stationary emitter located on the Earth surface (165)
and received by at least two antennas (141) on an aircraft, and altitude measurements of the
aircraft above the Earth surface (165):

for each of the plurality of time periods, estimating a location (225) of the stationary emitter
based on the TDOA, FDOA, and altitude measurements associated with a respective time period,
the result being an estimated location (225) of the stationary emitter associated with the
respective time period, the estimated location (225) of the stationary emitter including a
candidate longitude and a candidate latitude of the stationary emitter;

averaging the estimated locations (225) associated with the plurality of time periods forming an
averaged estimated location (225) of the stationary emitter, the averaged estimated location (225)
including an average of the candidate longitudes and an average of the candidate latitudes of the
stationary emitter; and

providing the averaged estimated location (225) of the stationary emitter;

wherein estimating includes calculating two solutions for each of the estimated locations (225);
wherein averaging includes maintaining a first averaged estimated location and a second
averaged estimated location (225), each being a running average of the solutions calculated for
the estimated locations (225), and associating each of the solutions with either the first or second
averaged estimated location (225) based on proximity of each of the solutions to either the first
or second averaged estimated location (225); and

wherein providing includes selecting either the first or second averaged estimated location (225)
having a range to the aircraft closest in value to a computed range from the aircraft to the

stationary emitter.

CA 2949209 2020-03-19
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2. The method of claim 1, wherein estimating includes representing each of the TDOA, FDOA,
and altitude measurements as a surface in three dimensional space;

identifying an intersection of the surfaces; and

based on the identification, returning each identified intersection as one of the estimated location

(225) of the stationary emitter.

3. The method of claim 2, wherein each of the surfaces is described by a simultaneous equation;
and

wherein identifying includes solving the simultaneous equations using Laguerre's method.

4. The method of claim 1 wherein calculating the solutions includes identifying solutions that are
consistent with locations on the Earth surface (165) as valid solutions; and
wherein associating includes including the valid solutions in the first and second averaged

estimated locations (225).

5. The method of claim 1 wherein associating includes for each solution, determining whether a
respective solution is closer in proximity to either the first or second averaged estimated location;
and

based on the determination, including the respective solution in the running average of either the

first or second averaged estimated location.

6. The method of claim 5, further comprising determining the computed range from a ratio of

effective radiated power of the stationary emitter to received power of the stationary emitter.

7. The method of claim 1, wherein averaging includes assigning weights to each of the estimated
locations (225) based on an approximation of noise in the data collected during the plurality of
time periods; and

averaging the estimated locations (225) according to the assigned weights

resulting in a weighted-average estimated location (225) of the stationary emitter.

8. The method of claim 1, wherein providing includes providing the averaged estimated location

CA 2949209 2020-03-19
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(225) of the stationary emitter to a user.

9. The method of claim 1, further comprising computing a location of the stationary emitter on
the Earth surface (165) based on the averaged estimated location (225) of the stationary emitter

being provided.

10. A system for estimating a location of a stationary emitter located on the Earth surface (165),
the system comprising:

a memory having computer executable instructions thereupon;

at least one interface receiving Time Difference of Arrival TDOA' and Frequency Difference of
Arrival FDOA' measurements of a radar pulse sent from a stationary emitter located on the Earth
surface (165) and received by at least two antennas (141) on an aircraft, and receiving an altitude
measurement of the aircraft above the Earth surface (165);

an estimating engine coupled to the memory and the at least one interface, the computer
executable instructions when executed by the estimating engine cause the estimating engine to:
for each of the plurality of time periods, estimate a location of the stationary emitter based on the
TDOA, FDOA, and altitude measurements associated with a respective time period, the result
being an estimated location of the stationary emitter associated with the respective time period,
the estimated location of the stationary emitter including a candidate longitude and a candidate
latitude of the stationary emitter;

average the estimated locations (225) associated with the plurality of time periods forming an
averaged estimated location (225) of the stationary emitter, the averaged estimated location (225)
including an average of the candidate longitudes and an average of the candidate latitudes of the
stationary emitter; and

provide the averaged estimated location (225) of the stationary emitter;

wherein estimating includes calculating two solutions for each of the estimated locations (225);
wherein averaging includes maintaining a first averaged estimated location and a second
averaged estimated location, each being a running average of the solutions calculated for the
estimated locations, and associating each of the solutions with either the first or second averaged
estimated location based on proximity of each of the solutions to either the first or second

averaged estimated location (225); and

CA 2949209 2020-03-19
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wherein providing includes selecting either the first or second averaged estimated location (225)
having a range to the aircraft closest in value to a computed range from the aircraft to the

stationary emitter.

11. A tangible non-transitory computer-readable storage medium having computer readable
instructions stored therein for estimating a location of a stationary emitter located on the Earth
surface (165), which when executed by one or more processors cause the one or more
processors, given data collected during a plurality of time periods including Time Difference of
Arrival 'TDOA' and Frequency Difference of Arrival ' FDOA' measurements of a radar pulse sent
from a stationary emitter located on the Earth surface (165) and received by at least two antennas
(141) on an aircraft, and an altitude measurement of the aircraft above the Earth surface (165),
to:

for each of the plurality of time periods, estimate a location of the stationary emitter based on the
TDOA, FDOA, and altitude measurements associated with a respective time period, the result
being an estimated location of the stationary emitter associated with the respective time period,
the estimated location (225) of the stationary emitter including a candidate longitude and a
candidate latitude of the stationary emitter,

average the estimated locations (225) associated with the plurality of time periods forming an
averaged estimated location (225) of the stationary emitter, the averaged estimated location (225)
including an average of the candidate longitudes and an average of the candidate latitudes of the
stationary emitter; and

provide the averaged estimated location (225) of the stationary emitter;

wherein estimating includes calculating two solutions for each of the estimated locations;
wherein averaging includes maintaining a first averaged estimated location and a second
averaged estimated location (225), each being a running average of the solutions calculated for
the estimated locations (225), and associating each of the solutions with either the first or second
averaged estimated location (225) based on proximity of each of the solutions to either the first
or second averaged estimated location (225); and

wherein providing includes selecting either the first or second averaged estimated location (225)
having a range to the aircraft closest in value to a computed range from the aircraft to the

stationary emitter.

CA 2949209 2020-03-19
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