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(57) ABSTRACT

A sensor system may be configured to identify a location of
a radio frequency (RF) source using an angle of arrival
estimation technique. A sensor system may identify a can-
didate location of an RF source using hyperbola positioning
techniques with two or more antennas at a similar geoloca-
tion with reference to the RF source. The sensor system may
additionally be able to identify a plurality of RF sources
using two or more antennas at a similar geolocation.
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METHODS AND DEVICES FOR
ESTIMATING THE POSITION OF AN RF
SOURCE

FIELD OF THE INVENTION

[0001] The present disclosure relates to position estima-
tion of radio frequency sources.

BACKGROUND

[0002] Identification of the direction of a received signal
from a source of a radio frequency signal can be accom-
plished using angle of arrival (AoA) estimation techniques.
This technique can be used for geolocation of devices, such
as cell phones, military radio transmitters, or other sources
of radio frequency (RF) signals.

[0003] Radar systems can identify a range or distance that
a source is from a sensor by identifying a round trip delay
of a signal emitted from the sensor location to when it is
received after reflecting off a target. However, radar systems
are not passive in that they require transmission of a signal.
This is not always ideal in a situation where radio emissions
are dangerous to emit or where it is desired to hide a location
of'a sensor or receiver, such as in some military applications.

SUMMARY

[0004] Disclosed herein are systems and methods to iden-
tify a location of an RF source using a passive system (e.g.
with just sensors or receivers) with just one sensor location.
Advantageously, the systems and methods disclosed herein
may allow for geolocation of one or more RF sources using
two or more receivers at a single sensor location. The sensor
location can be static or moving. Systems and methods can,
in some cases, identify a plurality of emitting RF sources.
Also, embodiments are not limited to receivers at a single
sensor location.

[0005] For purposes of summarizing the disclosure, cer-
tain aspects, advantages and novel features have been
described herein. It is to be understood that not necessarily
all such advantages can be achieved in accordance with any
particular embodiment disclosed herein. Thus, the embodi-
ments disclosed herein can be embodied or carried out in a
manner that achieves or optimizes one advantage or group of
advantages as taught or suggested herein without necessarily
achieving others.

[0006] In some configurations, a system for determining
the location of a radio frequency (RF) source can include: a
sensor system, which can include: a first antenna configured
to receive a signal from the RF source; a second antenna
configured to receive the signal from the RF source; one or
more hardware processors in communication with the sensor
system, the one or more hardware processors configured to:
receive, at a first time, a first signal from the RF source at the
first antenna; receive, at the first time, a second signal from
the RF source at the second antenna; generate a first angle
estimate based on a cross-correlation between the first signal
and the second signal, the first angle estimate comprising an
estimate of an angle between the sensor system and the RF
source; determine a first set of candidate locations of the RF
source based at least in part on the first angle estimate;
receive, at a second time, a third signal from the RF source
at the first antenna; receive, at the second time, a fourth
signal from the RF source at the second antenna; generate a
second angle estimate based on a cross-correlation between
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the third and fourth signal, the second angle estimate com-
prising an estimate of an angle between the sensor system
and the RF source; determine a second set of candidate
locations of the RF source based at least in part on the
second angle estimate; and estimate a location of the RF
source based on the first set of candidate locations and the
second set of candidate locations.

[0007] In some configurations, a system for identifying at
least one RF source can include: one or more hardware
processors, the one or more hardware processors configured
to: generate a first set of candidate locations for the RF
source based at least in part on a cross correlation of signals
received at a first antenna and a second antenna of a sensor
system at a single location, the first antenna and second
antenna being in a first orientation; move the first antenna
and the second antenna from the first orientation into a
second orientation; generate a second set of candidate loca-
tions for the RF source based at least in part on a cross
correlation of received signals at the first antenna and the
second antenna of the sensor system at the single location,
the first antenna and second antenna being in the second
orientation; estimate a location of the RF source based on the
first set of candidate locations and the second set of candi-
date locations.

[0008] In some configurations, a system for identifying at
least one RF source can include: one or more hardware
processors, the one or more hardware processors configured
to: generate a first set of candidate locations for the RF
source based at least in part on a cross correlation of signals
received at a first antenna and a second antenna of a sensor
system at a first location; generate a second set of candidate
locations for the RF source based at least in part on a cross
correlation of received signals at the first antenna and the
second antenna of the sensor system at a second location
different from the first location; estimate a location of the RF
source based on the first set of candidate locations and the
second set of candidate locations.

[0009] In some configurations, the system for identifying
at least one RF source can include: one or more hardware
processors, the one or more hardware processors configured
to: generate a first set of candidate locations for the RF
source based at least in part on a cross correlation of signals
received at a first antenna pair of a sensor system at a single
location, wherein the sensor system comprises three or more
antennas; generate a second set of candidate locations for the
RF source based at least in part on a cross correlation of
received signals at a second antenna pair of the sensor
system at the single location, the second antenna pair
comprising a different subset of antennas of the three or
more antennas than the first antenna pair; estimate a location
of the RF source based on the first set of candidate locations
and the second set of candidate locations.

[0010] In some configurations, a system for determining a
location of at least one RF source can include: a sensor
system comprising a plurality of antennas at a same or
nearby location, the plurality of antennas configured to
receive signals from a plurality of RF sources; and one or
more hardware processors in communication with the sensor
system, the one or more hardware processors configured to:
generate a first set of angle estimates based at least in part
on a cross correlation of signals received at a first antenna
and a second antenna of the plurality of antennas; analyze
the first set of angle estimates to determine a first set of
clusters, each cluster comprising one or more angles of the
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first set of angle estimates; determine a received power for
each cluster of the first set clusters; generate a second set of
angle estimates based at least in part on a cross correlation
of signals received at the first antenna and a third antenna of
the plurality of antennas; analyze the second set of angle
estimates to determine a second set of clusters, each cluster
comprising one or more angles of the second set of angle
estimates; determine a received power for each cluster of the
second set clusters; determine a mapping between the first
set of clusters and the second set of clusters based at least in
part on a comparison of the received powers of the first set
of clusters and the received powers of the second set of
clusters; and identity a location of at least one RF source
based at least in part on the mapping.

[0011] In some configurations, a system for determining a
location of at least one RF source previously unidentified RF
source can include: a movable platform; a plurality of
antennas coupled to the movable platform, wherein the
plurality of antennas configured to receive signals from a
plurality of RF sources in the environment of the movable
platform, wherein at least one pair of antennas of the
plurality of antennas are spaced a distance from each other
of less than or equal to one wavelength of a carrier wave of
the RF source; and one or more hardware processors con-
figured to communicate with the plurality of antennas and
generate an identify the presence of at least one RF source
of the plurality of RF sources based at least in part on a
received power associated with the signals and two or more
cross correlations of signals received at different pairs of
antennas of the plurality of antennas.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] Throughout the drawings, reference numbers are
re-used to indicate correspondence between referenced ele-
ments. The drawings are provided to illustrate embodiments
of the features described herein and not to limit the scope
thereof.

[0013] FIG. 1 illustrates an example of a hardware system
that may be utilized as part of systems and methods
described herein.

[0014] FIG. 2A illustrates an example geometric three-
dimensional (3D) orientation of a sensor and source for
systems and methods described herein.

[0015] FIG. 2B illustrates an example process for deter-
mining a location estimate of a single RF source with a
moving sensor system, such as described with reference to
FIG. 1.

[0016] FIG. 2C illustrates an example process for deter-
mining a location estimate of a single RF source with a
stationary sensor system, such as described with reference to
FIG. 1.

[0017] FIGS. 3A-3D illustrate example hyperbola projec-
tions at different angles of orientation of a rotating sensor
pair.

[0018] FIG. 4 illustrates an example of moving platform
hyperbola projections.

[0019] FIG. 5 illustrates a block diagram of an example
process for identifying and locating multiple RF sources
with a sensor system, such as described with reference to
FIG. 1.

[0020] FIG. 6A illustrates an example positioning in two-
dimensional (2D) space of an example set of multiple RF
source.
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[0021] FIG. 6B illustrates an example of hyperbola pro-
jections for the multiple RF sources of FIG. 6A.

[0022] FIG. 7A illustrates an example of cluster estimates
in terms of power and angle for the multiple RF sources of
FIG. 6A.

[0023] FIG. 7B illustrates an example of a location esti-
mate of an RF source for an identified cluster.

DETAILED DESCRIPTION

[0024] Systems and methods disclosed herein relate to
identifying an estimate of a geolocation of one or more RF
sources. In some examples, the estimate may be performed
using a sensor pair at a single or nearby geographic location.
In some examples, the estimate may be performed using
more than two sensors at a single or nearby geographic
location. The systems and methods disclosed herein may
identify an estimate of a geographic location of one or more
RF sources without the use of a transmission signal (for
example, the systems and methods described herein may be
considered a passive system). The systems and methods
disclosed herein may be configured to distinguish and iden-
tify a single or multiple RF sources in a moving or static
system.

Example Sensor System

[0025] FIG. 1 illustrates an example of a hardware system
101 that may be utilized as part of systems and methods
described herein. A hardware system 101 may include, but
is not limited to, at least one antenna or sensor 105, location
sensor 107, controller 109, and actuator 103. A hardware or
sensor system described herein may or may not include all
of these components or multiples of one or more of these
components. For example, in some systems, a hardware
system 101 may not include a location sensor 107 and/or
may not include an actuator 103.

[0026] In some examples, a hardware system 101 may be
part of and/or coupled to a system, vehicle, or platform
configured to move in two or three dimensional space. For
example, a hardware system 101 may be coupled to or part
of'a drone or plane configured to move in three-dimensional
space. In some examples, a hardware system 101 may be
part of and/or coupled to a stationary system, vehicle, or
platform. A configuration of a hardware system 101 may be
different based on the system, vehicle, and/or platform the
hardware system 101 is configured to be a part of or couple
to. For example, a stationary configuration may include an
actuator 103 and/or may not include a location sensor 107.
In another example, a moving configuration may include a
locations sensor 107 and may or may not include an actuator
103.

[0027] As illustrated in FIG. 1, a hardware system 101 can
include at least one antenna or sensor 105. The at least one
antenna or sensor 105 can include at least one sensor pair. A
sensor pair can include two or more RF antennas. The RF
antennas may be configured to receive RF signals from an
RF source. However, other types of signals may and/or
receiving sensors may additionally or alternatively be used
to receive a signal from a source. The antennas (or sensors)
105 may be configured to be located near to each other in
relation to a source in an unknown location relative to the
sensor system 101 and/or sensors 105. For example, the
antennas 105 may be located within 1 meter of other
antennas or more or less distance. In some examples, the
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antennas 105 may be located within a fraction of a wave-
length of the carrier frequency. A fraction can be 0.25, 0.5,
1.0 or other fraction of the wavelength of the carrier fre-
quency. For example, a 900 MHz carrier has 0.33 meters
wavelength, 2.4 GHz has 0.125 meters and the antennas 105
may be located within a fraction of those wavelengths.
However, any other suitable spacing is possible. In some
examples, the antennas 105 may be spaced apart by more
than one wavelength.

[0028] The antennas 105 may be oriented within the
hardware system to be rotated or otherwise moved by an
actuator 103. The actuator 103 may be configured to rotate
the antennas 105 up to 360 degrees from an original position
or orientation. For example, a system 101 can include three
antennas 105 paired to an actuator 103. The actuator 103 can
be configured to rotate the three antennas 105 in an arc with
an origin at the center of a triangle formed by the positions
of the three antennas 105. The actuator 103 can be config-
ured to rotate the three antennas 105 twenty, forty-five,
ninety, one hundred twenty-five degrees, or a different
amount of rotation.

[0029] A hardware system 101 can include a location
sensor 107. In some examples, a hardware system 101 can
additionally or alternatively receive location information
from a system, vehicle, or platform associated that may be
part of or coupled to the hardware system 101. Location
information can include, but is not limited to, a height and
geolocation of the sensor system and/or other aspects of a
hardware system 101 or platform or vehicle associated with
the sensor or hardware system 101. In some examples, the
hardware system 101 may be coupled to a drone or other
aircraft. The hardware system 101 may receive location
and/or height data from the drone or other aircraft. In
addition or in the alternative, some or all of that information
may come from a location (and/or height) sensor 107
configured to determine a location and/or height of the
hardware system 101.

[0030] A hardware system 101 may include a controller
109. The controller 109 may include one or more hardware
processors configured to, for example, store, process, send
and/or receive data. In some examples, the controller 109
may be configured to execute one or more processes
described herein. In some examples, the controller 109 may
at least in part be cloud-based. In some examples, the
controller 109 may include one or more local hardware
processors. In some examples, the controller 109 may be
configured to process and/or analyze location data, height
data, RF signals and data associated with the one or more
antenna 105, and/or other data. In some examples, the
controller 109 may be configured to, for example, execute
instructions to control the actuator 103, and/or store, display
and/or output information associated with, for example, the
geolocation of an RF source.

Identification of a Single RF source

[0031] FIG. 2A illustrates an example geometric three-
dimensional (3D) orientation of at least some aspects of a
sensor system, such as described in FIG. 1, and an RF source
in an unknown location. The illustrated system includes a
point of origin O with a first plane being defined by vectors
x and y with a point of origin at O (can be referred to as the
Oxy plane), a second plane defined by vectors x and z with
a point of origin at O (can be referred to as the Oxz plane),
and a third plane defined by vectors y and z with a point of
origin at O (can be referred to as the Oyz plane).
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[0032] In the illustrated example, the sensor system is
located at point R, having coordinates (0,0, v_), right above
the origin, at elevation v,. The sensor system may include an
antenna dipole. The dipole is in a plane parallel to Oxy, so
its orientation is given by a single angle a. When this dipole
performs a measurement of a source on the ground, it
measures an angle 0,, that depends on the location of the
source and orientation of the dipole:

Oht = f(vz, 5, @)

[0033] This measured angle is an angle of arrival (AoA)
estimate. In this equation s=x+jy=Islexp(j6) is the complex
number representing the position of the source in the Oxy
plane. The measured angle determines a cone in three-
dimensional (3D) space, cone with axis given by the antenna
dipole and angle 6,, The position of the source on the
ground can then be determined as a hyperbola that is the
intersection of this cone with the plane Oxy. The hyperbola
is determined by 3 parameters: 1) center of the hyperbola. In
this example, the origin is the center of the hyperbola. If the
dipole moves to another location (x, y, v_), then the center of
hyperbola is (%, y, 0) or (x, y) on the ground; 2) vertex of the
hyperbola. This is the point of the hyperbola that is closest
to the center, and is given relative to the center. For one
measurement, the vertex of the hyperbola V in the Oxy plane
corresponds to a complex number given by:

vZ .
V= tan tan(OM)exPUa)

[0034] 3) the angle of the hyperbola (or angle formed by
asymptotes with the axis of symmetry) that is 0,, To
calculate an estimate of the position of the RF source, a
second hyperbola calculated from a second set of AoA data
can be compared to a first hyperbola from a first set of AoA
data. For example, a controller 109 may identify a location
or area of intersecting hyperbolas and a location estimate of
an RF source may be associated with that intersection. A
second hyperbola can be generated by moving the sensor.
Where the sensor is deployed on a moving systemi, such as
on a wing aircraft or drone, multiple measurements can be
taken as the platform is in motion to obtain further sets of
data. Additionally or alternatively, an antenna array of the
sensor system can be rotated to obtain further sets of data.
Therefore, this system can be deployed on a static or moving
platform.

[0035] Additionally or alternatively, a second hyperbola
can be generated by using a different sensor pair of a
plurality of sensors or antennas on a sensor system. For
example, a system can include three or more antennas. A first
antenna or sensor pair (such as antenna A and antenna B) can
be used to generate a first hyperbola and a second antenna
or sensor pair (such as antenna A and antenna C) can be used
to generate a second hyperbola. Further pairings can be used
to generate further hyperbolas (such as using antenna B and
antenna C or other pairings where there are more than three
antennas). An intersection of these hyperbolas can be used
to identify a location of the RF source.

[0036] FIG. 2B illustrates an example process for deter-
mining a location estimate of a single RF source with a
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moving sensor system, such as described with reference to
FIG. 1. As illustrated, a process can include some combi-
nation of steps, but is not limited to, the steps described
herein. The process may be executed, in some examples, by
a controller 109. In some examples, a controller 109 may be
in communication with components of a hardware system
that may include, but is not limited to two or more antennas.
The two or more antennas may be configured to be coupled
to a moving platform or vehicle, such as a drone or winged
aircraft. Information associated with the moving platform or
vehicle may be made available to the controller 109, such as
the location and height of the moving platform or vehicle.
The two or more antennas may include, in some examples,
three antennas in a triangular configuration where each
antenna is equidistant from the other two antennas (e.g. an
equilateral triangle configuration). However, other configu-
rations and other amounts of antennas are also possible. The
two or more antennas may sometimes be referred to as a
sensor system or an antenna grouping or array. An antenna
grouping may be configured to couple to a moving platform
or vehicle such that the antennas in the grouping are roughly
at the same elevation and/or share a platform. In some
embodiments, the sensor system may include one or more
antennas, and may also include one or more other compo-
nents (such as a processor, memory, or other).

[0037] With continued reference to FIG. 2B, at a step 203,
a controller 109 may be configured to determine a first angle
estimate during a first time period. The first angle estimate
may include an estimate of an angle of arrival (AoA) at least
in part by a process such as described above with reference
to FIG. 2A. In some examples, a set of candidate angle
estimates may be generated. A projection of the set into a
plane (including but not limited to the ground plane or a
plane parallel to the ground plane) may result in a curve such
as a hyperbola or other. For instance, there may exist a set
of angles such that if an RF source were at any of those
angles, a cross correlation technique would give the same
result. In some examples, a controller 109 may be config-
ured to select two antennas of an antenna grouping associ-
ated with a moving platform or vehicle to generate the first
angle estimate. The controller 109 may select the two
antennas via a switching RF mechanism so that AoA mea-
surements can be taken from a two-element antenna array. In
the example of a three-antenna grouping, each antenna may
be referred to as antenna 1, antenna 2, and antenna 3. A
controller 109 may select a subset of the grouping to perform
measurements. The array associated with the antenna group-
ings, such as in a three antenna system, may be referred to
as array AB. To perform a measurement set on, for example,
an antenna array AB, AoA measurements are performed in
the A, then B antenna pair configurations, where, for
example, an A configuration is associated with a configura-
tion of antennas 1 and 2 and a B configuration is associated
with a configuration of antennas 1 and 3 and so on. The first
configuration is referred to as 8, the second as 0,. At step
203, the controller 109 can generate a first angle estimate
based on a cross-correlation between signals from the RF
source received at each antenna in the two antenna array AB
during a first time period.

[0038] At a step 205, the controller 109 can determine a
first set of candidate locations based at least in part on the
first angle estimate. The controller 109 may use further
information, including, but not limited to a height of the
antenna array (and/or platform or vehicle) and a distance
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between the first and second antennas of the selected
antenna array to generate a first set of candidate locations for
an RF source. The set of candidate locations may correspond
to a first hyperbola of potential locations of the RF source,
similar to the example described above with reference to
FIG. 2A.

[0039] The height of the antenna array may be associated
with the moving platform or vehicle and/or communicated
to the controller 109 based on a location sensor 107 asso-
ciated with the moving platform or vehicle. The distance
between the first and second antennas may be fixed or
changeable depending on the example. In some examples,
the distance between the first and second antenna may be
determined based on the selection of the antenna in the
antenna grouping. For example, an antenna grouping may or
may not include an orientation of antennas that are equidis-
tant from each other. Thus, a selection of an antenna pair
may require an update to the distance between antennas. In
some examples, antennas may be equidistant from each
other in an antenna grouping. Thus, the distance between
antennas in an antenna array may be fixed.

[0040] With continued reference to FIG. 2B, at a step 207,
the controller 109 may determine a second angle estimate
based on a cross-correlation between signals from the RF
source received at the first and second antennas during a
second time period. The second angle estimate may include
an estimate of an angle of arrival (AoA) at least in part by
a process such as described above with reference to FIG. 2A
and similar to that described with reference to step 201. The
second time period in which the controller 109 is determin-
ing the second angle estimate may be different from the first
time period. In some examples, the second time period may
be a later time than the first time period. The second time
period may correspond to a time after which the antenna
pair, being coupled to a moving platform or vehicle, have
moved. For example, a moving platform or vehicle may
have moved from a first location to a second location. The
controller 109 may determine a second angle estimate based
on the received signals at the first location during a first time
period and the second location during the second time
period. Thus, two different estimates can be obtained using
the same antenna pair in the same orientation with respect to
each other.

[0041] At a step 209, the controller 109 may determine a
second set of candidate locations based at least in part on the
second angle estimate. The controller 109 may use further
information, including, but not limited to a height of the
antenna array (and/or platform or vehicle) and a distance
between the first and second antennas of the selected
antenna array to generate a first set of candidate locations for
an RF source. The set of candidate locations may correspond
to a second hyperbola of potential locations of the RF
source, similar to the example described above with refer-
ence to FIG. 2A.

[0042] At a step 211, the controller 109 may estimate a
location of an RF source based on the first and second sets
of candidate locations. In some examples, the controller 109
may determine an estimated location based on an intersec-
tion of candidate locations in the first and second sets of
candidate locations. The controller 109 may, in some
examples, identify a location estimate based on a density of
overlapping location estimates in the first and second sets of
candidate locations. For example, the first and second sets of
candidate locations may correspond to a first and second
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hyperbola of potential locations. The controller 109 may
select a candidate location based on hyperbola positioning
processes. In some examples, the controller 109 may select
a candidate location based on a closeness, density, or amount
of overlap of the hyperbolas.

[0043] Insome examples, one or more of the steps may be
repeated for the same or different antenna configurations or
selected subsets of an antenna grouping at further time
periods or points in time where the moving platform or
vehicle moves. Additionally or alternatively, the process
described herein may be combined with any other process to
help identify and track at least one RF source. For example,
if a moving or movable platform or vehicle is not moving or
stops moving, a controller 109 may switch to a process to
identify an RF source using a static sensor system, such as
described below.

[0044] FIG. 2C illustrates an example process for deter-
mining a location estimate of a single RF source with a
stationary sensor system, such as described with reference to
FIG. 1. illustrates an example process for determining a
location estimate of a single RF source with a static sensor
system, such as described with reference to FIG. 1. As
illustrated, a process can include some combination of steps,
but is not limited to, the steps described herein. The process
may be executed, in some examples, by a controller 109. In
some examples, a controller 109 may be in communication
with components of a hardware system that may include, but
is not limited to two or more antennas. The two or more
antennas may be configured to be coupled to a platform or
vehicle, such as a drone or winged aircraft, that may or may
not be moving. The process described in FIG. 2C does not
depend on the platform or vehicle being in motion. Infor-
mation associated with the platform or vehicle may be made
available to the controller 109, such as the location and
height of the platform or vehicle. The two or more antennas
may include, in some examples, three antennas in a trian-
gular configuration where each antenna is equidistant from
the other two antennas (e.g. an equilateral triangle configu-
ration). However, other configurations and other amounts of
antennas are also possible. The two or more antennas may
sometimes be referred to as a sensor system or an antenna
grouping or array. An antenna grouping may be configured
to couple to a platform or vehicle such that the antennas in
the grouping are roughly at the same elevation and/or share
a platform.

[0045] At a step 213, a controller 109 may determine a
first angle estimate. The controller 109 may determine a first
angle estimate in a manner similar to that described above
with reference to at least step 203 of FIG. 2B. In some
examples, the antenna pair being used in step 213 may be a
subset of a grouping of three or more antennas.

[0046] At a step 215, the controller 109 may determine a
first set of candidate locations based at least in part on the
first angle estimate. The controller 109 may use further
information, including, but not limited to a height of the
antenna array (and/or platform or vehicle) and a distance
between the first and second antennas of the selected
antenna array to generate a first set of candidate locations for
an RF source. The set of candidate locations may correspond
to a first hyperbola of potential locations of the RF source,
similar to the example described above with reference to
FIG. 2A. In some examples, a set of candidate locations
projected onto a plane may form the hyperbola discussed
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herein. However, other projections and forms or shapes
projected onto the plane may also be possible.

[0047] The height of the antenna array may be associated
with the platform or vehicle and/or communicated to the
controller 109 based on a location sensor 107 associated
with the moving platform or vehicle. The distance between
the first and second antennas may be fixed or changeable
depending on the example. In some examples, the distance
between the first and second antenna may be determined
based on the selection of the antenna in the antenna group-
ing. For example, an antenna grouping may or may not
include an orientation of antennas that are equidistant from
each other. Thus, a selection of an antenna pair may require
an update to the distance between antennas. In some
examples, antennas may be equidistant from each other in an
antenna grouping. Thus, the distance between antennas in an
antenna array may be fixed.

[0048] With continued reference to FIG. 2C, at a step 217,
a controller 109 may cause an actuator 103 coupled to the
antenna pair to move at least one antenna of the sensor
system. The actuator 103 may be configured to rotate the
antenna pair a certain number of degrees, such as 20, 45, 90,
and 125 degrees or a different amount of rotation with
respect to an initial position. The angle of rotation may be
selected to be sufficient enough to provide a different cross-
correlation between signals to allow for a second angle
estimate. Additionally or alternatively, the controller 109
may be configured to select a different subset of the antenna
grouping such that there is a different cross-correlation
between signals that allows for a second angle estimate.

[0049] At a step 219, the controller 109 may be configured
to determine a second angle estimate. The controller 109
may determine the second angle estimate in a manner
similar to that described above with reference to at least step
203 of FIG. 2B or step 213.

[0050] At a step 221, the controller 109 may be configured
to determine a second set of candidate locations based at
least in part on the second angle estimate. The controller 109
may use further information, including, but not limited to a
height of the antenna array (and/or platform or vehicle) and
a distance between the first and second antennas of the
selected antenna array to generate a first set of candidate
locations for an RF source. The set of candidate locations
may correspond to a second hyperbola of potential locations
of the RF source, similar to the example described above
with reference to FIG. 2A.

[0051] At a step 223, the controller 109 may estimate a
location of an RF source based on the first and second sets
of candidate locations. In some examples, the controller 109
may determine an estimated location based on an intersec-
tion of candidate locations in the first and second sets of
candidate locations. The controller 109 may, in some
examples, identify a location estimate based on a density of
overlapping location estimates in the first and second sets of
candidate locations. For example, the first and second sets of
candidate locations may correspond to a first and second
hyperbola of potential locations. The controller 109 may
select a candidate location based on hyperbola positioning
processes. In some examples, the controller 109 may select
a candidate location based on a closeness, density, or amount
of overlap of the hyperbolas. In some examples, a candidate
location may be at or near an intersection point of hyper-
bolas associated with the projections of the first and second
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sets of candidate locations onto a plane. A selected candidate
location may or may not be in the first and/or second sets of
candidate locations.

[0052] FIGS. 3A-3D illustrate example hyperbola projec-
tions at different angles of orientation of a rotating sensor
pair, such as described above with reference to FIG. 2C. A
source position 301 is estimated with hyperbolas intersect-
ing before and after the antenna array is rotated at 20, 45, 90
and 125 degrees is illustrated in FIGS. 3A, 3B, 3C, and 3D
respectively. The areas of intersection of the first and second
hyperbolas at locations 303 A, 303B for a 20 degree rotation
and 305A and 305B at a 45 degree rotation, in this example,
indicate a denser area of intersection or an area where both
hyperbolas are closer to each other or overlapping and
therefore a higher likelihood of an RF source being in that
location. As illustrated, while an intersection between hyper-
bolas may exist, the lack of density of intersection or lack of
area where the hyperbolas are sufficiently close in areas
307A, 307B for a 90 degree rotation and at 309A, 209B for
a 125 degree rotation, may result in a less accurate estimate.
In some examples, a controller 109 may not select a candi-
date location unless a confidence measure is reached or
exceeded, such as a threshold closeness of overlap between
the first and second hyperbolas near the point of intersection.
In some examples, a controller 109 may perform a fit, such
as a Gaussian fitting of estimates. The fit may help facilitate
selection of a candidate location.

[0053] FIG. 4 illustrates an example of moving platform
hyperbola projections. In the case of a moving platform, a
sensor system can be configured to generate a plurality of
angle estimates at a plurality of times as the platform is
moving. The plurality of angle estimates may generate a
plurality of sets of candidate locations. The sets of candidate
locations when plotted may correspond to a plurality of
hyperbolas, such as illustrated in FIG. 4. An overlapping
portion 401 of the plurality of hyperbolas may correspond to
an RF source location.

Identification of a Plurality of RF Sources

[0054] FIG. 5 illustrates a block diagram of an example
process for identifying and locating multiple RF sources
with a sensor system, such as described with reference to
FIG. 1. As illustrated a process can processing signals
received at a sensor system 511. The process may include,
but is not limited to, a Kalman filter block 501, a clustering
block 503, a power filtering block 505, a hyperbola inter-
section block 507, a gaussian estimation block 509, a
Kalman filter update block 511, and an angle estimation
block 513.

[0055] A sensor system 511 may include, for example, a
plurality of antennas. In the illustrated example, the sensor
system 511 includes three antennas A, B, and C. A controller
109 may obtain a set of AoA estimates from two or more
antenna pairs (such as AB, BC, and/or AC) to generate at
least two sets of angle estimates for one or more signals
received at the sensor system. The one or more signals may
be associated with one or more transmitting RF sources in
the environment of the sensor system at one or more
unknown locations. FIG. 6A illustrates an example of a
plurality of RF sources 603 in the presence of a sensor
system 601 when projected onto a ground plane. In the
illustrated example, a controller 109 may generate two sets
of'angle estimates, 80 and 61 for the one or more RF sources
603. Assuming multiple RF sources on a ground plane, such
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as shown in FIG. 6A, an AOA estimate can be calculated if
the height of the sensor above ground is known.

[0056] The Kalman filter, at block 501, can identify or
match candidate RF sources based on a previous set of angle
estimates (80k and 01k as illustrated in FIG. 5), where a
pervious angle estimate is an angle of a calculated hyperbola
for an identified RF source, such as described above with
reference to FIGS. 2A-2C. It is of note that while Kalman
filtering is disclosed herein, other types of matching or
filtering may also be possible. An output of the Kalman
filtering block 501 may include filtered observations from
the sensor system 511. Filtered observations may correspond
to a comparison of the new set of angle estimates with the
previous set of angle estimates (60-60k and 61-81k in the
illustrated example). This comparison and/or output may
result in a set of angle estimates corresponding to just newly
observed RF sources. Advantageously, this allows for more
efficient identification of RF sources and RF source loca-
tions.

[0057] In an initial state, no RF sources were previously
detected so the observations from sensor system 511 may
bypass the Kalman Matching functionality at block 501 and
are processed in the clustering and power filtering branch at
blocks 503 and 505 respectively. The result of these pro-
cessing steps determines the number of RF sources not being
tracked and assigns AoA observations to clusters so that
hyperbola positioning can be performed at steps 507 and 509
using intra cluster processing, such as described above with
reference, for example, to FIGS. 2A-2C. A hyperbola pro-
jection of possible positions of at least some RF sources 603
shown in FIG. 6A is illustrated in FIG. 6B.

[0058] At a clustering block 503, a controller 109 may
cluster the observations by angle. These clusters may be
mapped based on power associated with each cluster at
power filtering block 505. An example mapping of clusters
701 by received power and angle is illustrated in FIG. 7A.
Each distinct cluster on the map may be associated with a
different RF source. Advantageously, organizing the AoA
estimates in this way can allow for distinction of different
RF sources having similar AoA estimates. For example,
filtering by power can allow a controller 109 to distinguish
between the three clusters having a Om of approximately 2
radians in FIG. 7A. As is illustrated, the three clusters have
distinct SNRs (signal to noise ratios) of approximately 2.7,
and 9 dB. Without the power filtering, at least two of these
RF sources might be otherwise missed. It is of note that
various other features of the signal may be used to filter or
map the data of which power and AoA is an example.
[0059] Insome embodiments, power filtering may be used
to track RF sources, detect new RF sources, and/or differ-
entiate RF sources. Consider a non-limiting example, in
which the sensor performs a first RF sensing of the envi-
ronment (using one or more operations described herein). In
the first RF sensing, the sensor may determine a first
grouping that includes two clusters, the first cluster at an
average power level P1 and angle theta_1, the second cluster
at an average power level P2 and angle theta_2. The sensor
may perform a second RF sensing in accordance with one or
more of the following with respect to the first RF sensing:
performed at a later time, performed with a different antenna
orientation, performed with the same antenna orientation,
performed at a different location (i.e. the sensor may be
mobile), performed at the same location, and/or other. In the
second RF sensing, outcomes such as the following are
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possible. If there are more than two clusters, the sensor may
determine that a new RF source has been detected. If there
are less than two clusters, the sensor may determine that one
of the previously detected RF sources is inactive. If there are
two clusters, the sensor may determine if they correspond to
the clusters from the first RF sensing by using received
powers. For instance, if the second RF sensing produces two
clusters with power levels similar to P1 and P2, but perhaps
at different angles, then the sensor may decide that the two
clusters of the second RF sensing correspond to the two
clusters of the first RF sensing.

[0060] At ahyperbola intersections block 507, a controller
109 can determine a location estimate based on intersections
of the hyperbolas associated with each cluster that may be,
for example, the output of the power filtering block 505. The
location estimate may be performed in a manner such as
described above with reference, for example, to FIGS.
2A-2C. In a non-limiting example, the controller may apply
a Gaussian fitting of the location estimates at block 509. An
output of the Gaussian fitting may include, for example, a
probability distribution, mean location, and/or a confidence
interval. FIG. 7B illustrates an example of a location distri-
bution and/or set of estimates for an example cluster. A mean
and/or error associated with the distribution may be gener-
ated using Gaussian fitting as described herein. As illustrated
in FIG. 7B, a confidence ellipse associated with the candi-
date locations may be generated based on the Gaussian
fitting. It is also noted that embodiments are not limited to
usage of Gaussian fitting, as other fittings or other tech-
niques may also be used.

[0061] The result of the processing chain, such as the
output of the hyperbola intersections block 507 and/or
Gaussian estimates block 509 may be passed into update
block 515. The controller 109 can thus seed or update
Kalman Filters that track discovered sources at block 507.
[0062] To perform simultaneous tracking and discovery,
the next antenna configurations for sensor system 511 are
selected. For example, BC configurations may used if an AB
and/or AC configuration was previously used. Since BC will
result in a new dipole orientation of the sensor system 511,
the positions of the tracked RF sources and information
about the dipole orientation are used to determine the AoA
of known sources at block 513. This generates a set of AoA
estimates that the controller 109 can use to classify the
incoming AoA measurements to determine which measure-
ments come from sources already tracked and which come
from new sources that need to be processed. Performing this
classification step on new AoA data allows existing source
estimates to be updated and new ones to be used to discover
new RF sources in the same iteration of the algorithm. The
controller 109 can keep iterating through the antenna con-
figurations AB, BC, AC and either discovering new sources
or updating and tracking existing sources.

[0063] Once processed the intersections of hyperbolas for
each source can be projected onto a 2D plane with coordi-
nates relative to the sensor. Multiple measurements enable
statistics to be estimated for use in various prediction
algorithms such as Kalman and particle filters.

Additional Aspects

[0064] Disclosed herein are additional examples of one or
more aspects of the systems and methods disclosed. Any of
the aspects or examples disclosed may be combined in
whole or in part. In some examples, a system may perform
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a method described herein. Some examples may include a
method of operating or interacting with at least some aspects
of'a system, such as one or more hardware processors and/or
antennas. Any of the examples disclosed herein may be used
as part of a system to output information to a user and/or
computer interface.

[0065] Example 1: A system for determining the location
of a radio frequency (RF) source, the system comprising: a
sensor system comprising: a first antenna configured to
receive a signal from the RF source; a second antenna
configured to receive the signal from the RF source; one or
more hardware processors in communication with the sensor
system, the one or more hardware processors configured to:
receive, at a first time, a first signal from the RF source at the
first antenna; receive, at the first time, a second signal from
the RF source at the second antenna; generate a first angle
estimate based on a cross-correlation between the first signal
and the second signal, the first angle estimate comprising an
estimate of an angle between the sensor system and the RF
source; determine a first set of candidate locations of the RF
source based at least in part on the first angle estimate;
receive, at a second time, a third signal from the RF source
at the first antenna; receive, at the second time, a fourth
signal from the RF source at the second antenna; generate a
second angle estimate based on a cross-correlation between
the third and fourth signal, the second angle estimate com-
prising an estimate of an angle between the sensor system
and the RF source; determine a second set of candidate
locations of the RF source based at least in part on the
second angle estimate; and estimate a location of the RF
source based on the first set of candidate locations and the
second set of candidate locations.

[0066] Example 2: The system of example 1, wherein the
one or more hardware processors is configured to determine
the first set of candidate locations based further on at least
one parameter associated with the sensor system.

[0067] Example 3: The system of example 2, wherein a
height of the sensor system and a distance between the first
and second antennas.

[0068] Example 4: The system of example 1, wherein the
first signal and the second signal are emitted by the RF
source at the same time.

[0069] Example 5: The system of example 1, wherein the
third signal and the fourth signal are emitted by the RF
source at the same time and at a time that is different from
the emission of the first signal and the second signal.
[0070] Example 6: The system of example 1, wherein the
first or second set of candidate locations comprises a hyper-
bola.

[0071] Example 7: The system of example 1, wherein the
first and second sets of candidate locations comprise a first
and second hyperbola when plotted in a ground plane
associated with the RF source or sensor system.

[0072] Example 8: The system of example 1, wherein the
one or more hardware processors are configured to cause the
first antenna or second antenna to move between the first and
second times.

[0073] Example 9: The system of example 8, wherein the
one or more hardware processors are configured to cause a
change in orientation of the first and second antenna
between the first and second times.

[0074] Example 10: The system of example 8, wherein the
one or more hardware processors are configured to cause the
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first and second antenna to rotate around a central point
between the first and second antenna between the first and
second times.

[0075] Example 11: The system of example 10, wherein
the one or more hardware processors are configured to cause
the first and second antennas to rotate at least 20 degrees
from an initial orientation.

[0076] Example 12: The system of example 10, wherein
the one or more hardware processors are configured to cause
the first and second antennas to rotate at least 45 degrees
from an initial orientation.

[0077] Example 13: The system of example 10, wherein
the one or more hardware processors are configured to cause
the first and second antennas to rotate at least 90 degrees
from an initial orientation.

[0078] Example 14: The system of example 10, wherein
the one or more hardware processors are configured to cause
the first and second antennas to rotate at least 125 degrees
from an initial orientation.

[0079] Example 15: The system of example 1, wherein the
sensor system is stationary between the first and second
time.

[0080] Example 16: The system of example 15, wherein
the one or more hardware processors are configured to
identify that the sensor system is stationary and cause the
first and second antennas to rotate based on the identification
that the sensor system is stationary.

[0081] Example 17: The system of example 16, wherein
the one or more hardware processors is configured to
determine that the sensor system is stationary if the sensor
system moves its physical location less than a threshold
amount.

[0082] Example 18: The system of example 1, wherein the
sensor system is in motion between the first and second
times.

[0083] Example 19: The system of example 18, wherein
the one or more hardware processors are configured to
identify that the sensor system is in motion and cause the
first and second antennas to remain in an initial orientation
based on the identification that the sensor system is in
motion.

[0084] Example 20: The system of example 1, wherein the
one or more hardware processors are configured to identify
more than one RF source.

[0085] Example 21: The system of example 20, wherein
the one or more hardware processors are configured to
determine additional angle estimates based on additional
received signals at the first or second times and identify
additional RF sources based on the additional angle esti-
mates.

[0086] Example 22: The system of example 20, wherein
the one or more hardware processors are configured to map
a plurality of angle estimates based on a plurality of received
signals at the first and second antennas into a cluster map,
wherein each cluster in the cluster map corresponds to a
different RF source.

[0087] Example 23: The system of example 22, wherein
the cluster map comprises an angle estimate plotted against
power for the received signals.

[0088] Example 24: The system of example 22, wherein
the one or more hardware processors are configured to
identify a location estimate for each cluster in the cluster
map.
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[0089] Example 25: The system of example 20, wherein
the one or more hardware processors are configured to
identify a corresponding power for each angle estimate and
identify at least one RF source based at least in part on the
corresponding power.

[0090] Example 26: A system for identifying at least one
RF source, the system comprising: one or more hardware
processors, the one or more hardware processors configured
to: generate a first set of candidate locations for the RF
source based at least in part on a cross correlation of signals
received at a first antenna and a second antenna of a sensor
system at a single location, the first antenna and second
antenna being in a first orientation; move the first antenna
and the second antenna from the first orientation into a
second orientation; generate a second set of candidate loca-
tions for the RF source based at least in part on a cross
correlation of received signals at the first antenna and the
second antenna of the sensor system at the single location,
the first antenna and second antenna being in the second
orientation; estimate a location of the RF source based on the
first set of candidate locations and the second set of candi-
date locations.

[0091] Example 27: The system of example 26, wherein
moving the first antenna and the second antenna from the
first orientation into the second orientation comprises rotat-
ing at least one of the first antenna or the second antenna
around a point associated with the sensor system.

[0092] Example 28: The system of example 27, wherein
the one or more hardware processors are configured to cause
the first and second antennas to rotate at least 20 degrees
from an initial orientation.

[0093] Example 29: The system of example 27, wherein
the one or more hardware processors are configured to cause
the first and second antennas to rotate at least 45 degrees
from an initial orientation.

[0094] Example 30: The system of example 27, wherein
the one or more hardware processors are configured to cause
the first and second antennas to rotate at least 90 degrees
from an initial orientation.

[0095] Example 31: The system of example 27, wherein
the one or more hardware processors are configured to cause
the first and second antennas to rotate at least 125 degrees
from an initial orientation.

[0096] Example 32: A system for identifying at least one
RF source, the system comprising: one or more hardware
processors, the one or more hardware processors configured
to: generate a first set of candidate locations for the RF
source based at least in part on a cross correlation of signals
received at a first antenna and a second antenna of a sensor
system at a first location; generate a second set of candidate
locations for the RF source based at least in part on a cross
correlation of received signals at the first antenna and the
second antenna of the sensor system at a second location
different from the first location; estimate a location of the RF
source based on the first set of candidate locations and the
second set of candidate locations.

[0097] Example 33: The system of example 32, wherein
the sensor system is configured to be coupled to a moving
vehicle.

[0098] Example 34: The system of example 33, wherein
the moving vehicle is a winged aircraft or a drone.

[0099] Example 35: A system for identifying at least one
RF source, the system comprising: one or more hardware
processors, the one or more hardware processors configured
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to: generate a first set of candidate locations for the RF
source based at least in part on a cross correlation of signals
received at a first antenna pair of a sensor system at a single
location, wherein the sensor system comprises three or more
antennas; generate a second set of candidate locations for the
RF source based at least in part on a cross correlation of
received signals at a second antenna pair of the sensor
system at the single location, the second antenna pair
comprising a different subset of antennas of the three or
more antennas than the first antenna pair; estimate a location
of the RF source based on the first set of candidate locations
and the second set of candidate locations.

[0100] Example 36: The system of example 35, wherein
the sensor system comprises three antennas in an equilateral
triangle configuration.

[0101] Example 37: The system of example 35, wherein a
distance between antennas in the first antenna pair is the
same as the distance between antennas in the second antenna
pair.

[0102] Example 38: A system for determining a location of
at least one RF source, the system comprising: a sensor
system comprising a plurality of antennas at a same or
nearby location, the plurality of antennas configured to
receive signals from a plurality of RF sources; and one or
more hardware processors in communication with the sensor
system, the one or more hardware processors configured to:
generate a first set of angle estimates based at least in part
on a cross correlation of signals received at a first antenna
and a second antenna of the plurality of antennas; analyze
the first set of angle estimates to determine a first set of
clusters, each cluster comprising one or more angles of the
first set of angle estimates; determine a received power for
each cluster of the first set clusters; generate a second set of
angle estimates based at least in part on a cross correlation
of signals received at the first antenna and a third antenna of
the plurality of antennas; analyze the second set of angle
estimates to determine a second set of clusters, each cluster
comprising one or more angles of the second set of angle
estimates; determine a received power for each cluster of the
second set clusters; determine a mapping between the first
set of clusters and the second set of clusters based at least in
part on a comparison of the received powers of the first set
of clusters and the received powers of the second set of
clusters; and identity a location of at least one RF source
based at least in part on the mapping.

[0103] Example 39: The system of example 38, wherein
the one or more hardware processors is configured to
determine whether any clusters are new based on a com-
parison with a previous mapping.

[0104] Example 40: The system of example 39 wherein to
determine whether any clusters are new, the one or more
hardware processors are configured to apply a Kalman filter
to the mapping.

[0105] Example 41: The system of example 40, wherein
the one or more hardware processors are configured to
update the Kalman filter in response to determining that
there is at least one new cluster.

[0106] Example 42: The system of example 38, wherein
the one or more hardware processors are configured to
assign each cluster of the first set of clusters or the second
set of clusters to an RF source.
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[0107] Example 43: The system of example 38, wherein
the one or more hardware processors are configured to:

[0108] generate a third set of angle estimates based at
least in part on a cross correlation of signals received at
the second antenna and the third antenna of the plural-
ity of antennas;

[0109] analyze the third set of angle estimates to deter-
mine a third set of clusters, each cluster comprising one
or more angles of the third set of angle estimates; and

[0110] determine a received power for each cluster of
the third set of clusters.

[0111] Example 44: The system of example 43 wherein the
one or more hardware processors are configured to deter-
mine the mapping based at least in part on the third set of
clusters.

[0112] Example 45: A method for determining the location
of a radio frequency (RF) source, the method comprising:
Receiving, at a first time, a first signal from the RF source
at a first antenna of a sensor system; receiving, at the first
time, a second signal from the RF source at a second antenna
of the sensor system; generating a first angle estimate based
on a cross-correlation between the first signal and the second
signal, the first angle estimate comprising an estimate of an
angle between the sensor system and the RF source; deter-
mining a first set of candidate locations of the RF source
based at least in part on the first angle estimate; receiving,
at a second time, a third signal from the RF source at the first
antenna; receiving, at the second time, a fourth signal from
the RF source at the second antenna; generating a second
angle estimate based on a cross-correlation between the third
and fourth signal, the second angle estimate comprising an
estimate of an angle between the sensor system and the RF
source; determining a second set of candidate locations of
the RF source based at least in part on the second angle
estimate; and estimating a location of the RF source based
on the first set of candidate locations and the second set of
candidate locations.

[0113] Example 46: The method of example 45, wherein
the location of the first antenna and second antenna is the
same or nearby with respect to the RF source.

[0114] Example 47: The method of example 45, wherein
determining the first set of candidate locations is based
further on at least one parameter associated with the sensor
system.

[0115] Example 48: The method of example 47, wherein a
height of the sensor system and a distance between the first
and second antennas.

[0116] Example 49: The method of example 45, wherein
the first signal and the second signal are emitted by the RF
source at the same time.

[0117] Example 50: The method of example 45, wherein
the third signal and the fourth signal are emitted by the RF
source at the same time and at a time that is different from
the emission of the first signal and the second signal.
[0118] Example 51: The method of example 45, wherein
the first or second set of candidate locations comprises a
hyperbola.

[0119] Example 52: The method of example 45, wherein
the first and second sets of candidate locations comprise a
first and second hyperbola when plotted in a ground plane
associated with the RF source or sensor system.

[0120] Example 53: The method of example 45, further
comprising causing the first antenna or second antenna to
move between the first and second times.



US 2024/0236931 Al

[0121] Example 54: The method of example 53, further
comprising causing a change in orientation of the first and
second antenna between the first and second times.

[0122] Example 55: The method of example 53, further
comprising causing the first and second antenna to rotate
around a central point between the first and second antenna
between the first and second times.

[0123] Example 56: The method of example 55, further
comprising causing the first and second antennas to rotate at
least 20 degrees from an initial orientation.

[0124] Example 57: The method of example 55, further
comprising causing the first and second antennas to rotate at
least 45 degrees from an initial orientation.

[0125] Example 58: The method of example 55, further
comprising causing the first and second antennas to rotate at
least 90 degrees from an initial orientation.

[0126] Example 59: The method of example 55, further
comprising causing the first and second antennas to rotate at
least 125 degrees from an initial orientation.

[0127] Example 60: The method of example 45, wherein
the sensor system is stationary between the first and second
time.

[0128] Example 61: The method of example 60, compris-
ing determining that the sensor system is stationary and
causing the first and second antennas to rotate based on the
identification that the sensor system is stationary.

[0129] Example 62: The method of example 61 compris-
ing determining that the sensor system is stationary if the
sensor system moves its physical location less than a thresh-
old amount.

[0130] Example 63: The method of example 45, wherein
the sensor system is in motion between the first and second
times.

[0131] Example 64: The method of example 63, compris-
ing identifying that the sensor system is in motion and cause
the first and second antennas to remain in an initial orien-
tation based on the identification that the sensor system is in
motion.

[0132] Example 65: The method of example 45, compris-
ing identifying more than one RF source.

[0133] Example 66: The method of example 65, compris-
ing determining additional angle estimates based on addi-
tional received signals at the first or second times and
identifying additional RF sources based on the additional
angle estimates.

[0134] Example 67: The method of example 65, compris-
ing mapping a plurality of angle estimates based on a
plurality of received signals at the first and second antennas
into a cluster map, wherein each cluster in the cluster map
corresponds to a different RF source.

[0135] Example 68: The method of example 67, wherein
the cluster map comprises an angle estimate plotted against
power for the received signals.

[0136] Example 69: The method of example 67, compris-
ing identifying a location estimate for each cluster in the
cluster map.

[0137] Example 70: The method of example 67, compris-
ing identifying a corresponding power for each angle esti-
mate and identifying at least one RF source based at least in
part on the corresponding power.

[0138] Example 71: A method for identifying at least one
RF source, the method comprising: generating a first set of
candidate locations for the RF source based at least in part
on a cross correlation of signals received at a first antenna
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and a second antenna of a sensor system at a single location,
the first antenna and second antenna being in a first orien-
tation; moving the first antenna and the second antenna from
the first orientation into a second orientation; generating a
second set of candidate locations for the RF source based at
least in part on a cross correlation of received signals at the
first antenna and the second antenna of the sensor system at
the single location, the first antenna and second antenna
being in the second orientation; estimating a location of the
RF source based on the first set of candidate locations and
the second set of candidate locations.

[0139] Example 72: The method of example 71, wherein
moving the first antenna and the second antenna from the
first orientation into the second orientation comprises rotat-
ing at least one of the first antenna or the second antenna
around a point associated with the sensor system.

[0140] Example 73: The method of example 72, compris-
ing causing the first and second antennas to rotate at least 20
degrees from an initial orientation.

[0141] Example 74: The method of example 72, compris-
ing causing the first and second antennas to rotate at least 45
degrees from an initial orientation.

[0142] Example 75: The method of example 72, compris-
ing causing the first and second antennas to rotate at least 90
degrees from an initial orientation.

[0143] Example 76: The method of example 72, compris-
ing causing the first and second antennas to rotate at least
125 degrees from an initial orientation.

[0144] Example 77: A method for identifying at least one
RF source, the method comprising: generating a first set of
candidate locations for the RF source based at least in part
on a cross correlation of signals received at a first antenna
and a second antenna of a sensor system at a first location;
generating a second set of candidate locations for the RF
source based at least in part on a cross correlation of
received signals at the first antenna and the second antenna
of the sensor system at a second location different from the
first location; estimating a location of the RF source based
on the first set of candidate locations and the second set of
candidate locations.

[0145] Example 78: The method of example 77, wherein
the sensor system is configured to be coupled to a moving
vehicle.

[0146] Example 79: The method of example 77, wherein
the moving vehicle is a winged aircraft or a drone.

[0147] Example 80: A method for identifying at least one
RF source, the method comprising:

[0148] generating a first set of candidate locations for
the RF source based at least in part on a cross corre-
lation of signals received at a first antenna pair of a
sensor system at a single location, wherein the sensor
system comprises three or more antennas;

[0149] generating a second set of candidate locations
for the RF source based at least in part on a cross
correlation of received signals at a second antenna pair
of the sensor system at the single location, the second
antenna pair comprising a different subset of antennas
of the three or more antennas than the first antenna pair;

[0150] estimating a location of the RF source based on
the first set of candidate locations and the second set of
candidate locations.

[0151] Example 81: The method of example 80, wherein
the sensor system comprises three antennas in an equilateral
triangle configuration.
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[0152] Example 82: The method of example 80, wherein
a distance between antennas in the first antenna pair is the
same as the distance between antennas in the second antenna
pair.

[0153] Example 83: A method for determining a location
of at least one RF source, the method comprising: generating
a first set of angle estimates based at least in part on a cross
correlation of signals received at a first antenna and a second
antenna of a plurality of antennas; analyzing the first set of
angle estimates to determine a first set of clusters, each
cluster comprising one or more angles of the first set of angle
estimates; determining a received power for each cluster of
the first set clusters; generating a second set of angle
estimates based at least in part on a cross correlation of
signals received at the first antenna and a third antenna of the
plurality of antennas; analyzing the second set of angle
estimates to determine a second set of clusters, each cluster
comprising one or more angles of the second set of angle
estimates; determining a received power for each cluster of
the second set clusters; determining a mapping between the
first set of clusters and the second set of clusters based at
least in part on a comparison of the received powers of the
first set of clusters and the received powers of the second set
of clusters; and identifying a location of at least one RF
source based at least in part on the mapping.

[0154] Example 84: The method of example 83 compris-
ing determining whether any clusters are new based on a
comparison with a previous mapping.

[0155] Example 85: The method of example 84 wherein
determining whether any clusters are new comprises apply-
ing a Kalman filter to the mapping.

[0156] Example 86: The method of example 85 compris-
ing updating the Kalman filter in response to determining
that there is at least one new cluster.

[0157] Example 87: The method of example 83 compris-
ing assigning each cluster of the first set of clusters or the
second set of clusters to an RF source.

[0158] Example 88: The method of example 83 compris-
ing: generating a third set of angle estimates based at least
in part on a cross correlation of signals received at the
second antenna and the third antenna of the plurality of
antennas; analyzing the third set of angle estimates to
determine a third set of clusters, each cluster comprising one
or more angles of the third set of angle estimates; and
determining a received power for each cluster of the third set
of clusters.

[0159] Example 89: The method of example 88 compris-
ing determining the mapping based at least in part on the
third set of clusters.

[0160] Example 90: A method of identifying a plurality of
RF sources, the method comprising: Identifying a set of
angle estimates for at least one RF source; Grouping the set
of'angle estimates into at least one cluster of angle estimates;
Determining a received power associated with the at least
one cluster of angle estimates; Determining a mapping of at
least one cluster of angle estimates based at least in part on
the received power; and Identifying at least one location
estimate of at least one RF source based on the mapping.

[0161] Example 91: The method of example 90, compris-
ing assigning at least one cluster to an identified RF source
based on the mapping.
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[0162] Example 92: The method of claim 90 wherein said
identifying a set of angle estimates is based on a cross
correlation of signals received at an antenna pair of a sensor
system at a single location.

[0163] Example 93: The method of claim 92 comprising
generating a second mapping of potential RF sources asso-
ciated with a second time or a different antenna pair in a
sensor system.

[0164] Example 94: The method of claim 93 comprising
updating or seeding a Kalman filter based on the compari-
son.

[0165] Example 95: The method of claim 94 comprising
identifying new or previously unknown RF sources based on
the Kalman filter.

[0166] Example 96: A system for identifying at least one
RF source, the system comprising: one or more hardware
processors, the one or more hardware processors configured
to: generate a first set of candidate locations for the RF
source based at least in part on a cross correlation of signals
received at a first antenna and a second antenna of a sensor
system, the first antenna and second antenna being in a first
orientation, the first antenna positioned adjacent to the
second antenna; move the first antenna and the second
antenna from the first orientation into a second orientation;
generate a second set of candidate locations for the RF
source based at least in part on a cross correlation of
received signals at the first antenna and the second antenna
of the sensor system, the first antenna and second antenna
being in the second orientation; estimate a location of the RF
source based on an intersection of the first set of candidate
locations and the second set of candidate locations.

[0167] Example 97: The system of example 96, wherein
the first and second antenna are spaced a distance from each
other a multiple of a wavelength of the carrier wave of the
RF source.

[0168] Example 98: The system of example 97, wherein
the distance comprises less than or equal to one wavelength
of a carrier wave of the RF source

[0169] Example 99: The system of example 98, wherein
the distance comprises up to and including approximately
one meter.

[0170] Example 100: The system of example 96, wherein
to generate the first set of candidate locations, the one or
more processors are configured to determine a first set of
candidate angles for the RF source based on the cross
correlation of signals received at the first and second anten-
nas when the first and second antennas are in the first
orientation; and determine the first set of candidate locations
based on a projection of the first set of candidate angles on
a plane.

[0171] Example 101: The system of example 96, wherein
the first set of candidate locations includes at least one
hyperbolic portion.

[0172] Example 102: The system of example 96, wherein
to generate the second set of candidate locations, the one or
more processors are configured to determine a second set of
candidate angles for the RF source based on the cross
correlation of signals received at the first and second anten-
nas when the first and second antennas are in the second
orientation; and determine the first set of candidate locations
based on a projection of the second set of candidate angles
on a plane.
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[0173] Example 103: The system of example 96, wherein
the second set of candidate locations includes at least one
hyperbolic portion.

[0174] Example 104: The system of example 96, wherein
the estimated location is in both the first and second sets of
candidate locations.

[0175] Example 105: The system of example 96, wherein
the estimated location is in either the first or second sets of
candidate locations.

[0176] Example 106: The system of example 96, wherein
the one or more hardware processors are configured to
estimate the location of the RF source by computing con-
fidence values for candidate locations in the first and second
set of candidate locations.

[0177] Example 107: The system of example 96, wherein
the estimated location corresponds to the highest confidence
value.

[0178] Example 108: The system of example 96 wherein
an intersection comprises a density of overlapping location
estimates in the first and second candidate locations.
[0179] Example 109: The system of example 96 wherein
an intersection comprises an intersection point in or near an
overlapping region of the first and second sets of candidate
locations.

[0180] Example 110: The system of example 109 wherein
the location of the RF source comprises a location that is
near the intersection point.

[0181] Example 111: The system of example 96, wherein
moving the first antenna and the second antenna from the
first orientation into the second orientation comprises rotat-
ing at least one of the first antenna or the second antenna
around a point associated with the sensor system.

[0182] Example 112: The system of example 96, wherein
the one or more hardware processors are configured to cause
the first and second antennas to rotate at least 20 degrees
from an initial orientation.

[0183] Example 113: A system for identifying at least one
RF source, the system comprising: one or more hardware
processors, the one or more hardware processors configured
to: generate a first set of candidate locations for the RF
source based at least in part on a cross correlation of signals
received at a first antenna and a second antenna of a sensor
system at a first location; generate a second set of candidate
locations for the RF source based at least in part on a cross
correlation of received signals at the first antenna and the
second antenna of the sensor system at a second location
different from the first location; estimate a location of the RF
source based on an intersection of the first set of candidate
locations and the second set of candidate locations.

[0184] Example 114: The system of example 113, wherein
the sensor system is configured to be coupled to a moving
vehicle.

[0185] Example 115: The system of example 114, wherein
the moving vehicle is a winged aircraft or a drone.

[0186] Example 116: A system for identifying at least one
RF source, the system comprising: one or more hardware
processors, the one or more hardware processors configured
to: generate a first set of candidate locations for the RF
source based at least in part on a cross correlation of signals
received at a first antenna pair of a sensor system at a single
location, wherein the sensor system comprises three or more
antennas; generate a second set of candidate locations for the
RF source based at least in part on a cross correlation of
received signals at a second antenna pair of the sensor
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system at the single location, the second antenna pair
comprising a different subset of antennas of the three or
more antennas than the first antenna pair; estimate a location
of the RF source based on an intersection of the first set of
candidate locations and the second set of candidate loca-
tions.

[0187] Example 117: The system of example 116, wherein
the sensor system comprises three antennas in an equilateral
triangle configuration.

[0188] Example 118: The system of example 116, wherein
a distance between antennas in the first antenna pair is the
same as the distance between antennas in the second antenna
pair.

[0189] Example 119: A system for determining a location
of at least one previously unidentified RF source, the system
comprising: a sensor system comprising a plurality of anten-
nas, the plurality of antennas configured to receive signals
from a plurality of RF sources; and one or more hardware
processors in communication with the sensor system, the
one or more hardware processors configured to: generate a
first set of angle estimates based at least in part on a cross
correlation of signals received at a first antenna and a second
antenna of the plurality of antennas; group the first set of
angle estimates into a first grouping comprising a plurality
of clusters of angle estimates, wherein each cluster in the
first grouping is associated with a candidate RF source;
determine a first set of received powers for each candidate
RF source of the first grouping; generate a second set of
angle estimates based at least in part on a cross correlation
of signals received at the first antenna and a third antenna of
the plurality of antennas; group the second set of angle
estimates into a second grouping comprising a plurality of
clusters of angle estimates, wherein each cluster in the
second grouping is associated with a candidate RF source;
determine a second set of received powers for each candi-
date RF source of the second grouping; determine a mapping
between the first and second grouping based at least in part
on a comparison of the first and second sets of received
powers; and identify at least one previously unidentified RF
source of the plurality of RF sources based on the mapping.
[0190] Example 120: The system of example 119, wherein
the one or more hardware processors is configured to
identify a location of at least one RF source of the plurality
of RF sources based at least in part on the first set of angle
estimates.

[0191] Example 121: The system of example 119, wherein
the one or more hardware processors is configured to
identify a location of at least one RF source of the plurality
of RF sources based at least in part on the second set of angle
estimates.

[0192] Example 122: The system of example 119, wherein
a previously unidentified RF source comprises an RF source
associated with the second grouping and not associated with
the first grouping.

[0193] Example 123: The system of example 119 wherein
to determine the previously unidentified RF source, the one
or more hardware processors are configured to apply a
Kalman filter to the mapping.

[0194] Example 124: The system of example 119, wherein
the one or more hardware processors are configured to
update the Kalman filter in response to determining that
there is at least one new cluster.

[0195] Example 125: The system of example 119, wherein
the one or more hardware processors are configured to:
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[0196] generate a third set of angle estimates based at
least in part on a cross correlation of signals received at
the second antenna and the third antenna of the plural-
ity of antennas;

[0197] group the third set of angle estimates into a third
grouping comprising a plurality of clusters of angle
estimates, wherein each cluster in the third grouping is
associated with a candidate RF source; and determine
a third set of received power for each candidate RF
source of the third grouping.

[0198] Example 126: The system of example 125, wherein
the one or more hardware processors are configured to
determine the mapping based at least in part on the third set
of clusters.

[0199] Example 127: A system for determining a location
of at least one RF source previously unidentified RF source,
the system comprising: a movable platform; a plurality of
antennas coupled to the movable platform, wherein the
plurality of antennas configured to receive signals from a
plurality of RF sources in the environment of the movable
platform, wherein at least one pair of antennas of the
plurality of antennas are spaced a distance from each other
of less than or equal to one wavelength of a carrier wave of
the RF source; and one or more hardware processors con-
figured to communicate with the plurality of antennas and
generate an identify the presence of at least one RF source
of the plurality of RF sources based at least in part on a
received power associated with the signals and two or more
cross correlations of signals received at different pairs of
antennas of the plurality of antennas.

[0200] Example 128: The system of example 127, wherein
the movable platform comprises a winged aircraft or drone.
[0201] Example 129: The system of example 127 wherein
the plurality of antennas comprises three antennas.

[0202] Example 130: The system of example 127 wherein
the one or more hardware processors are configured to
estimate a location of the at least one RF source of the
plurality of RF sources.

[0203] Example 131: The system of example 127 com-
prising at least one actuator configured to rotate the plurality
of antennas.

Terminology

[0204] Embodiments have been described in connection
with the accompanying drawings. However, it should be
understood that the figures are not drawn to scale. Distances,
angles, etc. are merely illustrative and do not necessarily
bear an exact relationship to actual dimensions and layout of
the devices illustrated.

[0205] Many other variations than those described herein
will be apparent from this disclosure. For example, depend-
ing on the embodiment, certain acts, events, or functions of
any of the algorithms described herein can be performed in
a different sequence, can be added, merged, or left out
altogether (e.g., not all described acts or events are necessary
for the practice of the algorithms). Moreover, in certain
embodiments, acts or events can be performed concurrently,
e.g., through multi-threaded processing, interrupt process-
ing, or multiple processors or processor cores or on other
parallel architectures, rather than sequentially. In addition,
different tasks or processes can be performed by different
machines and/or computing systems that can function
together.
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[0206] The various illustrative logical blocks, modules,
and algorithm steps described in connection with the
embodiments disclosed herein can be implemented as elec-
tronic hardware, computer software, or combinations of
both. To clearly illustrate this interchangeability of hardware
and software, various illustrative components, blocks, mod-
ules, and steps have been described above generally in terms
of their functionality. Whether such functionality is imple-
mented as hardware or software depends upon the particular
application and design constraints imposed on the overall
system. The described functionality can be implemented in
varying ways for each particular application, but such imple-
mentation decisions should not be interpreted as causing a
departure from the scope of the disclosure.

[0207] The various illustrative logical blocks and modules
described in connection with the embodiments disclosed
herein can be implemented or performed by a machine, such
as a general purpose processor, a digital signal processor
(DSP), an application specific integrated circuit (ASIC), a
field programmable gate array (FPGA) or other program-
mable logic device, discrete gate or transistor logic, discrete
hardware components, or any combination thereof designed
to perform the functions described herein. A general purpose
processor can be a microprocessor, but in the alternative, the
processor can be a controller, microcontroller, or state
machine, combinations of the same, or the like. A processor
can include electrical circuitry configured to process com-
puter-executable instructions. In another embodiment, a
processor includes an FPGA or other programmable device
that performs logic operations without processing computer-
executable instructions. A processor can also be imple-
mented as a combination of computing devices, e.g., a
combination of a DSP and a microprocessor, a plurality of
microprocessors, one or more mMicroprocessors in conjunc-
tion with a DSP core, or any other such configuration.
Although described herein primarily with respect to digital
technology, a processor may also include primarily analog
components. For example, some or all of the signal pro-
cessing algorithms described herein may be implemented in
analog circuitry or mixed analog and digital circuitry. A
computing environment can include any type of computer
system, including, but not limited to, a computer system
based on a microprocessor, a mainframe computer, a digital
signal processor, a portable computing device, a device
controller, or a computational engine within an appliance, to
name a few.

[0208] The steps of a method, process, or algorithm
described in connection with the embodiments disclosed
herein can be embodied directly in hardware, in a software
module stored in one or more memory devices and executed
by one or more processors, or in a combination of the two.
A software module can reside in RAM memory, flash
memory, ROM memory, EPROM memory, EEPROM
memory, registers, hard disk, a removable disk, a CD-ROM,
or any other form of non-transitory computer-readable stor-
age medium, media, or physical computer storage known in
the art. An example storage medium can be coupled to the
processor such that the processor can read information from,
and write information to, the storage medium. In the alter-
native, the storage medium can be integral to the processor.
The storage medium can be volatile or nonvolatile. The
processor and the storage medium can reside in an ASIC.
The ASIC can reside in a user terminal. In the alternative, the
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processor and the storage medium can reside as discrete
components in a user terminal.

[0209] Conditional language used herein, such as, among
others, “can,” “might,” “may,” “e.g.,” and the like, unless
specifically stated otherwise, or otherwise understood within
the context as used, is generally intended to convey that
certain embodiments include, while other embodiments do
not include, certain features, elements and/or states. Thus,
such conditional language is not generally intended to imply
that features, elements and/or states are in any way required
for one or more embodiments or that one or more embodi-
ments necessarily include logic for deciding, with or without
author input or prompting, whether these features, elements
and/or states are included or are to be performed in any
particular embodiment. The terms “comprising,” “includ-
ing,” “having,” and the like are synonymous and are used
inclusively, in an open-ended fashion, and do not exclude
additional elements, features, acts, operations, and so forth.
Also, the term “or” is used in its inclusive sense (and not in
its exclusive sense) so that when used, for example, to
connect a list of elements, the term “or” means one, some,
or all of the elements in the list. Further, the term “each,” as
used herein, in addition to having its ordinary meaning, can
mean any subset of a set of elements to which the term
“each” is applied.

[0210] While the above detailed description has shown,
described, and pointed out novel features as applied to
various embodiments, it will be understood that various
omissions, substitutions, and changes in the form and details
of the devices or algorithms illustrated can be made without
departing from the spirit of the disclosure. As will be
recognized, certain embodiments of the inventions described
herein can be embodied within a form that does not provide
all of the features and benefits set forth herein, as some
features can be used or practiced separately from others.

1. A system for identifying at least one RF source, the
system comprising:

one or more hardware processors, the one or more hard-

ware processors configured to:

generate a first set of candidate locations for an RF
source based at least in part on a cross correlation of
signals received at a first antenna and a second
antenna of a sensor system, the first antenna and
second antenna being in a first orientation, the first
antenna positioned adjacent to the second antenna;

move the first antenna and the second antenna from the
first orientation into a second orientation;

generate a second set of candidate locations for the RF
source based at least in part on a cross correlation of
received signals at the first antenna and the second
antenna of the sensor system, the first antenna and
second antenna being in the second orientation;

estimate a location of the RF source based on an
intersection of the first set of candidate locations and
the second set of candidate locations.

2. The system of claim 1, wherein the first and second
antenna are spaced a distance from each other a multiple of
a wavelength of a carrier wave of the RF source.

3. The system of claim 2, wherein the distance comprises
less than or equal to one wavelength of a carrier wave of the
RF source.

4. The system of claim 3, wherein the distance comprises
up to and including approximately one meter.
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5. The system of claim 1, wherein to generate the first set
of candidate locations, the one or more processors are
configured to determine a first set of candidate angles for the
RF source based on the cross correlation of signals received
at the first and second antennas when the first and second
antennas are in the first orientation; and determine the first
set of candidate locations based on a projection of the first
set of candidate angles on a plane.

6. The system of claim 1, wherein the first set of candidate
locations includes at least one hyperbolic portion.

7. The system of claim 1, wherein to generate the second
set of candidate locations, the one or more processors are
configured to determine a second set of candidate angles for
the RF source based on the cross correlation of signals
received at the first and second antennas when the first and
second antennas are in the second orientation; and determine
the first set of candidate locations based on a projection of
the second set of candidate angles on a plane.

8. The system of claim 1, wherein the second set of
candidate locations includes at least one hyperbolic portion.

9. The system of claim 1, wherein the estimated location
is in both the first and second sets of candidate locations.

10. The system of claim 1, wherein the estimated location
is in either the first or second sets of candidate locations.

11. The system of claim 1, wherein the one or more
hardware processors are configured to estimate the location
of the RF source by computing confidence values for
candidate locations in the first and second set of candidate
locations.

12. The system of claim 1, wherein the estimated location
corresponds to a highest confidence value.

13. The system of claim 1 wherein an intersection com-
prises a density of overlapping location estimates in the first
and second candidate locations.

14. The system of claim 1 wherein an intersection com-
prises an intersection point in or near an overlapping region
of the first and second sets of candidate locations.

15. (canceled)

16. The system of claim 1, wherein moving the first
antenna and the second antenna from the first orientation
into the second orientation comprises rotating at least one of
the first antenna or the second antenna around a point
associated with the sensor system.

17.-31. (canceled)

32. A system for determining a location of at least one RF
source previously unidentified RF source, the system com-
prising:

a movable platform;

a plurality of antennas coupled to the movable platform,

wherein the plurality of antennas configured to receive
signals from a plurality of RF sources in an envi-
ronment of the movable platform,

wherein at least one pair of antennas of the plurality of
antennas are spaced a distance from each other of
less than or equal to one wavelength of a carrier
wave of the RF source; and

one or more hardware processors configured to commu-

nicate with the plurality of antennas and identify a
presence of at least one RF source of the plurality of RF
sources based at least in part on a received power
associated with the signals and two or more cross
correlations of signals received at different pairs of
antennas of the plurality of antennas.
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33. The system of claim 32, wherein the movable platform
comprises a winged aircraft or drone.

34. The system of claim 33 wherein the plurality of
antennas comprises three antennas.

35. The system of claim 32 wherein the one or more
hardware processors are configured to estimate a location of
the at least one RF source of the plurality of RF sources.

36. The system of claim 32 comprising at least one
actuator configured to rotate the plurality of antennas.
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