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METADATA-BASED
EMITTER LOCALIZATION

CROSS REFERENCE TO RELATED APPLICATIONS

{0001} This application claims the benefit of priority under 35 US.C. §119(e) of U.S.
Provisional Application No. 62/575,097, filed on October 20, 2017, and entitled “Distributed
Systermn for Metadata Based Many-Enutter Localization,” which is incorporated herein by

reference in its entirety.

TECHNICAL FIELD
18002] The following disclosure relates generally to systems and techniques for

determining emitter locations based on metadata corresponding to radio signals.

BACKGROUND

{6003} Various electrical devices emit radio signals. For example, communications
radios, emergency safety beacons, radars, television broadcast towers, wireless access points,
cellular towers, cellular phones, and satellite phones, among other radio emitters, transmit

radio signals that can be received by other devices.

SUMMARY

18004] The present disclosure describes devices, systems and techniques for
determining locations of electrical devices based on recetving, by two or more sensing
devices, radio signals emitted by the electrical devices. The radio signals recetved by the two
or more sensing devices are processed to determine metadata descriptive of the received radio
signals. A receiver station receives the metadata from the two or more sensing devices, and
determines locations of the electrical devices based on the metadata and a relationship
between the metadata received from the different sensing devices. In this context, a receiver
station that receives metadata from a sensing device is referred to as an information
combining node, while an electrical device that emits a radio signal 1s referred to as an
emitter or a wireless transmitter, and a sensing device that receives radio signals from an
emitter is referred to as a sensor.

{6005] in some implementations, the sensors are located on board two or more mobile
platforms. The mobile platforms receive radio signals from emitters, process the radio

signals to determine metadata that is descriptive of the received radio signals, and sending the



WO 2019/079798 PCT/US2018/056890

metadata to an information combining node to determine locations of the emitters. The
metadata roay include, for example, descriptive information corresponding to time-estimates
and frequency-estimates of the radio signals arriving at the mobile platforms. In some
implementations, the mobile platforms are orbiting satellites. In some implementations, the
corresponding information combining node is a satellite ground station.

{06006] In some implementations, one or more sensors may perform actions to obtain
optimal matching for the radio signal of interest that may have arrived at the one or more
sensors with frequency offsets, different pulse shapes, filter parameters, or other variations
that may lead to errors or reductions in accuracy for spatial localization if unaddressed. The
one or more sensors may limit outgoing communications to the information combining nodes
to include only metadata that describes detected erissions rather than full or partial
recordings of the radio signals, which may decrease a volume of communications and storage
cost at the one or more sensors. In this context, spatial localization refers to operations to
focate radio emitters with a certain level of confidence based on analysis of radio signals
emitted by the radio emitters. For example, a location or high likelihood region of the radio
emitter may be determined based on a frequency or time of the radio signals emitted from the
radio emitter. In some cases, a system for spatial localization includes one or more sensors
configured to receive radio signals emitted from radio emitters.

{6007] According to one aspect of the subject matter described in this application, a
method includes: obtaining, from a first sensing device, first information corresponding to a
first radio signal recetved at the first sensing device tfrom a candidate location; determining a
first reconstructed signal corresponding to the first radio signal based on the first information;
determining at least one of a first ime-estimate or a first frequency-estimate based on a
correlation between the first radio signal and the first reconstructed signal; and determining
first metadata corresponding to the first radio signal based on at least one of the first
information, the first time-estimate, or the first frequency-estimate. The method further
includes: obtaining, from a second sensing device, second information corresponding to a
second radio signal received at the second sensing device from the candidate location;
determining a second recounstructed signal corresponding to the second radio signal based on
the second information; determining at least one of a second time-estimate or a second
frequency-estimate based on correlation between the second radio signal and the second
reconstructed signal; determining second metadata corresponding to the second radio signal
based on at least one of the second information, the second time-estimate, or the second

frequency-estimate.
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{6008] The method further includes: transmitting at least one of the first metadata or
the second metadata to an information combining node; obtaining, from the information
combining node, at least one of the first metadata or the second metadata; and determining a
relationship between the first metadata and the second metadata, and determining the
candidate location based on the first metadata, the second metadata, and the relationship
between the first metadata and the second metadata. For example, the method uses one or
more or a timing difference of arrival, a frequency difference of arrtval, or other relationship
included in the metadata to determine likely candidate locations of emitters of radio signals.
Transmitting at least one of the first metadata or the second metadata to the information
combining node includes restricting transmission of the first radio signal and the second radio
signal to the information combining node based on a bandwidth of the first sensing device,
the second sensing device, or the information combining node.

10009] Implementations according to this aspect may include one or more of the
following features. For example, determining the candidate location may include
deternuning the candidate location based on at least one of the first metadata received at the
information combining node or the second metadata received at the information combining
node. A bandwidth for transmitting the first metadata from the first sensing device may be
less than a bandwidth for transmitting the first radio signal from the first sensing device, and
a bandwidth for transmitting the second metadata from the second sensing device may be less
than a bandwidth for transmitting the second radio signal from the second sensing device. In
the same or other examples, a memory space for storing the first metadata from the first
sensing device is less than a memory space for storing the first radio signal from the first
sensing device, and a menory space for storing the second metadata from the second sensing
device is less than a memory space for storing the second radio signal from the second
sensing device.

10010] In some implementations, transmitting at least one of the first metadata or the
second metadata to the information combining node may include transmitting the first
metadata and the second metadata through a communications bus communicably coupled to
the information combining node. For example, the communications bus may have a band of
frequencies that includes at least one of a VHF-band, a UHF-band, an S-band, a Ku-band, a
Ka-band, or an X-band that are configured to carry a radio signal.

{0011] In some implementations, obtaining the first information includes generating a
data stream by digitizing the first radio signal, and obtaining, from the data stream,

information derived from the first radio signal. For example, obtaining the information
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derived from the radio first signal may include obtaining, from the data stream, at least one of
a time of arrival of the first radio signal at the first sensing device, a frequency of the first
radio signal at the time of arrival, a frequency offset associated with the first radio signal, a
signal to noise ratio associated with the first radio signal, information bits included in the data
stream corresponding to the first radio signal, or a signal parameter that defines one or more
features of the first radio signal, such as spectral shape, or frequency roll-off, among others.
{0012} In some examples, determining the first reconstructed signal may include
determining the first reconstructed signal based on at least one of the time of arrival of the
first radio signal at the first sensing device, the frequency of the first radio signal at the time
of arrival, the signal to noise ratio of the first radio signal, the signal parameter that defines
one or more features of the first radio signal, the information bits included in the first radio
signal, or the signal parameter that defines the shape of the first radio signal. In some
examples, determining the first metadata corresponding to the first radio signal may include
determining descriptive information corresponding to at least one of the time of arrival of the
first radio signal at the first sensing device, the frequency of the first radio signal at the time
of arrival, the signal to noise ratio of the first radio signal, the information bits included in the
first radio signal, or the signal parameter that defines one or more features of the first radio
signal,

{6013] in some implementations, obtaining the second information may include
generating a data stream by digitizing the second radio signal, and obtaining, from the data
stream, information derived from the second radio signal. For example, obtaining the
information derived from the second radio signal may include obtaining, from the data
stream, at least one of a time of arrival of the second radio signal at the second sensing
device, a trequency of the second radio signal at the time of arrival, a frequency offset
associated with the second radio signal, a signal to noise ratio associated with the second
radio signal, information bits included in the data stream corresponding to the second radio
signal, or a signal parameter that defines one or more features of the second radio signal.
{6014] In some examples, determining the second reconstructed signal may include
determining the second reconstructed signal based on at least one of the time of arrival of the
second radio signal at the second sensing device, the frequency of the second radio signal at
the time of arrival, the signal to notse ratio of the second radio signal, the signal parameter
that defines one or more features of the second radio signal, the information bits included in
the second radio signal, or the signal parameter that defines one or more features of the

second radio signal. In some examples, determining the second metadata corresponding to
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the second radio signal may include determining descriptive information corresponding to at
fcast one of the time of arrival of the second radio signal at the second sensing device, the
frequency of the second radio signal at the time of arrival, the signal to noise ratio of the
second radio signal, or the information bits included in the data stream corresponding to the
second radio signal.

{6015] In some implementations, determining the tirst metadata corresponding to the
first radio signal may include determining descriptive information corresponding to at least
one of a first time of arrival at which the first radio signal arrived at the first sensing device,
or a first frequency of arrival of the first radio signal received at the first seusing device at the
first time of arrival. In such implementations, determining the second metadata
corresponding to the second radio signal may include deternmuning descriptive information
corresponding to at least one of a second time of arrival at which the second radio signal
arrived at the second sensing device, or a second frequency of arrival of the second radio
signal received at the second sensing device at the second time of arrival.

{06016} In some implementations, determining the candidate location may include
obtaining information regarding a trajectory of at least one of the first sensing device or the
second sensing device, and identifying a candidate emitter corresponding to the first radio
signal and the second radio signal based on at least one of the information regarding the
trajectory of at least one of the first sensing device or the second sensing device, the
relationship between the first metadata and the second metadata, the first metadata, or the
second metadata. For example, identifying the candidate emitter may include obtaining
information regarding the candidate enutter, determining whether the first metadata or the
second metadata corresponds to the information regarding the candidate emitter, and
identifying the candidate emitter based on a determination that the first metadata or the
second metadata corresponds to the information regarding the candidate emitter,

10017} In some examples, determining the candidate location may further include
determining the candidate location from estimnated locations corresponding to the information
regarding the candidate emitter, the trajectory of at least one of the first sensing device or the
second sensing device, the relatiouship between the first metadata and the second metadata,
the first metadata, and the second metadata. For example, the information regarding the
candidate emitter may include at least one of a type of the candidate emitter, a history of
focations of the candidate emitter, a travel schedule of the candidate emitter, a frequency

band of an emission from the candidate emaitter, a frequency offset of the emission, a pulse
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shape, a modulation parameter, or other signal parameters of the emission, or acoustic content
{e.g., voice, music, or other sounds) included 1n the emission.

{001 8] In some tmplementations, obtaining the information regarding the candidate
emitter may include obtaining the information regarding the candidate emitter from at least
one of the first metadata, the second metadata, the first sensing device, the second sensing
device, another sensing device, an information repository, or an internet source that specifies
a type of the candidate emitter, a travel schedule of the candidate emitter, information
indicating an emitter mode, or a frequency band of an emission from the candidate emitter.
{0019] In some implementations, the method may turther include storing information
corresponding to the candidate emitter and the candidate location in a non-transitory storage
medium. In some implementations, the method may further include transmitting information
corresponding to the candidate emitter and the candidate focation to a communications bus or
to an information processing node.

{¢020] In some implementations, one or both of the first sensing device and the
second sensing device may include at least one of a Low Earth Orbit (LEO) satellite, a
Medium Earth Orbit (MEO) satellite, a Geosynchronous Orbit (GEQO) satellite, a Highly
Elliptical Orbit (HEO) satellite, a nano satellite, an unmanned aerial vehicle (UAV), a
terrestrial vehicle, a spacecraft, a stationary terrestrial sensor, or a mobile platform. In some
cases, the first sensing device includes the second sensing device, and the first sensing device
is configured to receive a plurality of radio signals. To such cases, obtaining the second
information corresponding to the second radio signal includes obtaining the second
information corresponding to the second radio signal that is received at the first sensing
device.

{6021} In some implementations, the first sensing device or the second sensing device
includes the information combining node in which transmitting at least one of the first
metadata or the second metadata to the information combining node may include transmitting
at least one of the first metadata or the second metadata to one of the first sensing device and
the second sensing device that includes the information combining node.

{6022} In some implementations, determining the first and second reconstructed
signals may include minimizing a distance metric respectively corresponding to a difference
between the first reconstructed signal and the first radio signal and between the second
reconstructed signal and the second radio signal. For example, the distance metric may
include a mean squared value corresponding to the difference between the first reconstructed

signal and the first radio signal or the difference between the second reconstructed signal and
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the second radio signal. Alternatively or in addition, determining the first and second
reconstructed signals may include minimizing a cost metric or a cost function, other than the
distance metric described above, respectively corresponding to a difference between the first
reconstructed signal and the first radio signal and between the second reconstructed signal
and the second radio signal.

{6023} In some implementations, the information combining node may include a
plurality of information combining nodes such as a data center, a ship control center, or a
satellite control center.

[0024] fmplementations of the above techniques include methods, apparatus,
computer program products, and systems for performing the above-described actions. Sucha
computer program product may be embedded in a non-transitory machine-readable medium
that stores tnstructions executable by one or more processors. The instructions are contfigured
to cause the one or more processors to perform the above-described actions. Such a system
includes two or more sensing devices, one or more processors, and a storage medium storing
instructions that, when executed by the one or more processors, are configured to cause the
one or more processors to perform the above-described actions upon receiving radio signals
from the sensing devices.

[0025] The systems and techniques described herein enable spatial localization of
emitters without relyving on an algorithm that assumes ability for communicating radio signals
or resources for processing the radio signals and additional information (¢ g., integration and
comparison of the additional information). For instance, a conventional method may include
a filter, which may not match well the radio signals, or a data communication hink outside of
a limited bandwidth for transmission of a correlation output of the radio signals ora
compressed version of an ambiguity function corresponding to the radio signals. In this
regard, the conventional method may overlook a critical signal processing resource needed
for an optimal performance of its subsysterns for spatial localization. By contrast, the
systems and techniques described herein can provide accurate spatial Jocalization of emitters
using sensing devices with limited hardware resources, e.g., bandwidths for communicating
the metadata between the sensing devices or between the information combining node and
the sensing devices, or limited storage space for holding signal information. In addition,
hardware resources (e.g., a capacity of memory, a computing power or speed) for processing
the metadata are less than hardware resources for processing the radio signals tn conventional

approaches.
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106026} Accordingly, the techniques described herein are useful to scale the disclosed
systems to a distributed system including many sensors configured to receive radio signals
from many emitters. For instance, the disclosed techniques based on metadata ts useful for
spacecrafl, e.g., satellites, which have limited processing resources and constrained
communication bandwidths. As another example, in a constellation including a plurality of
satellites, the techniques described herein are useful to perform localization of one or more
emitters based on low bandwidth information sharing techniques between the sensors of the
satellites.

[0027] The details of one or more disclosed implementations are set forth in the
accompanying drawings and the description below. Other features, aspects, and advantages

will become apparent from the description, the drawings and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

{0028] FIG. 1 dlustrates an example of a system for determining emitter locations,
according to one or more implementations.

{6029} FIG. 2A illustrates a block diagram of an example of 4 single sensing device
in a distributed localization system, according to one or more implementations.

[0036] FIG. 2B illustrates a block diagram of an example of multiple sensing devices
in a distributed localization system, according to one or more implementations.

{6031} FIG. 3 illustrates a block diagram of an example of an information combining
node in a distributed localization system, according o one or more implementations.

18032] FIG. 4 illustrates an example of a distributed system for determining emiiter
locations, according to one or more implementations.

{0033] FiG. S illustrates an example of a process for determining emitter locations
based on metadata corresponding to radio signals, according to one or more implementations.
18034] FIG. 6 illustrates an example of a process for identifying a candidate location

at an information combining node, according to one or more implementations.

DETAILED DESCRIPTION

{6035} Disclosed are systems and techniques that enable a distributed system for
spatial localization of radio emitters based on metadata corresponding to emissions from the
radio emitters that are received by a plurality of distributed radio sensor platforms (e.g., small
sateliites). In some cases, the radio sensor platforms, also referred to as mobile platforms,

may be restricted from transferring or storing the raw emissions {e.g., radio signals) due to
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fimited resources. However, the limited resources {(e.g., bandwidth, storage space) of the
radio sensor platforms may be sutficient to transmit or receive the metadata corresponding to
the raw emissions and to store the metadata or localization results {e.g., history of locations of
the enutters) based on analysis of the metadata. For instance, the metadata corresponding to
radio signals provide descriptive information about the radio signals {e.g., a time instant of
arrival, a frequency, a signal parameter, a noise level, content or header bits, etc ), which may
significantly reduce resources needed for operations of the radio sensor platforms such as
spatial localization operations to locate the radio emitters or more generally store or transmit
descriptions of emissions corapactly.

{0036] In some implementations, the distributed system includes hardware
subsysterns {e.g., two or more radio sensor platforms, one or more receiver stations) and a
corresponding logic that can run on a collection of distributed radio sensor platforms (e.g., on
small satellites). Additionally or alternatively, one or more information combining nodes
may perform spatial localization of radio emttters without transferring or storing a large
amount of information. Transferring or storing a large amount of information may be
impractical for a distributed sensor system such as a system of small satellites. A distributed
system design is critical to the ability for scaling the number of emitters to be localized, and
the number of sensors effectively used for localization, while meeting practical hardware and
systen constraints.

{6037} FIG. 1 illustrates an example of a systern 100 for determining emitter
locations, according to one or more implementations. The system 100 includes sensing
devices 102, 104 and 106, an area 110 that includes a plurality of emitters that are indicated
by candidate emitter locations 112, 114, 116, 118, and 119, and an information combining
node 140.

{6038} In some implementations, the sensing devices 102, 104 and 106 are mobile
apparatus, such as spacecraft, aerial vehicles, terrestrial vehicles, or some or suitable mobile
platforrus. For example, the sensing devices 102, 104, and 106 are satellites. Alternatively,
the sensing devices 102, 104, and 106 are cars, trucks, or ships. Alternatively, the sensing
devices 102, 104, and 106 are aerial vehicles such as airplanes, or unmanned aenal vehicles
(UAVs) such as drones or balloons. In some implementations, the sensing device 1021sa
first type of mobile platform, while the sensing devices 104 and 106 are a second type of
mobile platform that is different from the first type of mobile platform. For example, the

sensing device 102 can be a satellite, while the sensing devices 104 and 106 can be terrestrial
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vehicles, or vice versa. Alternatively, the sensing device 102 can be a satellite, the sensing
device 104 can be a terrestrial vehicle, and the sensing device 106 can be an UAV.

{0039} Fach sensing device includes one or more radio signal receivers, also referred
to as sensors, which are configured to receive radio signals from emitters. In some
implementations, the sensors correspond to radio frequency (RF) antennas coupled to
transponders and/or network interfaces on board the sensing devices. Each sensing device
can also include other hardware components, such as a digitizer (¢.2., an analog to digital
converter, or ADC) that converts the received analog radio signals to digital format, one or
more processors, and memory that stores instructions corresponding to operations performed
by the sensing device, and also stores the radio signal data and/or processed information
generated based on the radio signal data.

{6040} Although three sensing devices 102, 104, and 106 are shown, in some
implementations the system 100 includes a different number of sensing devices. For
example, the system 100 can include two sensing devices {e.g., 102 and 104) or four or more
sensing devices.

{0041} In some tmplementations, the area 110 1s a geographic region on the Earth’s
surface or oceans. In some implementations, the area 110 is a region of space that is
proximate to the Earth’s surface or oceans, e.g., at a height of a few feet to a few tens or
hundreds of feet above ground. The emitters corresponding to the candidate locations 112,
114, 116, 118, and 119 include one or more of emergency safety beacons, radars, marine
radars, automatic identification system {AlS) transceivers, television broadcast towers,
wireless access points, wireless transnutters, cellular towers, cellular phones, and satellite
phones, among other radio emitters. In some tmplementations, different emitters
corresponding to the candidate locations 112, 114, 116, 118 and 119 are of different types.
In other implementations, the emitters corresponding to the candidate locations 112, 114,
116, 118, and 119 are of the same type. Each emitter includes hardware, such as one or more
communications radios or other types of radio transmutters {e.g., radar), which transmit radio
signals that can be received by other devices, such as the sensing devices 102, 104, and/or
106,

18042] The sensing devices 102, 104, and 106 are mobile, with sensing device 102
moving with a trajectory 102a, sensing device 104 moving with a trajectory 104a, and
sensing device 106 moving with a trajectory 106a. Depending on the type of the sensing
device, the movement of the sensing devices 102, 104 and 106 are in space in some

implementations, or on the terresirial surface in some other implementations. In

10
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implementations where one or more of the sensing devices are aerial platforms, the sensing
devices follow trajectories through space. For example, the sensing devices can include
satellites that follow orbital trajectortes with respect to the Earth’s surface. Alternatively, in
implementations where one or more of the sensing devices are terrestrial vehicles, the sensing
devices follow trajectories on the ground. For example, the sensing devices can include cars
or trucks that travel on the Earth’s surface, either along marked roads or on unmarked areas.
As another example, the sensing devices can include boats or ships that travel on water, such
as the oceans.

{0043] During movement of the sensing devices 102, 104, and 106 along their
respective trajectories, the sensing devices 102, 104, and 106 receive radio signals from one
or more emitters located at one or more of the candidate locations 112, 114, 116, 118, and
119, For example, during a known time interval, the sensing device 102 receives radio signal
112a from an emitter at candidate location 112 when the sensing device 102 1s at a first
focation in its trajectory 102a, and subsequently receives radio signal 112b from the emitter at
the candidate location 112 when the sensing device 102 is at a second location in its
trajectory 102a during the time interval. The sensing device 104 receives radio signal 112¢
from the emitter at the candidate location 112 when the sensing device 104 1s at a first
location in its trajectory 104a, and subsequently receives radio signal 112d from the emitter at
the candidate location 112 when the sensing device 104 is at a second location in its
trajectory 104a. In some implementations, one of the radio signals 112a or 112b is same as
one of the radio signals 112¢c or 112d.

10044] For example, a signal emitted by the enutter at the candidate location 112 ata
time instant and received by the sensing device 102 can be referred to as the radio signal
112a, while the same signal received by the sensing device 104 can be referred to as the radio
signal 112¢c. Additionally or alternatively, a signal emitted by the emitter at the candidate
location 112 at a second time instant and received by the sensing device 102 can be referred
to as the radio signal 112b, while the same signal received by the sensing device 104 can be
referred to as the radio signal 112d. One or more of the sensing devices 102, 104 and 106
can similarly receive radio signals from other emitters while moving along their respective
trajectories.

{0045] In some implementations, time delay and Doppler frequency offset trajectories
are computed for the sensing devices based on the received signals along the paths to specific
candidate spots in the area 110, In this context, time delay is due to the propagation of

electromagnetic waves through free space as they travel between an emitter and a receiving

11
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sensor. In some instances, different characteristics of the propagation {e.g., timing,
distortion, or frequency of signal arrival} is affected by additional mediums or effects, such as
effects due to propagation through the tonosphere, dispersion, or due to other sources that can
be modeled and accounted for distinct from a free space model. The Doppler frequency
offset refers to the translation of the center frequency of a signal due to relative velocity
differences between the signal emitter and the sensor receiving the signal. By computing the
time delay and Doppler frequency offset trajectories from the known paths of the sensing
devices, signals arriving from a particular location can be coherently added. For example,
tirne delay and Doppler frequency offset trajectories are computed for the sensing devices
102 and 104 based on their known trajectories 102a and 104a, respectively. Following
computation of the time delay and Doppler frequency offset trajectories for the sensing
devices 102 and 104, the signals from the emitter at the candidate location 112 that are
received at the sensing device 102 (e.g., on one or more of the radio signals 112a and 112b),
and the signals from the emitter at the candidate focation 112 that are received at the sensing
device 104 (e.g., one or more of the radio signals 112¢ and 112d) are coherently added.
{0046} As noted above, in some implementations, one or more of the sensing devices
102, 104, and 106 are satellites. In such cases, the satellites include one or more of a Low
Earth Orbit (LEO) satellite, a Medium Earth Orbit (MEOQO) satellite, a Geosynchronous Orbit
{GEOQ) satellite, a Highly Elliptical Orbit (HEQ) satellite, a nano satellite, or an unmanned
aerial vehicle (UAV). In some implementations, some of the sensing devices are satellites
while the others are different types of mobile platforms, e g, aerial or terrestrial vehicles.
The different types of sensing devices in a multi-platform implementation can contribute to
greater diversity or increased differentiation of values of delay and Doppler offset between
the sensing devices. In some implementations, radio signals may be received at the plurality
of sensing devices {e.g., sensing devices 102, 104, and 106} from a plurality of candidate
emitter locations {(e.g., from emitters corresponding to the candidate locations 112, 114, 116,
118, and 119).

{6047] in some implementations, the information combining node 140 receives
metadata corresponding to radio signals received at sensing devices, and performs spatial
localization of emitters that has emitted the radio signals. For example, a communications
link 134 is established between the sensing device 102 and the information combining node
140, while a communications link 136 ts established between the sensing device 104 and the
information combining node 140. In some examples, the metadata corresponding to the radio

signals determined at the sensing devices may be transmitted to one or more receiver station
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such as an information combining node 140. Each of the communications link 134 and the
communications link 136 has a sufficient bandwidth for transferring the metadata
corresponding to the radio signals received at the respective sensing devices, while the
bandwidth may be limited for transferring the radio signals, a compressed radio signals, or a
portion of the radio signals. In some 1nstances, these communications links are intermittent,
for instance, when not in touch with a ground station, in which messages may be queued or
stored for later transmission {e.g., upon link establishment). In other instances, the
communications links are always maintained to enable communication between the sensing
device and the ground station.

{6048] For example, the sensing device 102 sends to the information combining node
140, over the communications link 134, first metadata that are determined at the sensing
device 102 based on a first radio signal such as the radio signals 112a and 112b emitted from
the enutter at the candidate location 112, Similarly, the sensing device 104 sends to the
information combining node 140, over the communications link 136, second metadata that
are determined at the sensing device 104 based on a second radio signal such as the radio
signals 112¢ and 112d received from the emitter at the candidate location 112.

{0049} In some implementations, the information combining node 140 may control
and/or monitor the operations performed by the sensing devices. For example, the
information combining node 140 sends instructions to the sensing devices 102, 104 and/or
106, to control the movement of the sensing devices along their respective trajectories, to
operate their sensors to receive signals from ground emitters, and/or to send the metadata to
the information combining node 140 at preselected time intervals or upon determination of
the metadata. The instructions sent from the information combining node 140 control at what
locations along the respective trajectories (e.g , along trajectory 102a for sensing device 102
or along trajectory 104a for sensing device 104) the sensing devices operate their
corresponding sensors to receive the signals. In some cases, the information combining node
140 may also utilizes the trajectory information as well as the metadata to perform spatial
localization.

{6050} The information combining node 140 may include a gateway with RF
transponders or an optical communication link, which receives the metadata from the sensing
devices 102, 104, and 106 in some implementations. For example, when one or more of the
sensing devices are spacecraft, the information combining node 140 can include a terrestrial
satellite gateway that communicates with the spacecraft. In some implementations, one or

more of the sensing devices 102, 104, and 106, among others, forward to the gateway the
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metadata corresponding to radio signals that are received at the sensing devices from the
emitters.

{0051} In some tmplementations, the sensing device 104 sends, over a
communications link 132 established between the sensing devices 102 and 104, the metadata
that are determined at the sensing device 104 based on radio signals such as the radio signals
112¢ and 112d received from the emitter at the candidate location 112, In such
implementations, a sensing device {e.g., sensing device 102} may perform operations for
spatial localization of the emitter (e.g., the emitter at the candidate location 112) based on the
metadata determoined at the sensing device 102 and the metadata received from a different
sensing device {e.g., sensing device 104).

{0052} In some implementations, a sensing device may control and/or monitor the
operations performed by the other sensing devices. For example, the sensing device 102
sends instructions to the sensing devices 104 and/or 106, to control the movement of the
sensing devices along their respective trajectories, to operate their sensors to receive signals
from ground emitters, and/or to send the metadata to the information combining node 140 or
the sensing device 102 at preselected time intervals or upon determination of the metadata.
The instructions sent from the sensing device 102 control at what locations along the
respective trajectories (e.g., along trajectory 104a for sensing device 104) the sensing devices
operate their corresponding sensors to receive the signals,

{6053] The information combining node 140 performs the various computations
based on receiving the metadata from the sensing devices. In some implementations,
operations for spatial localization of emitters based on the metadata are performed at the
information combining node 140 within a datacenter environment. The techniques for spatial
focalization can be executed at the site of the information combining node 140, or forwarded
{(e.g., through a dedicated physical communications link or over an Internet connection) o a
datacenter that is connected to the information combining node 140.

{B054] FIG. 2A illustrates a block diagram of an example of a distributed localization
system 200a, according to one or more implementations. The system 200a includes a sensing
device 202 that receives radio signals emitted from a radio emitter 212 through a
communication path, e.g., a radio channel 220, and an information combining node 240 that
recetves metadata corresponding to the radio signal from the sensing device 202 through a
communications bus 230. In some examples, the system 200a may include one or more

sensing devices 202, and one or more information combining nodes 240, The system 200a
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may correspond to the system 100 in FIG. 1, and the sensing device 202 may corresponds to
any one of the sensing devices 102, 104, or 106 in FIG. 1.

{0055] In some implementations, the sensing device 202 includes an antenna 252 that
recetves radio signals, a digitizer 254 {e.g, an ADC) that coverts the received radio signals to
a data stream of discrete digital signals, a signal detector 256 that monitors the data stream to
detect an occurrence of an emission from the emitter 212, and a signal demodulator 258 that
determines information derived from the radio signals based on the data stream. In some
implementations, the sensing device 202 further includes a remodulator 262 that generates
reconstructed signals based on the information derived from the radio signals, a matched
filter 264 that generates a correlation between the radio signals and the reconstructed signals,
and a time & frequency estimator 266 that determines a time of arrival (TOA)and a
frequency of arrival (FOA) of the radio signals. The sensing device 202 determines a
metadata 109 that includes one or more of TOA and FOA results.

{6056] In some examples, as described above, a radio emitter 212 {e.g., cellular radic
towers, broadcast radio towers, ships with beacons, vehicles with voice or data
communications radios, etc.} emits radio signals through one or more radic channels 220 in
radio frequencies. The sensing device 202 receives the radio signals that may have been
attenuated, distorted, or delayed through propagation through the radio channel 220 prior to
reception by the sensing device 202 {e.g., a small satellite). For example, the sensing device
202 receives wireless emissions such as the radio signals using the antenna 252 that detects
radio frequency. The sensing device 202 further includes a receiver or tuner and a digitizer
254, which process (e.g., tune and digitize) the radio signals detected by the antenna 252. For
exampie, the digttizer 254 converts the received analog radio signal to digital signals to
generate a data stream of digital signals.

{6057} The sensing device 202 includes a signal detector 256 that monitors the data
stream generated by the digitizer 254 to detect an occurrence of an emission that matches
predetermined properties of a target signal type. For example, the signal detector 256 may
include a matched filter, a cyclostationary detector, an energy detector, or other detection
methods and algorithms that look for an occurrence of an emission in the data stream of the
digitized radio signals and that look for matching between the emission and certain properties
of a target signal type (e.g., cyclostationary properties, energy, preamble values, etc ).

{6058] The sensing device 202 includes a signal synchronizer/demodulator 258 that
determines, from the data stream, information 260 derived from the radio signals. For

example, the demodulator 258 includes one or more of a symbol timing tracking loop, a
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carrier tracking loop, and a symbol value estimator that can derive the information from the
data stream. The demodulator 258 determines one or more of a time 1ustant of the radio
signal recetved at the sensing device 202, a frequency of the radio signal, a rate of the
received signal (e.g., a symbol rate), a measure of signal fidelity {(e.g., a signal to noise ratio,
recetved signal strength, or a bit error rate), and the information bits or voice contents
transmitted from the emitter.

{0059] In some tmplementations, the information 260 derived from the radio signals
may include signal and channel parameters such as the time of arrival at the sensing device
202, a propagation time from the emitter 212 to the sensing device 202, a frequency of arrival
at the sensing device 202, Doppler offset, estimated velocity vectors corresponding to the
radio sigoals, etc. In some other implementations, the information 260 may include
information bits or voice contents obtained from the received signals. In some cases, the
information 260 may also include prior knowledge about the radio signals such as a type of
signal and a signal parameter that defines one or more features of the radio signals (e g, a
pulse shape that envelops the radio signals). Thus, the information 260 describes an arrival
mode {e.g., channel state information} of the radio signals as well as data description and/or
contents {e.g., information bits, modulation parameters, a pulse shape, an arrival time, an
arrival frequency, symbol rate, impulse response, other signal parameters, etc.). The channel
state information may include a channel impulse response related to a noise level, a time
delay, an attenuation level of the emission during the propagation through the radio chanuel
220.

10060] The sensing device 202 may further include a remodulator 262 that generates a
reconstructed signal corresponding to the radio signals using the information 260 determined
by the demodulator 258 such as contents data, signal and channel parameters, and channel
state tnformation (e.g., a precise time of arrival, a frequency of arrival, a channel impulse
response). For example, the remodulator 262 performs reconstruction of what the received
signal should have looked like as a time-domain signal using the information 260. The
reconstructed signals may be very similar to the received radio signal in a frequency domain
as well as in the time domain. In some cases, the reconstructed signal may be a near-perfect
match to the received radio signal, which minimizes a mean squared value or another cost
function between the reconstructed signal and the raw uncorrected arriving signal emission at
the sensing device 202, for instance.

{0061} The sensing device 202 tfurther includes a matched filter 264 that performs a

cotrelation (e.g., a cross-correlation, or other cost function computation) with the
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reconstructed signals and the received radio signals to produce a precise correlation peak
estimate for the radio signals. Based on a degree of matching between the reconstructed
signals and the received radio signals, the matched filter may estimate or refine a precise
correlation peak, while the demodulator 285 or another reception/synchronization algorithm,
described above, determines a rough estimate of the time instant and the frequency of the
received radio signals. Based on the results from the matched filter 264, the fine time &
frequency estimator 266 determines a high accuracy estimate of time and frequency of the
radio signals received at the sensing device 202, Alternatively or in addition, in some
implementations, the sensing device 202 includes a detection algorithro or detection method
that is different from the matched filter 264 and that minimizes a cost function such as a
mean squared value. For example, the detection method may 1nclude determining a value
within a predetermined range from a minimum value or a maximum value of a cost-surface
of the cost function.

{0062] A metadata data structure {or stimply metadata 268) describes when and how a
radio emission arrived at a sensing device and what data and parameters were included in
such a radio emission. For example, the metadata 268 includes the estimated values obtained
by the time & frequency estimator 266. In some examples, the metadata 268 includes the
fine time estirnate and the fine frequency estimate at assigned addresses or field names such
as Time of arrival (TOA) and Frequency of arrival (FOA) in the metadata data structure. In
some instances, the metadata 268 may include fields from the emission data or header fields,
for example for AIS emissions this could include ship identification numbers, radic call
signs, vessel names, or other received values encoded or derived from the emissions. For
other types of emissions, other stmilar relevant fields may be alternatively included.

In some implementations, the metadata 268 may be a compressed as JavaScript Object
Notation (JSON) string-encoded items, keys and/or values, or as a compact binary encoding
of the corresponding values, for example, using protocol bufters or protobuts, or using a C
programming language-style numerical encoding method (e.g., a C “struct” data structure).
Table 1 below shows one example of the metadata structure. Although, the example
metadata structure shown in Table 1 includes seven data field names and data types (e.g.,

using a suitable encoding, such as using C programming language encoding), the metadata
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may include different field names and data types and different numbers of tield names and

data types.
Table 1. An example metadata structure
Data Type (bytes) Field Name
Int32 (4) Checksum 32bit
float3Z (4) Signal to noise ratio
floatéed (8) Signal frequency of arrival
Int64 (8) Emission Integer Time in seconds
floatdd (8) Emission time n fractional seconds
byvies[256] (256) Bufter of emission data
dictionary {varnabie)} Other annotations describing emission
{0063} The system 200a includes an information combining node 240 and a

communications bus 230 to transmit and/or receive the metadata corresponding to radio
signals. For example, the metadata descriptive of the radio signals are transmitted over a
communications bus 230 that includes a band of frequencies such as a VHF-band, a UHF-
band, an S-band, a Ku-band, a Ka-band, an X-band, or other band of radio frequencies that
are configured to carry a digital radio signal. The information combining node 240 (e.g., a
ground station or another satellite) receives the metadata through the communications bus
230. In some implementations, the system 200a may include one or more information
combining nodes 240 such as a data center, a ship control center, or a satellite control center,
a space station, or other satellites. The information combining node 240 receives metadata
from two or more sensing devices included 1n a distributed system and combines the received
metadata to determine or estimate a focation of the radio emitter 212

[0064] FiG. 2B illustrates a block diagram of an example of a distributed multi-sensor

system 200b that includes two or more sensing devices 202a, 202b, and 202¢ configured to

)
recetve radio emissions from a radio emitter 212 through nmultiple radio channels 220a, 220b,
and 220¢. In some implementations, one or more of the sensing devices 202a, 202b, and
202¢ correspond to one or more of the sensing devices 102, 104, and 106 in FIG. 1 or the
sensing device 202 in FIG. 2A. Although three sensing devices 202a, 202b, and 202¢ are
shown in FIG. 2B, in some implementations the system 200b includes a different number of
sensing devices. For example, the system 100 can include two sensing devices (e.g., 202a
and 202b} or four or more sensing devices.

{00635] The system 200b further includes an information combining node 240 that

receives metadata 268a, 268k, 268¢, or metadata 270 through a communications bus 280, In
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some cases, the metadata 270 may include all or a portion of the metadata 268a, 268b, and
268¢. For example, the information combining node 240 may be able to determine a location
of the emitter based on the metadata 270 received from two sensing devices (e.g., sensing
devices 202a and 202b) within a certain accuracy level. In such cases, the information
combining node 240 may receive the metadata from the two sensing devices 202a and 2020
to determine the location of the emuitter 212, The information combining node 240
aggregates the recetved metadata 270 to perform estimation of a location of the emitter 212,
The information combining node 240 may correspond to the information combining node 140
in F1G. 1 or the information combining node 240 in FIG. 2A. To some examples, one or more
of the metadata 268a, 268b, and 268c¢, or 270 may correspond to the metadata 268 in FIG.
2A.

{0066] In some tmplementations, each of the multiple sensing devices 202a, 202b,
and 202¢ recetves an emission {e.g., a radio frequency signal} from a radio enutter 212 over a
plurality of radio channels (e g, paths) 220a, 220b, and 220b. In some examples, each
sensing device receives the emission over a single channel mode. For instance, the sensing
device 202a receives the emission through the radio channel 220a, the sensing device 202b
receives the emission through the radio channel 220b, and the sensing device 202¢ receives
the emission through the radio channel 220¢.

{6067] In other implementations, a sensing device may possibly receive the emission
propagated through multiple channels that are different from one another. For example, if a
reflection causes two or more copies of an emission, a sensing device {e.g, sensing device
202aj} receives the two or more copies of an emission through two or more distinct paths
{e.g., radio channels 220a, 220b, and 220c¢}. Since each of the radio channels 220a, 220b, and
220¢ may have different propagation characteristics such as a type of a medium, a density of
the medium, a temperature in the path, a noise level, or obstacles, the radio signals received at
the sensing devices 202a, 202b, and 202¢ may correspond to different values of parameters in
terms of a time delay, a frequency offset, a noise level, or other distortions. In such
implementations, the metadata 268a, 268b, and 268c¢ may include different data values from
each other for the emission emitted from the same emitter 212 1n which the information
combining node 240 may be able to estimate the location of the emitter 212 based on one or
more of the metadata 268a, 268b, 268¢, and 270.

160638} FIG. 3 dlustrates a block diagram of an example of an information combining
node 340 that determines a location of an emitter based on one or more of metadata 360a,

360b, and 360c¢ corresponding to emission from the emitter. In some implementations, the
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information combining node 340 corresponds to the information combining node 140 in FIG.
I or the information combining node 240 in FIG. 2A or FIG. 2B, For example, the
information combining node 340 receives the metadata 360a, 360b, or 360c¢ for one or more
emissions through the communications bus 330, In some implementations, the
communications bus 330 corresponds to the communications links 134 and 136 in FIG. 1, the
communications bus 230 in FIG. 2A, or the communications bus 280 in FIG. 2B. The
information combining node 340 includes one or more processors 342 that perform
operations for location estimation, and one or more memory devices 350 that store metadata
or location estimation results {e.g., history of location of an emitter) based on the metadata.
In some implementations, the information combining node 340 may include multiple
processors, which are collectively indicated as the one or more processor 342,

{6069} The one or more processors 342 of the information combining node 340
perform processes to determine a location of an emitter. For example, the one or more
processors 342 perform a time & frequency distance calculation process 344 {(e.g., computing
the differences between time and frequency of multiple emissions and corresponding
geometry or other effects), combining and object estimation process 346, and location and
behavior estimation process 348 The one or more processors 342 receive two or more of the
metadata 360a, 360b, and 360c¢, and telemetry information 352 about the respective sensing
devices that sent the metadata 360a, 360b, and 360c¢, respectively. For instance, the telemetry
information 352 includes trajectory information of the sensing devices such as a position, a
velocity, or a travel time or schedule of each sensing device. In some implementations, the
telemetry information may be included in the respective metadata. In other implementations,
the telemetry information may be stored at the information combining node, e.g., at the
memory 350, In some cases, the sensing devices may transnit the telemetry information over
the communications bus 330 or other communications links along with the metadata. In
other cases, the sensing devices may transmit the telemetry information independent of
transmission of the metadata.

{6070] In some implementations, the one or more processors 342 performs the time
and frequency distance calculation process 344 to determine a relationship between the
metadata 360a, 360b, and 360c. For example, the one or more processors 342 determine a
distance metric or another cost function corresponding to the metadata 360a, 360b, and 360¢
using the TOA data included in the metadata 360a, 360b, and 360¢ and position information
included in the telemetry information of the corresponding sensing devices. For example, if

the TOA in the metadata 36023 and the TOA in the metadata 360b are equal to or similar to
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each other, a candidate location of the emitter may be at a position between positions of two
sensing devices that sent the metadata 360a and the metadata 360b. The telemetry
information such as velocities of the sensing devices may improve estimation of the
candidate location.

{0071] In some examples, the one or more processor 324 may determine a distance
metric or another cost function using the FOA data included in the metadata 360a, 360b, and
360c¢ and velocity information in the telemetry information of the corresponding sensing
devices. For instance, the FOA in the metadata 3602 may be different from the FOA in the
metadata 360b due to Doppler offset if the corresponding sensing devices move in different
velocities.

{6072} The one or more processors 342, at the combining process and object
estimation process 346, identify an object (e.g., candidate emitter(s)) corresponding to the
metadata 360a, 360b, and 360c. In some implementations, the one or more processors 342
may identify a candidate emitter corresponding to the radio signals based on the telemetry
information of one or more of sensing devices, the metadata, or the relationship. In some
implementations, the one or more processors 342 may also utilize information about
candidate emitters.

{6073 For example, the information regarding the candidate emitters includes at least
one of a type of the candidate emitter, a history of locations of the candidate emitter, a travel
schedule of the candidate emitter, a frequency band of an emission from the candidate
emitter, a frequency offset of the emission, a pulse shape of the emission, modulation
parameters of the emission, or an acoustic content included in the enussion. As one example
of the information regarding candidate emitters, AIS information of a vessel includes a
unique identification, position, course, speed, and frequency band of the vessel, which can be
utilized to identify a candidate emitter or vessel. In some implementations, the one or more
processors 342 determine one or more candidate emitters based on the combining and object
estimnation 346 process.

{6074] The one or more processors 342 performs the location and behavior estimation
process 348 to determine best estimates of the candidate location and the candidate emitter
corresponding to the metadata. For example, the one or more processors 342 may utilize an
output from the combining and object estimation process 346, which includes one or more of
estimated emitters, estimated locations of emitters during emissions, a corresponding time
and contents of the emissions. In the location and behavior estimation process 348, the one

or more processors 342 determine a best estimate as to the location of the emission from
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among the estimated locations and a best estimate as to the object (e.g., the emitter)
corresponding to the emission from among the estimated emitters.

{6075] In some tmplementations, the one or more processors 342 determine
information about the current behavior of the emitter. For instance, the one or more
processors 342 may determine, based on the best estimates for the candidate location and
candidate emitter, whether the candidate emitter (e.g , a vessel or aircraft) is in a restricted
area or performs a restricted activity in an area monitored by the sensing devices. In some
examples, the one or more processors 342 may also analyze the information bits or
acoustic/voice contents included in the metadata to determine the behavior of the emitter.
{6076] In some implementations, the one or more processors 342 may utilize other
information 354 about the emitter and be configured to perform operations corresponding to
one or more of the processes 344, 346, or 348. For example, other information 354 may
include prior knowledge about the emitter such as a hustory of locations or prior behaviors of
the emitter, expected locations of the emitter based on prior emissions, locations of other
emitters, weather around the estimated locations, surrounding environments around the
estimated locations, restricted area information, etc. This information may be provided by
one or more of the sensing devices in the same distributed system, other sensing devices in
another distributed system, a third party information repository, or an internet source that
specifies a type of the candidate emitter, a travel schedule of the candidate emitter, or a
frequency band of an emission from the candidate enutter, for instance.

{06077} In some implementations, the information combining node 340 includes a
mermory 350 that stores results from the location & behavior estimation process 348, In some
implementations, alternatively or tn addition, the results are transmitied via a downstream
communications bus 356 to other information processing nodes or objects (e.g., customers,
control centers, or other devices) that use information regarding the emitter, a current location
of the emutter, and a behavior of the emitter.

{B078] In some tmplementations, the one or more processors 342 execute instructions
that are stored in the memory 350, The instructions include operations corresponding to
performing spatial localization computations and/or controlling various sensing devices {e.g.,
one or more of sensing devices 102, 104, and 106} to identify emitter locations based on
metadata received from the sensing devices. These operations nclude, among other things,
processing the metadata received from the seusing devices into estimates of locations, users,
timing, and other useful signal metrics. The one or more processors 342 output the estimates

to a user or administrator, e.g., through a display coupled to the information combining node
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340, and/or transmit the estimates to other devices or databases, e.g., other information
combining nodes, receiver stations, storage devices, or network nodes,

{6079} The memory 350 stores instructions that are executed by the processor(s) 342,
as described above. The memory 350 also stores the metadata that are received from one or
more sensing devices, and/or results of the computations that are performed by the
information combining node 340. In some implementations, the memory 350 stores
additional information, such as application logs, process tasking information, plasning and
analysis information, among other things.

{0080] In some implementations, the memory 350 includes one or more of random
access memory {(RAM), varicus types of read-only memory (ROM), and other long-term
storage memory, such as non-volatile flash memory, hard drive storage, storage disks, ot
other suitable storage media.

{0081} In some implementations, the one or more processors 342 include an
embedded microprocessor or field-programmable gate array(s) (FPGA) digital logic
subsystern that can improve performance for estimation of the emitter, a location of the
emitter, and a behavior of the emitter based on the metadata and knowledge about the emitter.
In some examples, the one or more processors 342 include application-specific integrated
circuits {ASIC) that can process the metadata received from multiple sensing devices of the
distributed system. In other implementations, the one or more processors 342 may include
general purpose multiprocessors. For example, the one or more processors 342 may include
digital signal processing (DSP) features, general-purpose pre-processor(s) (GPP), or general-
purpose graphics processing unit(s) (GPGPU}.

{¢082] In some implementations, the one or more processors 342 include parallel
processing capabilities, e g., the one or more processors include GPU hardware. In such
cases, the instructions corresponding to operations for the spatial localization based on
metadata are customized such that they are executed efficiently using the parallel processors
342. This leads to improvement o the functioning of the information combining node 340,
e.g., leading to faster execution, lower expenditure of energy, and/or lower heat generation.
In this manner, the parallel execution of the instructions corresponding to operations for the
spatial localization based on metadata improves the functionality of the information
combirnung node 340. This 15 useful, for example, when the information combining node 340
processes a large amount of metadata, e.g., covering a large area and/or multiple areas and

that are received from a plurality of sensing devices.
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{6083] In some implementations, the information combining node 340 includes one
communications transponder. In other implementations, the information combining 340
includes multiple communications transponders. In some implementations, the
communications transponder(s) include downlink/uplink communications transponder(s),
which are used to communicate with the sensing devices, e.g., to transmit command and
control instructions, receive emitter signals obtained by the sensors on the sensing devices, or
processed information about these signals such as metadata that are generated by one or more
sensing devices. In some implementations, the information combining node 340 uses the
downlink/uplink communications transponders to send updates to software (e.g., updates to
the algorithms) stored in sensing device memory.

[0084] In some implementations, the information combining node 340 includes one
network interface. In other implementations, the information combining node 340 includes
multiple network interfaces. The information combining node 340 connects to one or more
terrestrial networks, e.g., using local area network (LAN} or wide area network (WAN)
connections, through the network interfaces. The information combining node 340
communicates with other transceiver/receiver stations, satellite ground stations, or other
network devices on the ground, or to remote datacenters, through the terrestrial or other
networks that are accessed over the network interfaces. In this manner, in some
implementations, the processors 342 communicate the computed estimates, which are noted
above, to other network devices or receiver stations through the network interfaces.

{0085] FIG. 4 illustrates an example of realization of a distributed system 400
including a communications bus between sensing devices 400A, 4008, 400C, and 400D and
between a sensing device and an information combining node 441, In this example, the
sensing devices or sensors are satellites, and the communications bus includes several
possible types of radio communications links or optical communications links 431, 432, 433,
434, and 435. The system 400 includes one or more ground stations 437A and 437B that are
connected to the information combining node 441,

{6086} In some implementations, the system 400 includes a communications satellite
460 that is operated by the same satellite operator as one or more of the sensing devices
400A, 400B, 400C, and 400D. In some implementations, the communications satellite is
operated by a different satellite operator or commercially operated. The communications
satellite 460 may move in a simtlar orbit as one or more of the sensing devices 4004, 4008,
400C, and 400D, or may move in a different orbit. For example, the communications

satellite 460 may move along an orbit that is located at a higher or lower distance from
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ground than one or more of the sensing devices 400A, 4008, 400C, and 400D, One or more
of the sensing devices 400A, 4008, 400C, and 400D may communicate with the
communications satellite 460 through a communications link 434 to transmit metadata
determined at the respective sensing devices {e.g., sensing device 400B). The
communications satellite 460 transmits information {(e.g., the metadata) to one or more of
ground stations {(e.g., ground station 437A) over radio or optical communications link 435,
{6087} The sensing devices 400A, 4008, 400C, and 400D transmit information {e.g.,
metadata) as described above via a communications bus to an information combining node
441. For example, the sensing devices 400A and 400C, respectively, transmit information
via a direct downlink radic or optical link 431 and 432 to ground based antennas 436A and
436B of ground stations 437A and 437B. One or both of the ground stations 437A and 437B
receive information such as metadata from sensing devices or communications satellite 460
and process the received metadata. In some implementations, the ground stations 437A and
4378 transmit the received metadata or the processed information to another ground station
through a communications link 438A or to an information combining node 441 through a
communications link 438B.

{0088] In some implementations, metadata generated by one sensing device is
transferred through a communications link connected to another sensing device. For
example, the sensing device 400D transmits information over a radio or optical cross-link 433
to the sensing device 400C, which then transmits the information over a radio or optical
communications link 432 to the ground (e.g, ground station 437B).

{0089] In some implementations, when metadata information reaches a
ground antenna 436A or 436B and a corresponding ground station 437A or 4378, the
metadata information is transmitted to the information combining node 441, The information
combining node 441 aggregates the metadata information from all or a portion of sensing
devices corresponding to multiple observations of emissions. In some implementations, the
metadata transmission to the information combining node 441 happens iromediately as the
metadata information is received at a ground antenna 436A or 436B and a corresponding
ground station 437A or 437B. In some other implementations, for one or more ground
antennas 436A and 4368 and the corresponding ground stations 437A and 4378, the
transmission of metadata to the information combining node 441 takes place after a finite
delay following receipt of the metadata at the ground antenna 436A or 4368 and the
corresponding ground station 437A or 437B. In some implementations, the combining takes

place after a finite delay prior {o transmission from the sensor to the ground station. For
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example, there may be a delay before the sensing device 400A, 400B, 400C, or 400D can
close a communications hink {e.g., 431, 432, 433, or 435) and transmit metadata to the ground
station 437A or 4378, where the metadata may be relayed to the combining node 441,

{0090} In some implementations, different ground antennas 436A and 436B, and
corresponding ground stations 437A and 4378, transmit the same metadata received at the
respective locations to the information combining node 441 at different times. For instance,
the ground station 437A may transmit the metadata to the information combining node 441 at
a first time instant, and the ground station 4378 may transmit the metadata to the information
combining node 441 at a second time instant that is greater or fess than the first time instant.
in some implementations, a ground station {e.g., ground station 437B) receives metadata
from another ground station {e.g., ground station 437A) through a communications link {e.g.,
438A) and transmits the received metadata to the information combining node 441 through a
communications link {e.g., 438B).

16091} In some implementations, the information combining node 441 is co-located at
a ground station 437A or 437B. In such implementations, one or more of the ground stations
437A and 4378 i1nclude components corresponding to those of the information combining
node 441 such as one or more processors, a memory device, and one or more
communications transponders. In some imaplementations, the information combining node
441 i3 co-located on one of the sensing devices 4004, 4008, 400C, or 4008, In such
implementations, one or more of the sensing devices 400A, 4008, 400C, or 400D include
components corresponding to those of the information combining node 441 such as one or
more processors, a memory device, and one or more communications transponders.

{6092] FIG. S lustrates an example of a process 500 for generating metadata based
on radio signals and determining a candidate location from which the radio signals were
emitted, according o one or more implementations. The process 500 can be performed by
components of the systems 200a, 200b, 300, or any suitable combination thereof. For
example, the process 500 can be perforrned by two or more of the sensing devices 202, 202a,
202b, or 202¢, and the information combining node 240, or by a suitable combination of the
sensing devices and the information combining node 240, Accordingly, the following
sections describe the process 500 with respect to the system 200a, 200b, or 300. For
exarple, each sensing device 202a and 202b of the system 200b includes corresponding
components in the sensing device 202 of the system 200a. However, the process 500 also can

be performed by other suitable devices or systems.
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{0093] in some implementations, the process 500 is performed by one or more
processors associated with the respective device(s) performing the process 500. For example,
the sensing device 202, or the sensing devices 202a, 202b, or 202¢, can perform the process
500 by executing instructions corresponding to the process S00 that are stored in memory
coupled to the respective sensing device. The instructions are executed by one or more
processors coupled to the respective sensing device. Additionally or alternatively, in some
implementations, the information combining node 240 can perform the process 500 by
executing instructions corresponding to the process 500 that are stored in memory coupled to
the information combining node 240. The instructions are executed by one or more
processors coupled to the information combining node 240.

{6094} In some implementations, the process 500 is performed by a plurality of
sensing devices, e.g., M sensing devices, where M is an integer greater than 2. For example,
the process 500 can be performed by the sensing devices 202a, 202b and 202¢, and additional
sensing devices in the system 200b.

{6095] At 502, the system 200b obtains, from a first sensing device, first information
corresponding to a first radio signal received at the first sensing device from a candidate
location. For example, the sensing device 202a receives a first radio signal from the emitter
corresponding to the candidate location. In some examples, the first radio signal is eritied
through a radio channel 220a and received through an antenna 252 of the first sensing device
202a. o some imuplementations, the recetved radio signal 1s sent to a processor on board of
the sensing device 202a.

0096} At 504, the systern 200b determines a first reconstructed signal corresponding
to the first radio signal based on the first information. For example, a remodulator 262 of the
first sensing device 202a generates a first reconstructed signal corresponding to the first radio
signal using information such as contents data, signal and channel parameters, and the
channel state information of the first radio signal. In some implementations, the information,
for generating the first reconstructed signal, 1s determined by one or more of a digitizer 254, a
signal detector 256, or a demodulator 258 of the first sensing device 202a. In some
exampies, the signal detector 256 and the demodulator 258 utilized a digitized data stream
generated by the digitizer 254 corresponding to the first radio signal.

{6097] At 506, the systern 200b determines at least one of a first time-estimate or a
first frequency-estimate based correlation between the first radio signal and the first
reconstructed signal. For example, the sensing device 202a computes a correlation (e.g., a

cross-correlation) with the first reconstructed signal and the received radio signal to produce
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a precise correlation peak estimate for the first radio signal. In some examples, the sensing
device 202a utilizes a matched filter 264 to compute the correlation. In some
implementations, the fine time & frequency estimator 266 determines, based on resuits from
the matched filter 264, a high accuracy estimate of time and frequency of the first radio signal
recetved at the sensing device 202a. In some implementations, the first time-estimate or the
first frequency-estimate is determined based on one or more cost metrics, different from the
cotrelation described above, between the first radio signal and the first reconstructed signal.
16098] At 508, the system 200b determines first metadata corresponding to the first
radio signal based on at least one of the first information, the first time-estimate, or the first
frequency-estimate. For example, the system 200b includes a data structure of the metadata
including one or both of the first time-estimate and the first frequency-estimate. In some
examples, the data structure may include one or more of the contents data, signal and channel
parameters, and channel state information, which correspond to the information for
generating the first reconstructed signal. In some implementations, the data structure of
metadata may include a signal to noise value. In some examples, the metadata may be stored
in a memory of the sensing device 202a or transmiited to downstream processes.

18099] At 510, the system 200b obtains, from a second sensing device, second
information corresponding to a second radio signal received at the second sensing device
from the candidate location. For example, the sensing device 202b recetves a second radio
signal from the emitier corresponding to the candidate location. In some examples, the
second radio signal is emitted through a radio channel 220b and received through an antenna
252 of the second sensing device 202b. In some implementations, the received radio signal is
sent to a processor on board of the sensing device 202b.

{60100} At 512, the system 200b determines a second reconstructed signal
corresponding to the second radio signal based on the second information. For example, a
remodulator 262 of the second sensing device 202b generates a second reconstructed signal
corresponding to the second radio signal using information such as contents data, signal and
channel parameters, and the channel state information of the first radio signal. In some
implementations, the information, for generating the second reconstructed signal, is
determined by one or more of a digitizer 254, a signal detector 256, or a demodulator 258 of
the second sensing device 202b. In some exarples, the signal detector 256 and the
demodulator 258 utilized a digitized data stream generated by the digitizer 254 corresponding

to the second radio signal.
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{00101} At 514, the system 200b determines at least one of a second time-estimate or a
second frequency-estimate based a correlation between the second radio signal and the
second reconstructed signal. For example, the sensing device 202b computes a correlation
(e.g., a cross-correlation) with the second reconstructed signal and the received radio signal to
produce a precise correlation peak estimate for the second radio signal. In some examples,
the sensing device 202b utilizes a matched filter 264 to compute the correlation. In some
implementations, the fine time & frequency estimator 266 determines, based on resuits from
the matched filter 264 or another similar detector, a high accuracy estimate of time and
frequency of the second radio signal received at the sensing device 202b. Alternatively or in
addition, in some implementations, the second time-estimate or the second frequency-
estimate is determined based on one or more cost metrics, different from the correlation
described above, between the second radio signal and the second reconstructed signal.
100102] At 516, the system 200b determines second metadata corresponding to the
second radio signal based on at least one of the second information, the second time-estimate,
or the second frequency-estimate. For example, the system 200b includes a data structure of
the metadata including one or both of the second time-estimate and the second frequency-
estimate. In some examples, the data structure may include one or more of the contents data,
signal and channel parameters, and channel state information, which correspond to the
information for generating the second reconstructed signal. In some implementations, the
data structure of metadata may include a signal to noise value. In some examples, the
metadata may be stored in a memory of the sensing device 202b or transmitted to
downstream processes.

{60103} At 518, the system 200b transmits at least one of the first metadata or the
second metadata to an information combining node. For example, the first sensing device
202a transmits the first metadata to an information combining node 240, and the second
sensing device 202b transmits the second metadata to the information combining node 240,
In some implementations, one or both of the first and second sensing devices 202a and 202b
may transmit the respective metadata to another sensing device that transmits the respective
metadata to the information combining node 240, To some cases, one of the first sensing
device 202a, the second sensing device 202b, or another sensing device may correspond to
the information combining node 240. For instance, the second sensing device 202b receives
the first metadata from the first sensing device 202a and performs processes corresponding to

the information combining node 240.
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{00104] At 520, the system 200b obtains, from the information combining node, at
feast one of the first metadata or the second metadata. For example, the information
combining node 240 obtains, through the communication bus 280, the first metadata from the
first sensing device 202a, the second metadata from the second sensing device 202b, or both.
In examples where one or more of the first and second metadata were transmitted to an
intermediate sensing device {(e.g., a third party satellite), the information combining node 240
may obtain the first metadata or the second metadata from the intermediate sensing device.
180105] At 522, referring to FIG. 3, the system 300 determines a relationship between
the first metadata and the second metadata. For example, one or more processors 342 of the
information combining node 340 may determine a distance metric corresponding to the
metadata 360a and 360b using the TOA data included 1n the metadata 360a and 360b. For
example, the distance metric may be a temporal distance value corresponding to a time
difference between the TOA values of the respective metadata. In some implementations, the
one or more processors 342 may determine a distance metric corresponding to the metadata
360a and 360b using the FOA data included in the respective metadata. For example, the
distance metric may be a spectral distance value corresponding to a frequency difference
between the FOA values of the respective metadata.

[60106] At 524, the systern 300 determines the candidate location based on the first
metadata, the second metadata, and the relationship between the first metadata and the second
metadata. For example, the one or more processor 342 determine the candidate Jocation
based on results of the time & frequency distance calculation process 344. In some
examples, the candidate focation of the emitter may be determined based on a ratio of the
TOA wnchuded in the first metadata 360a and the TOA included in the second metadata 360b.
In some examples, the system 300 may utilize one or more of additional metadata (e.g.,
metadata 360¢), additional information 354 about the emitter, or telemetry information 352
such as velocities or trajectories of the sensing devices that transmitted the respective
metadata to improve estimation of the candidate location based on the first metadata 360a and
the second metadata 360b.

{00107] FIG. 6 illustrates an example of a process 600 for identifying a candidate
emitter based on metadata received at an information combining node, according to one or
more implernentations. The process 600 can be performed by components of the system 300,
For example, the information combining node 340 can perform the process 600 by executing

instructions corresponding to the process 600 that are stored in memory (e.g., memory 350)
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coupled to the information combining node 340. The instructions are executed by one or
more processors 342 coupled to the information combining node 340,

{001 08] At 602, the system 300 obtains information regarding the candidate emitter.
For example, one or more processors 342 of the information combining node 340 obtains the
information regarding the candidate emitter from one or more of the first metadata 360a, the
second metadata 360b. In some examples, the one or more processors 342 may obtain the
information regarding the candidate emitter before receiving the first metadata 360a or the
second metadata 360b. In other examples, the one or more processors 342 may obtain the
information after receipt of the first metadata 360a or the second metadata 360b, for example,
by searching an internet source or database that specifies a type of the candidate emitter, a
travel schedule of the candidate emutter, or a frequency band of an emission from the
candidate emitter.

100109] At 604, the system 300 determines whether metadata correspond to the
information regarding the candidate emitter. For example, the one or more processors 342
determines whether one or both of the first metadata 360a and the second metadata 360b
corresponds to the information regarding the candidate emitter. For instance, the one or more
processors 342 compares signal parameters such as frequency ranges or modulation
parameters {e.g., symbol rates, constellations, or shapes, among others) included the metadata
360a and 360b with corresponding information included in the information regarding the
candidate emitter. In some cases, contents data included in the metadata 3604 and 360b may
be utilized to determine whether the metadata correspond to the information regarding the
candidate emitter. For example, the one or more processors 342 may compare voice or
acoustic contents included in the metadata 360a and 360b with the information regarding the
candidate emitter that includes voice or other acoustic contents of various emitters.

100116 At 606, the system 300 identifies a candidate emitter based on a determination
that the metadata corresponds to the information regarding the candidate emitter. For
exarple, the one or more processors 342 determines a candidate ernitier based on a
determination that one or both of the first metadata 3602 and the second metadata 360b
corresponds to the information regarding the candidate emitter. In some examples, the
candidate emitter may include a plurality of candidate emitters. For example, the first
metadata data 360a may correspond to a first portion of the plurality of candidate emitters,
and the second metadata 360b may corresponds to a second portion of the plurality of
candidate emitters. In some cases, identifving a candidate emitter may include identifying

one or more comimon candidate emitters from the first and second portions of the plurality of
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candidate emitters. In some examples, the plurality of candidate emitters may include a
relevance score corresponding to results of comparison between the metadata 360a/360b with
the information regarding the candidate emitier. In these examples, identitying a candidate
emitter may include identifving one or more candidate emitters based on the relevance score
{e.g., 1® highest score emitter, five highest score emitters, etc ).

{00111} The disclosed and other examples can be implemented as one or more
computer program products, for example, one or more modules of computer program
instructions encoded on a computer readable medium for execution by, or to control the
operation of, data processing apparatus. The implementations can include single or
distributed processing of algorithms. The computer readable medium can be a machine-
readable storage device, a machine-readable storage substrate, a mermory device, or a
combination of one or more them. The term “data processing apparatus” encompasses all
apparatus, devices, and machines for processing data, including by way of example a
programmable processor, a computer, or multiple processors or computers. The apparatus
can include, in addition to hardware, code that creates an execution environment for the
computer program in question, e.g., code that constitutes processor firmware, a protocol
stack, a database management system, an operating system, or a combination of one or more
of them.

{00112} A system may encompass all apparatus, devices, and machines for processing
data, including by way of example a programmable processor, a computer, or multiple
processors or computers. A system can include, in addition to hardware, code that creates an
execution environment for the computer program in question, e.g., code that constitutes
processor firmware, a protocol stack, a database management sysiem, an operating system, or
a combination of one or more of them.

{60113} A computer program (also known as a program, software, software
application, script, or code) can be written in any form of programming language, including
compiled or interpreted languages, and the computer prograr can be deployed in any form,
including as a standalone program or as a module, component, subroutine, or other unit
suitable for use in a computing environment. A computer program does not necessarily
correspond to a file in a file system. A program can be stored in a portion of a file that holds
other programs or data {¢.g., one or more scripts stored in a markup language document), in a
single file dedicated to the program in question, or in multiple coordinated files {e.g., files

that store one or more modules, sub programs, or portions of code). A computer program can
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be deployed for execution on one computer or on multiple computers that are located at one
site or distributed across multiple sites and interconnected by a communications network.
{001 14] The processes and logic flows described in this document can be performed by
one or more programmable processors executing one or more computer programs to perform
functions by operating on input data and generating output. The processes and logic flows
can also be performed by, and apparatus can also be implemented as, special purpose logic
circuitry, e.g., an FPGA (field programmable gate array) or an ASIC (application specific
integrated circuit).

[00115] Processors suitable for the execution of a computer program include, by way
of example, both general and special purpose microprocessors, and any one or more
processors of any kind of digital computer. Generally, a processor will receive instructions
and data from a read only memory or a random access memory or both. The essential
elements of a computer can include a processor for performing instructions and one or more
memory devices for storing instructions and data. Generally, a computer can also include, or
be operatively coupled to receive data from or transfer data to, or both, one or more mass
storage devices for storing data, e.g., magnetic, magneto optical disks, or optical disks.
However, a computer need not have such devices. Computer readable media suitable for
storing computer program instructions and data can include all forms of nonvolatile memory,
media and memory devices, including by way of example semiconductor memory devices,
e.g., EPROM, EEPROM, and flash memory devices; magnetic disks, e.g., internal hard disks
or removable disks; magneto optical disks; and CD ROM and DVD-ROM disks. The
processor and the memory can be supplemented by, or incorporated in, special purpose logic
circuitry,

{60116} While this document may describe many specifics, these should not be
construed as limitations on the scope of an invention that is claimed or of what may be
claimed, but rather as descriptions of features specific to particular embodiments. Certain
features that are described in this document in the context of separate embodiments can also
be implemented in combination in a single embodiment. Conversely, various features that
are described in the context of a single embodiment can also be implemented in multiple
embodiments separately or in any suitable sub-combination. Moreover, although features
may be described above as acting in certain combinations and even nitially claimed as such,
one or more features from a claimed combination in some cases can be excised from the
combination, and the claimed combination may be directed to a sub-combination or a

variation of a sub-combination. Similarly, while operations are depicted tn the drawingsin a
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particular order, this should not be understood as requiring that such operations be performed
in the particular order shown or in sequential order, or that all illustrated operations be
performed, to achieve desirable results.

{00117] Only a few examples and implementations are disclosed. Variations,
modifications, and enhancements to the described examples and implementations and other

implementations can be made based on what is disclosed.
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WHAT IS CLAIMED IS:

1. A method comprising:

obtaining, from a first sensing device, first information corresponding to a first radio
signal recetved at the first sensing device from a candidate location;

determining a first reconstructed signal corresponding to the first radio signal based
on the first information;

determining at least one of a first time-estimate or a first frequency-estimate based on
a correlation between the first radio signal and the first reconstructed signal;

determining first metadata corresponding to the first radio signal based on at least one
of the first information, the first time-estimate, or the first frequency-estimate;

obtatning, from a second sensing device, second information corresponding to a
second radio signal received at the second sensing device from the candidate location;

determining a second reconstructed signal corresponding to the second radio signal
based on the second information;

determining at least one of a second time-estimate or a second frequency-estimate
based on correlation between the second radio signal and the second reconstructed signal;

determining second metadata corresponding to the second radio signal based on at
least one of the second information, the second time-estimate, or the second frequency-
estimate;

transmutting at least one of the first metadata or the second metadata to an information
combining node;

obtaining, from the information combining node, at feast one of the first metadata or
the second metadata;

determining a relationship between the first metadata and the second metadata; and

determining the candidate location based on the first metadata, the second metadata,
and the relationship between the first metadata and the second metadata,

wherein transmitting at least one of the first metadata or the second metadata to the
information combining node comprises restricting transmission of the first radio signal and
the second radio signal to the information combining node based on a bandwidth or storage

of the first sensing device, the second sensing device, or the information combining node.
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2, The method of claim 1, wherein determining the candidate location comprises
determining the candidate location based on at least one of the first metadata received at the
information combining node or the second metadata received at the information combining

node.

3. The method of claim 1, wherein a bandwidth for transmitting the first
metadata from the first sensing device is less than a bandwidth for transmitting the first radio
signal from the first sensing device,

wherein a bandwidth for transmitting the second metadata from the second sensing
device is less than a bandwidth for transmitting the second radio signal from the second
sensing device,

wherein a memory space for storing the first metadata from the first sensing device is
less than a memory space for storing the first radio signal from the first sensing device, and

wherein a memory space for storing the second metadata from the second sensing
device is less than a memory space for storing the second radio signal from the second

sensing device.

4. The method of claim 1, wherein transmitting at least one of the first metadata
or the second metadata to the information combining node comprises transmitting the first
metadata and the second metadata through a communications bus communicably coupled to

the information combining node.

S. The method of claim 4, wherein the communications bus comprises a band of
frequencies that includes at least one of a VHF-band, a UHF-band, an S-band, a Ku-band, a

Ka-band, or an X-band that are configured to carry a radio signal.

6. The method of claim 1, wherein obtaining the first information comprises:
generating a data stream by digitizing the first radio signal; and

obtaining, from the data stream, information derived from the first radio signal.

7. The method of claim 6, wherein obtaining the information derived from the
radio first signal comprises obtaining, from the data stream, at least one of a time of arrival of
the first radio signal at the first sensing device, a frequency of the first radio signal at the time

of arrival, a frequency offset associated with the first radio signal, a signal to noise ratio
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associated with the first radio signal, information bits inchuded in the data stream
corresponding to the first radio signal, or a signal parameter that defines one or more features

of the first radio signal.

8. The method of claim 7, wherein determining the first reconstructed signal
comprises determining the first reconstructed signal based on at least one of the time of
arrival of the first radio signal at the first sensing device, the frequency of the first radio
signal at the time of arrival, the signal to noise ratio of the first radio signal, the signal
parameter that defines the one or roore features of the first radio signal, the information bits
included in the first radio signal, or the signal parameter that defines the one or more features

of the first radio signal.

9. The method of claim 7, wherein determining the first metadata corresponding
to the first radio signal comprises determining descriptive information corresponding to at
feast one of the time of arrival of the first radio signal at the first sensing device, the
frequency of the first radio signal at the time of arrival, the signal to noise ratio of the first
radio signal, the information bits included in the first radio signal, or the signal parameter that

defines the one or more features of the first radio signal.

10. The method of claim 1, wherein obtaining the second information comprises:
generating a data stream by digitizing the second radio signal; and

obtaining, from the data stream, information derived from the second radio signal.

1. The method of claim 10, wherein obtaining the information derived from the
second radio signal comprises obtaining, from the data stream, at ieast one of a time of arrival
of the second radio signal at the second sensing device, a frequency of the second radio signal
at the time of arrival, a frequency offset associated with the second radio signal, a signal to
noise ratic associated with the second radio signal, information bits included in the data
stream corresponding to the second radio sigoal, or a signal parameter that defines one or

more features of the second radio signal.

12, The method of claim 11, wherein determining the second reconstructed signal
comprises determining the second reconstructed signal based on at least one of the time of

arrival of the second radio signal at the second sensing device, the frequency of the second
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radio signal at the time of arrival, the signal to noise ratio of the second radio signal, the
signal parameter that defines the one or more features of the second radio signal, the
information bits included in the second radio signal, or the signal parameter that defines the

one or more features of the second radio signal.

i3 The method of claim 11, wherein determining the second metadata
cotresponding to the second radio signal comprises determining descriptive information
corresponding to at least one of the time of arrival of the second radio signal at the second
sensing device, the frequency of the second radio signal at the time of arrival, the signal to
noise ratic of the second radio signal, or the information bits included in the data stream

corresponding to the second radio signal.

14 The method of claim 1, wherein determining the first metadata corresponding
to the first radio signal comprises determining descriptive information corresponding to at
feast one of a first time of arrival at which the first radio signal arrived at the first sensing
device, or a first frequency of arrival of the first radio signal received at the first sensing
device at the first time of arrival, and

wherein determining the second metadata corresponding to the second radio signal
comprises determining descriptive information corresponding to at least one of a second time
of arrival at which the second radio signal arrived at the second sensing device, or a second
frequency of arrival of the second radio signal received at the second sensing device at the

second time of arrival.

15 The method of claim 14, wherein determining the candidate location
comprises:

obtaining information regarding a trajectory of at least one of the first sensing device
or the second sensing device; and

identifying a candidate emitter corresponding to the first radio signal and the second
radio signal based on at least one of the information regarding the trajectory of at least one of
the first sensing device or the second sensing device, the relationship between the first

metadata and the second metadata, the first metadata, or the second metadata.

i6. The method of claim 15, wherein identifying the candidate emitter comprises:

obtaining information regarding the candidate emitter;
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determining whether the first metadata or the second metadata corresponds to the
information regarding the candidate emitter; and

identitying the candidate emitter based on a determination that the first metadata or
the second metadata corresponds to the information regarding the candidate emitter,

wherein determining the candidate location further comprises determining the
candidate location from estimated locations corresponding to the information regarding the
candidate emitier, the trajectory of at least one of the first sensing device or the second
sensing device, the relationship between the first metadata and the second metadata, the first

metadata, and the second metadata.

17.  The method of claim 16, wherein the information regarding the candidate
emitter includes at least one of a type of the candidate emitter, a history of focations of the
candidate emitter, a travel schedule of the candidate emitter, a frequency band of an emission
from the candidate emitter, a frequency of the emission, a frequency offset of the emission, a
pulse shape of the emission, a modulation parameter of the emission, or an acoustic or voice

content included in the emission.

18 The method of claim 16, wherein obtaining the information regarding the
candidate emitter comprises obtaining the information regarding the candidate emitter from at
feast one of the first metadata, the second metadata, the first sensing device, the second
sensing device, ancther sensing device, an information repository, or an internet source that
specifies a type of the candidate emitter, a travel schedule of the candidate emitter, or a

frequency band of an emission from the candidate emitter.

19. The method of claim 16, further comprising;
storing information corresponding to the candidate emitter and the candidate location

in a non-~transitory storage medium.

20. The method of claim 16, further comprising:
transmitting information corresponding to the candidate emitter and the candidate

location to a communications bus or to an information processing node.

21 The method of claim 1, wherein the first sensing device and the second

sensing device include at least one of a Low Earth Orbit (LEQ) satellite, a Medium Farth
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Orbit (MEQ) satellite, a Geosynchronous Orbit (GEQ) satellite, a Highly Elliptical Orbit
(HEQ) satellite, a nano satellite, an unmanned aerial vehicle (UAV), a terrestrial vehicle, a

spacecraft, or a mobile platform.

22, The method of claim 1, wherein the first sensing device includes the second
sensing device and is configured to receive a plurality of radio signals, and

wherein obtaining the second information corresponding to the second radio signal
comprises obtaining the second information corresponding to the second radio signal

recetved at the first sensing device,

23, The method of claim 1, wherein the first sensing device or the second sensing
device includes the information combining node, and

wherein transmitting at least one of the first metadata or the second metadata to the
information combining node comprises transmitting at least one of the first metadata or the
second metadata to one of the first sensing device and the second sensing device that includes

the information combining node.

24. The method of claim 1, wherein determining the first reconstructed signal
comprises minimizing a first cost metric corresponding to a difference between the first
reconstructed signal and the first radio sigonal, and

wherein determining the second reconstructed signal comprises minimizing a second
cost metric corresponding to a difference between the second reconstructed signal and the

second radio signal.

25. The method of claim 24, wherein the first cost metric comprises a mean
squared value corresponding to the difference between the first reconstructed signal and the
first radio signal, and

wherein the second cost metric comprises a mean squared value corresponding to the

difference between the second reconstructed signal and the second radio signal.
26. The method of claim 1, wherein the information combining node includes a

plurality of information combining nodes that comprise a data center, a ship control center, or

a satellite control center.
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27. A non-transitory computer-readable medium storing instructions that, when
executed by one or more processors, are configured to cause the one or more processors to
perform operations comprising;

obtaining, from a first sensing device, first information corresponding to a first radio
signal received at the first sensing device from a candidate location;

determining a first reconstructed signal corresponding to the first radio signal based
on the first information;

determining at least one of a first time-estimate or a first frequency-estimate based on
a correlation between the first radio signal and the first reconstructed signal;

determining first metadata corresponding to the first radio signal based on at least one
of the first information, the first ime-estimate, or the first frequency-estimate;

obtaining, from a second sensing device, second information corresponding to a
second radio signal received at the second sensing device from the candidate location;

determining a second reconstructed signal corresponding to the second radio signal
based on the second information;

determining at least one of a second time-estimate or a second frequency-estimate
based on correlation between the second radio signal and the second reconstructed signal;

determining second metadata corresponding to the second radio signal based on at
feast one of the second information, the second time-estimate, or the second frequency-
estimate;

transmitting at least one of the first metadata or the second metadata to an information
combining node;

obtaining, from the information combining node, at least one of the first metadata or
the second metadata;

determining a relationship between the first metadata and the second metadata; and

determining the candidate location based on the first metadata, the second metadata,
and the relationship between the first metadata and the second metadata,

wherein transmitting at least one of the first metadata or the second metadata to the
information combining node comprises restricting transmission of the first radio signal and
the second radio signal to the information combining node based on a bandwidth of the first

sensing device, the second sensing device, or the information combining node.
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28. The non-transitory computer-readable medium of claim 27, wherein a
bandwidth for transmitting the first metadata from the first sensing device is less than a
bandwidth for transmitting the first radio signal from the first sensing device,

wherein a bandwidth for transmitting the second metadata from the second sensing
device is less than a bandwidth for transmitting the second radio signal from the second
sensing device,

wherein a memory space for storing the first metadata from the first sensing device is
less than a memory space for storing the first radio signal from the first sensing device, and

wherein a memory space for storing the second metadata from the second sensing
device is less than a memory space for storing the second radio signal from the second

sensing device.

29. A system comprising:
a first sensing device and a second sensing device;
one or more processors; and
a storage medium storing instructions that, when executed by the one or more
processors, are configured to cause the one or more processors to perform operations
comprising:
obtaining, from the first sensing device, first information corresponding to a
tirst radio signal received at the first sensing device from a candidate location;
determining a first reconstructed signal corresponding to the first radio signal
based on the first information;
determining at least one of a first ime-estimate or a first frequency-estimate
based on a correlation between the first radio signal and the first reconstructed signal;
determining first metadata corresponding to the first radio signal based on at
least one of the first information, the first time-estimate, or the first frequency-
estimate;
obtaining, from the second sensing device, second information corresponding
to a second radio signal received at the second sensing device from the candidate
{ocation;
determining a second reconstructed signal corresponding to the second radio

signal based on the second information;
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determining at least one of a second time-estimate or a second frequency-
estimate based on correlation between the second radio signal and the second
reconstructed signal;
deternining second metadata corresponding to the second radio signal based
on at least one of the second information, the second time-estimate, or the second
frequency-estimate;
transmitting at least one of the first metadata or the second metadata to an
information combining node;
obtaining, from the information combining node, at least one of the first
metadata or the second metadata;
determining a relationship between the first metadata and the second metadata;
and
deternuning the candidate location based on the first metadata, the second
metadata, and the relationship between the first metadata and the second metadata,
wherein transmitting at least one of the first metadata or the second metadata to the
information combining node comprises restricting transmission of the first radio signal and
the second radio signal to the information combining node based on a bandwidth of the first

sensing device, the second sensing device, or the information combining node.

30. The system of claim 29, wherein a bandwidth for transmitting the first
metadata from the first sensing device is less than a bandwidth for transmitting the first radio
signal from the first sensing device,

wherein a bandwidth for transmitting the second metadata from the second sensing
device is less than a bandwidth for transmitting the second radio signal from the second
sensing device,

wherein a memory space for storing the first metadata from the first sensing device is
less than a memory space for storing the first radio signal from the first sensing device, and

wherein a memory space for storing the second metadata from the second sensing
device is less than a memory space for storing the second radio signal from the second

sensing device.
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Obtain information regarding the candidate emitter

!

604 ) | Determine whether metadata correspond to the information
regarding the candidate emitter

i

] Identify a candidate emitter based on a determination that
N the metadata corresponds to the information regarding the
candidate emitter
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