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WIRELESS POSITIONING SYSTEMS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application is a continuation-in-part of U.S. Patent Application 14/605,611,
filed on January 26, 2015, which claims priority to U.S. Patent Application 62/025,795, filed
on July 17,2014 and U.S. Patent Application 62/069,090, filed on October 27, 2014. This
application also claims priority to U.S. Patent Application 62/148,019, filed on April 15,

2015. The entire disclosures of the above applications are incorporated herein by reference.

TECHNICAL FIELD
[0002] This disclosure relates to collecting and processing location-specific wireless
waveforms for use in wireless communication, positioning, security, and recognition

systems, components, methods and apparatuses.

BACKGROUND

[0003] One challenge that may be addressed in the future using novel wireless signaling
protocols is high-speed and efficient wireless data transfer to and from huge numbers of
potentially closely spaced devices. The demand for high-speed and low-latency wireless
communication capabilities has increased dramatically in recent years. It has been projected
that by the year 2020, the volume of wireless traffic will rise to about one thousand (1000)
times that of the year 2010. Supporting these traffic demands will be a challenge for future
wireless networks. One challenge will be supporting the huge number of wireless devices
with ever-growing demands for higher data rates within the allocated spectrum. Another will
be the scheduling delay that is expected to accompany large numbers of coexisting wireless
devices competing for network service and to significantly deteriorate the user experience in
many delay-sensitive applications. Some network users have already started to feel the
impact of such delays in places such as airports, conference halls, and stadiums where it is
difficult to access the wireless network with hundreds of other devices around. Such poor
user experiences may become the norm if new technologies are not introduced to deal with

the predicted growth of wireless traffic.
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[0004] Several technologies have been proposed to tackle this challenge. One
straightforward approach is to install more access points (APs) in a given coverage area such
that each AP can service a smaller number of users (TDs) and therefore more traffic can be
offloaded to the wired backhaul networks. However, APs that utilize the widely adopted and
deployed OFDM protocols can interfere with each other when they are deployed too close
together. Sophisticated interference mitigation and resource allocation algorithms may be
used to enable the closely spaced APs to accommodate multiple users. For instance, in the
IEEE 802.11 (WiFi) standard, the overall available spectrum is currently approximately 72
MHz in the 2.4 GHz band but adjacent APs may be restricted to utilizing 22 MHz or less of
the available spectrum because they may each need to operate in different spectral bands to
reduce interference with each other and with the TDs. But this kind of frequency division
multiplexing may hinder closely-spaced APs from fully utilizing the available spectrum and
therefore supporting the predicted user demands of the future. Moreover, in such schemes,
channel planning can be time-consuming and may fail altogether, either because of a lack of
communication and/or coordination among multiple APs, or a lack of enough independent
spectral bands to support the traffic demands. The system may suffer when APs are added or
removed from the network because the channel planning may need to be done all over again.
Femtocell networks may suffer from similar issues since the interference between macro-
and/or femto- base stations or among multiple femto- base stations need to be coordinated
and mitigated by division of the network resources; that is reducing the spectral allocation to
individual users or cells. Therefore, while installing more OFDM (or similar existing
protocol) based access points in a given wireless coverage area may be straightforward and a
suitable solution for some applications, this solution alone does not appear to scale well
enough to meet the predicted growth in traffic demands of future wireless network

capabilities.

[0005] Another possible approach is to use multiple-input-multiple-output (MIMO)
techniques such as have been incorporated in some existing OFDM based schemes such as
WiFi and LTE (Long Term Evolution) to improve the spectral efficiency and/or reduce the
scheduling delay of wireless networks. For example, multi-user multiple-input-multiple-
output (MU-MIMO) techniques are able to support multiple simultancous transmissions.

However, in addition to the difficulty in operating multiple antennas, the number of
2
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supported simultaneous transmissions may be limited. Therefore, this solution alone may not
be sufficient for the high network densification challenge described above. Recently,
researchers have begun to investigate so-called massive MIMO techniques that use many
more antennas than active terminals so that the extra antennas can help focus the wireless
signal energy into smaller regions and support some level of spatial multiplexing in addition
to frequency multiplexing. While the massive MIMO technique brings some unique benefits
beyond the traditional MIMO system, the cost and complexity of implementing these
schemes scales up with the number of antennas, which may hinder it from being widely
adopted. The principle of utilizing extra antennas can also be applied in distributed antenna
systems where some additional antennas are placed close to the users. The wireless signal
energy can be focused into a small area through the coordination of the local antennas and
thus the system may be able to provide high data rates for certain terminal devices. However,
the complexity of the system and of coordinating the antennas grows with the system size,
which may limit the scalability of this solution. Therefore, there is a need for wireless
communication technologies that can efficiently and cost-effectively meet the ever increasing

demands for wireless access to the internet.

[0006] Another challenge that may be addressed using novel wireless signaling
protocols is accurate indoor position identification and tracking. The global positioning
system (GPS) uses signals from satellites to provide users and devices equipped with GPS
equipment location and time information. When a user is navigating inside buildings, GPS
signals may be weak or unavailable. In some examples, Wi-Fi signals from wireless access
points can be used to determine coarse positions. For example, a wireless device can measure
the average received signal strength (RSS) and use the RSS indicator (RSSI) of the received
wireless signal to estimate its distance from a wireless access point. Such systems may be
able to estimate that a device is a certain distance from an access point, but may not be able
to indicate the relative orientation of the device, that is, whether the device is in front or in
back or on the side of the access point. In some situations, signals from multiple wireless
access points can be used to estimate the position of the device using triangulation, but such
schemes have not reported indoor positioning accuracies greater than a few meters. Other
known techniques for determining position of a device in an indoor environment include so-

called time of arrival (ToA) or time of flight (ToF) techniques, time difference of arrival
3
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(TDoA), and angle of arrival (AoA) techniques. These techniques also achieve positioning
accuracies of a few meters. Therefore, there is a need for positioning technologies that can

determine and/or track the position of a user or a device with high resolution accuracy.

[0007] Highly accurate indoor positioning technologies may be adapted for other
applications such as gesture recognition, home security and indoor surveillance systems.
Using wireless or “radio” technologies may have advantages over current solutions because
low-radiation level radio systems are safe and do not require line-of-sight between a

transmitter and a receiver may be implemented using current off-the-shelf components.

SUMMARY
[0008] In exemplary positioning systems, users or devices may send at least one
location-specific waveform to a locator, which may also be a wireless module of any type,
such as a router, an access point, a base station, a computer, a repeater, a handheld device,
and the like. The locator may compare the received location-specific waveform to a
predicted waveform, a computer generated waveform, a stored waveform, a previously
generated waveform, and the like, that can be or has been associated with a particular
location or set of position coordinates. The received location-specific waveforms may be
compared in a variety of ways including, but not limited to, convolving one waveform with
another, convolving one waveform with a time-reversed version of another, correlating the
waveforms, normalizing and subtracting one waveform from the other, and the like, to
determine how similar the waveforms are. If the waveforms are determined to be similar
enough, then the device sending the received location-specific waveform will be deemed to
be at the particular location associated with the predicted, computer generated, stored, and/or
previously generated waveform used in the comparison calculation. Exemplary
embodiments of wireless positioning systems are described in which the positioning systems
using location-specific waveforms have been shown to achieve location better than 5 cm

using the inventive apparatuses and methods disclosed here.

[0009] In general, in one aspect, a method of determining the position of a device is
provided. The method includes at a first device, receiving a probe signal sent from a second

device through a multipath channel. The probe signal received at the first device has a
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waveform that is different from the waveform sent by the second device due to influence of
the multipath channel. The method also includes estimating a channel impulse response
based on the probe signal received at the first device. The method also includes determining a
time-reversed signal based on the estimated channel impulse response. The method also
includes determining a position of the second device based on the time-reversed signal and

stored channel impulse responses that are stored in a storage device.

[0010] Implementations of the method may include one or more of the following
features. The stored channel impulse responses can be derived from probe signals sent from a
plurality of positions, each stored channel impulse response derived from a corresponding
probe signal sent from a corresponding position, each stored channel impulse response being
associated with the position from which the corresponding probe signal was sent. The
method can include for each of a plurality of positions, determining a feature value based on
a function of the time-reversed signal and the stored channel impulse response associated
with the position, and determining the position of the second device based on the position
associated with a largest feature value among the feature values. The feature value associated
with a position can also be a function of the stored channel impulse response or responses
associated with one or more neighboring positions. The feature value associated with a
position can be a function of the stored channel impulse responses derived from probe signals
sent from the position at a plurality of time periods. Determining the feature value associated
with a position can include calculating a convolution of the time-reversed signal and the
stored channel impulse response associated with the position. The probe signal can be
modulated by a carrier wave, and the position of the second device can be determined with
an accuracy within one wavelength, one-half of a wavelength, or one-tenth of a wavelength
of the carrier wave. The probe signal can include one or more pulse signals. The probe signal
can include one or more pseudorandom codes. The probe signal can include one or more
Golay sequences. Information about the position of the second device can be transmitted to
the second device, e.g., using time-reversal wireless communication. The method can include
receiving coarse positioning data from the second device, selecting a subset of stored channel
impulse responses based on the coarse positioning data, and determining the position of the
second device based on the time-reversed signal and the subset of stored channel impulse

reSponscs.
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[0011] In embodiments, feature values may be used to determine the position of a
device. For example, if the feature value represents the result of a mathematical function
performed on a time-reversed version of a measured channel impulse response and each of a
number of reference channel impulse responses, then there may be a set of feature values that
are generated that describe how closely matched each of the reference channel impulse
responses is to the (time-reversed version of the) measured channel response. In those
embodiments, the reference channel impulse response that yielded the highest feature value
may be deemed to be associated with the same positional coordinates as the measured device.
In some embodiments, the feature values may be normalized and the reference channel
impulse response that yielded a feature value closest to 1 may be deemed to be the one
associated with the same coordinates as the measured device. In embodiments, if none of the
calculated feature values exceed a certain threshold, then the system may report that the
location of the device cannot be determined or cannot be determined with high certainty. In
embodiments, a normalized feature value greater than 0.5, 0.75, 0.8, 0.9, 0.95, or 0.98 may
be required to determine that a reference channel impulse response is an accurate enough
match to a measured channel impulse response. In embodiments, a normalized feature value
less than 1, 0.95, 0.9, 0.8, 0.75, 0.5, 0.25 or 0.1 may be required to determine that none of the
reference channel impulse responses is a close enough match to the measured channel

impulse response.

[0012] In embodiments, feature values may be used to determine the position of a
device. For example, if the feature value represents the result of a mathematical function
performed on a measured channel impulse response and a time-reversed version of each of a
number of reference channel impulse responses, then there may be a set of feature values that
are generated that describe how closely matched each of the reference channel impulse
responses is to the (time-reversed version of the) measured channel response. In those
embodiments, the reference channel impulse response that yielded the highest feature value
may be deemed to be associated with the same positional coordinates as the measured device.
In some embodiments, the feature values may be normalized and the reference channel
impulse response that yielded a feature value closest to 1 may be deemed to be the one
associated with the same coordinates as the measured device. In embodiments, if none of the

calculated feature values exceed a certain threshold, then the system may report that the
6
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location of the device cannot be determined or cannot be determined with high certainty. In
embodiments, a normalized feature value greater than 0.5, 0.75, 0.8, 0.9, 0.95, or 0.98 may
be required to determine that a reference channel impulse response is an accurate enough
match to a measured channel impulse response. In embodiments, a normalized feature value
less than 1, 0.95, 0.9, 0.8, 0.75, 0.5, 0.25 or 0.1 may be required to determine that none of the
reference channel impulse responses is a close enough match to the measured channel

impulse response.

[0013] In general, in another aspect, an apparatus to facilitate determining the position of
a device is provided. The apparatus includes a storage storing first data representing channel
impulse responses derived from probe signals sent from a plurality of positions and second

data representing coordinates of the positions.

[0014] Implementations of the apparatus may include one or more of the following
features. The apparatus can include a data processor configured to determine a position of a
terminal device based on a time-reversed signal determined based on a time-reversed version
of a channel impulse response that is estimated based on a channel probing signal sent from

the terminal device and the stored channel impulse responses.

[0015] In general, in another aspect, an apparatus for determining position information
is provided. The apparatus includes a transmit module configured to send a channel probing
signal to a base station through a multipath channel; and a receive module to receive position
data from the base station, the position data having information about coordinates of a
position of the apparatus, in which the base station determines the position of the apparatus
based on a time-reversed signal derived from a time-reversed version of a channel impulse
response that is derived from the received channel probing signal and stored channel impulse

reSponscs.

[0016] Implementations of the apparatus may include one or more of the following
features. The apparatus can include a mobile phone, a camera, a laptop computer, a tablet
computer, a wearable computing device, a pair of eyeglasses, a helmet, a goggle, a car, a

personal transportation device, a robot, a robotic arm, an unmanned aerial vehicle, a radio, an
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audio player, a health monitor, a headphone, an object tracker, a name tag, a clothing tag, a

merchandise tag, a packaging box, a pen, a stylus, a watch, a bracelet, a necklace, or a cart.

[0017] In general, in another aspect, a method of determining the position of a device is
provided. The method includes from each of multiple positions within a venue, transmitting a
probe signal to a base station through a multipath channel; at the base station, for each of the
received probe signals, estimating a channel impulse response and associating the channel
impulse response with the position from which the corresponding probe signal was sent;
storing, in a storage, first data representing the estimated channel impulse responses and

second data representing the positions associated with the channel impulse responses.

[0018] Implementations of the method may include one or more of the following
features. The multiple positions can be spaced apart equal to or less than a wavelength, one-
half of the wavelength, or one-tenth of the wavelength of a carrier wave of the probe signal.
Scattering elements can be used to scatter the probe signal towards multiple propagation
paths when being transmitted to the base station. At each of the multiple positions, position
coordinates can be determined using laser beams. The second data can include coordinates of
cach of the positions. The method can include moving a robot to each of the multiple
positions and transmitting the probe signal from the robot to the base station. The method can
include moving an unmanned aerial vehicle to each of the multiple positions and transmitting
the probe signal from the unmanned aerial vehicle to the base station. The method can
include at each position within the venue, transmitting probe signals to the base station at
multiple time periods, and at the base station storing first data representing channel impulse
responses corresponding to the probe signals transmitted at the multiple time periods. The
method can include determining a position of a device within the venue based on the stored
first data and second data. The venue can include at least one of a house, a museum, a
building, a shopping mall, an amusement park, a convention center, a hotel, a subway station,
a train station, an airport, an underground terrain, a cruise ship, a tunnel, or a region having

several structures or buildings.

[0019] In general, in another aspect, a method for determining the position of a terminal
device is provided. The method includes at a terminal device, sending a radio frequency

signal through a multipath channel to a base station that has a storage storing channel
8
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impulse responses each associated with one of a plurality of positions; and receiving
information about a position of the terminal device from the base station, in which the base
station determines the position of the terminal device based on a time-reversed signal derived
from the radio frequency signal sent from the terminal device and the stored channel impulse

TeSponscs.

[0020] Implementations of the method may include one or more of the following
features. The radio frequency signal can have a frequency in a range between 0.1 GHz to 100
GHz. The radio frequency signal can have a bandwidth equal to or greater than 20 MHz. The
method can include determining a coarse position of the terminal device using at least one of
Wi-Fi, Bluetooth, or cellular signals, sending information about the coarse position to the
base station, and receiving fine position information from the base station. The base station
can select a subset of the stored channel responses from among the stored channel responses
based on the coarse position information, and determine the fine position of the terminal

device based on the time-reversed signal and the subset of stored channel impulse responses.

[0021] In general, in another aspect, a method for determining the position of a device is
provided. The method includes determining a coarse position of a device in a venue using at
least one of Wi-Fi, Bluetooth, or cellular signals; and determining a fine position of the
device in the venue based on a time-reversed signal and stored channel impulse responses,

cach of the stored channel impulse response being associated with a known position.

[0022] Implementations of the method may include one or more of the following
features. The method can include receiving a probe signal sent from the device, estimating a
channel impulse response based on the received probe signal, and determining the time-
reversed signal based on a time-reversed version of the estimated channel impulse response.
Each stored channel response can be derived from a probe signal sent from the known

position associated with the stored channel impulse response.

[0023] In general, in another aspect, a method includes at a terminal device, establishing
a communication link with a first base station using time-reversal wireless communication;

and receiving a first downlink signal from the first base station using time-reversal wireless
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communication, the downlink signal including first information about a position of the

terminal device.

[0024] Implementations of the method may include one or more of the following
features. Establishing a communication link with a first base station can include sending a
channel probing signal from the terminal device to the first base station. The method can
include at the terminal device, establishing a communication link with a second base station
using time-reversal wireless communication; receiving a second downlink signal from the
second base station using time-reversal wireless communication, the second downlink signal
including second information about the position of the terminal device; and determining the

position of the terminal device based on the first and second information.

[0025] In general, in another aspect, a method of determining the position of a device is
provided. The method includes at a first device, receiving a probe signal sent from a second
device through a multipath channel; estimating a channel impulse response based on the
probe signal received at the first device; and applying a time-reversal classifier to determine a
position of the second device based on the estimated channel impulse response and stored
channel impulse responses, each stored channel impulse response being associated with a

known position.

[0026] Implementations of the method may include the following feature. The method

can include sending information about the position of the second device to the second device.

[0027] In general, in another aspect, a method includes at a base station, broadcasting a
combined signal that is a combination of multiple downlink signals, each downlink signal
having coordinate data associated with a particular position, the downlink signal having a

waveform configured to focus at the particular position.

[0028] Implementations of the method may include one or more of the following
features. The method can include performing a handshake process with a terminal device to
provide timing information useful for the terminal device to determine the timing of the

broadcast of the combined signal.

10
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[0029] In general, in another aspect, a method of determining the position of a terminal
device is provided. The method includes at a terminal device, performing a handshake
process with a base station to receive timing information useful for determining a timing of a
broadcast of a combined signal that is a combination of multiple downlink signals, each
downlink signal having coordinate data associated with a particular position, the downlink
signal having a waveform configured to focus at the particular position; receiving a downlink
signal from the base station, the downlink signal having a waveform configured to focus at
the particular position where the terminal device is positioned; and determining coordinates

of the position of the terminal device based on the received downlink signal.

[0030] In general, in another aspect, a method of determining the position of a device is
provided. The method includes determining a coarse position of a terminal device; sending
data representing the coarse position to a server; downloading, from the server, information
about channel impulse responses associated with positions at or near the coarse position;
receiving a channel probing signal from a beacon; estimating a channel impulse response
based on the received channel probing signal; determining a time-reversed signal based on
the estimated channel impulse response; and determining a fine position of the terminal

device based on the time-reversed signal and the downloaded channel impulse responses.

[0031] In another aspect, an apparatus includes a circuit to receive a probe signal sent
from a second device through a multipath channel. The probe signal received at the apparatus
has a waveform that is different from the waveform sent by the second device due to
influence of the multipath channel. The apparatus also includes a data processor configured
to estimate a channel impulse response based on the received probe signal. The data
processor is also configured to determine a time-reversed signal based on the estimated
channel impulse response. The data processor is also configured to determine a position of
the second device based on the time-reversed signal and stored channel impulse responses

that are stored in a storage device.

[0032] Implementations of the apparatus may include one or more of the following
features. The stored channel impulse responses can be derived from probe signals sent from a
plurality of positions, each stored channel impulse response derived from a corresponding

probe signal sent from a corresponding position, each stored channel impulse response being
11
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associated with the position from which the corresponding probe signal was sent. The data
processor can be configured to: for each of a plurality of positions, determine a feature value
based on a function of the time-reversed signal and the stored channel impulse response
associated with the position, and determine the position of the second device based on the
position associated with a largest feature value among the feature values. The feature value
associated with a position can also be a function of the stored channel impulse response or
responses associated with one or more neighboring positions. The feature value associated
with a position can be a function of the stored channel impulse responses derived from probe
signals sent from the position at a plurality of time periods. Determining the feature value
associated with a position can include calculating a convolution of the time-reversed signal
and the stored channel impulse response associated with the position. The probe signal can
include one or more pulse signals. The probe signal can include one or more pseudorandom
codes. The probe signal can include one or more Golay sequences. The apparatus can include
a transmit circuit to transmit information about the position of the second device to the

second device.

[0033] In another aspect, a system for monitoring at least one macroscopic object in an
arrangement of macroscopic objects includes one or more wireless transmitters. Each
wireless transmitter is at a different spatial location, and each wireless transmitter is
configured to transmit one or more wireless signals. Each wireless signal has a bandwidth
and a center frequency. The system also includes one or more wireless receivers. Each
wireless receiver is at a different spatial location, and each wireless receiver is configured to
receive at least one of the one or more wireless signals transmitted from each wireless
transmitter. The system also includes an electronic processor coupled to at least the one or
more wireless receivers. The electronic processor is configured to compare information
derived from the received one or more wireless signals to information in a database. The
electronic processor is also configured to determine information about the arrangement of
macroscopic objects based on the comparison. The electronic processor is also configured to
generate an output based on the determined information. The number of the one or more
transmitters is M, the number of the one or more wireless signals for the m™ transmitter is

Nm, the number of the one or more wireless receivers is K, and the bandwidth of the n™

12
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wireless signal from the m'™ transmitter that is received by the k't wireless receiver is bmnk.

The system has a collective bandwidth B greater than 50 MHz, where

M Nm K

=35 S

m=1n=1k=1

and where the derived information that is compared to the information in the database spans

the collective bandwidth.

[0034] Implementations of the system may include one or more of the following features.
The one or more wireless receivers can receive two or more wireless signals that are
transmitted from the one or more wireless transmitters through one or more wireless
channels, and comparing information derived from the received one or more wireless signals
to information in a database can include comparing a composite channel response derived
from the received two or more wireless signals, or information derived from the composite
channel response derived from the received two or more wireless signals, with information
stored in the database. The one or more wireless receivers can receive two or more wireless
signals having different center frequencies. The information stored in the database can
include composite channel responses each derived from previously received two or more
wireless signals, or information derived from composite channel responses each derived from
previously received two or more wireless signals. The information stored in the database can
include wideband channel responses, and the method can include processing a wideband
channel response to simulate a narrower band channel response. Comparing the composite
channel response with information in the database can include determining a plurality of
time-reversal resonating strengths between the composite channel response derived from the
received two or more wireless signals and the composite channel responses stored in the
database. The electronic processor can be configured to identify the stored composite channel
response that results in a maximum time-reversal resonating strength. The stored composite
channel response resulting in the maximum time-reversal resonating strength can be
associated with a particular location, and determining information about the arrangement of
macroscopic objects based on the comparison can include determining that the one or more
wireless receivers that receive the two or more wireless signals are at the particular location
or in a vicinity of the particular location. The stored composite channel response resulting in
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the maximum time-reversal resonating strength can be associated with a particular
arrangement of macroscopic objects, and determining information about the arrangement of
macroscopic objects based on the comparison can include determining that the macroscopic

objects have the particular arrangement.

[0035] The information about the arrangement of macroscopic objects can include an
indication of a change in the arrangement of macroscopic objects. The macroscopic objects
can exclude the one or more wireless transmitters and the one or more wireless receivers. The
one or more wireless receivers can be stationary relative to the one or more wireless
transmitters. The macroscopic objects can include at least one of the one or more wireless
transmitters and receivers, and wherein the change in the arrangement of macroscopic objects
can be a change in location of one of the one or more wireless transmitters and receivers
relative to the other macroscopic objects. The arrangement of macroscopic objects can be
located in a rich multipath venue. The venue can include at least one of an enclosed structure
or a partially enclosed structure. The enclosed structure can include a building. The building
can include at least one of walls, doors, or windows. Determining information about the
arrangement of macroscopic objects can include determining information about the
arrangement of at least one of doors or windows. The one or more wireless transmitters and
the one or more wireless receivers can be located at one side of a wall, and determining
information about the arrangement of macroscopic objects can include determining
information about the arrangement of macroscopic objects that are located on another side of

the wall.

[0036] The collective bandwidth B can be greater than 60 MHz, greater than 80 MHz,
greater than 100 MHz, greater than 125 MHz, greater than 500 MHz, or greater than 1 GHz.
The one or more wireless transmitters can be housed in a first wireless device. The one or
more wireless transmitters can have different antennas but share a common encoder. The one
or more wireless receivers can be housed in a second wireless device. The one or more
wireless receivers can have different antennas but share a common decoder. The information
derived from the received wireless signals can include channel state information. The one or
more transmitters can transmit two or more wireless signals on two or more channels, the

derived information can include portions of information derived from signals transmitted
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through two or more channels, each channel can have a bandwidth less than 50 MHz, each
portion of derived information can include channel response information of the respective
channel, and the bandwidths of the two or more channels associated with the portions of
information can collectively span more than 50 MHz. The one or more transmitters can
transmit two or more wireless signals on two or more channels in compliance with IEEE
802.11 standard, and each channel can have a bandwidth of about 20MHz, 22MHz, or
40MHz. The derived information can include portions of information derived from signals
transmitted through two or more channels that have different center frequencies. The two or
more channels can have overlapping frequency bands. The two or more channels can have

non-overlapping frequency bands. In the system described above, in some examples, M = 1,
K=1,N1=1, and bi11 > 50 MHz. In some examples M=1,K=1,N1>2,and B = Zf{il bn
> 50 MHz. In some examples, M =1, and K > 2. In some examples, N1 = 1. In some

examples, M > 2, and K =1. In some examples, Nm = 1, for each m. In some examples, M >

2, and K > 2. In some examples, Nm = 1, for each m.

[0037] The information in the database can include information derived from previously
received one or more wireless signals when the macroscopic objects have a first arrangement.
The information in the database can include channel state information derived from the
previously received one or more wireless signals. Determining information about the
arrangement of macroscopic objects can include determining whether a current arrangement
of the macroscopic objects is different from the first arrangement. Determining whether the
current arrangement of the macroscopic objects is different from the first arrangement can
include determining whether a current arrangement of one or more doors or windows is

different from the arrangement of the one or more doors or windows at an earlier time.

[0038] In another aspect, a system for monitoring a venue includes a storage device
configured to store a combination of first channel state information derived from a first
wireless signal transmitted through a first channel that uses a first plurality of subcarriers and
second channel state information derived from a second wireless signal transmitted through a
second channel that uses a second plurality of subcarriers, or first information derived from
the combination of the first and second channel state information. The system also includes a

receiver configured to receive a third wireless signal transmitted through the first channel and
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a fourth wireless signal transmitted through the second channel. The system also includes a
data processor configured to determine third channel state information based on the received
third wireless signal. The data processor is also configured to determine fourth channel state
information based on the received fourth wireless signal. The data processor is also
configured to perform at least one of (i) compare a combination of the third and fourth
channel state information with the stored combination of the first and second channel state
information, or (ii) compare second information derived from a combination of the third and
fourth channel state information with the stored first information. The data processor is also
configured to determine information about an arrangement of objects in the venue based on
the comparison. The data processor is also configured to generate an output based on the

determined information about the arrangement of the objects.

[0039] Implementations of the system may include one or more of the following features.
The first and second channels can occupy different frequency bands that do not overlap. Each
of the first and second channels can have a bandwidth of less than 50 MHz, and a sum of the
bandwidths of the first and second channels can be larger than 50 MHz. The first and second
channels can have frequency bands that overlap, each of the first and second channels can
have a bandwidth less than 50 MHz, and the first and second channels in combination can
span more than 50 MHz. The first, second, third, and fourth wireless signals can comply with
IEEE 802.11 standard. The system can include at least one of a mobile phone, a network
router, a network access point, a smoke detector, a notebook computer, a desktop computer, a
tablet computer, a lighting device, an electric appliance, a robot, a television, a radio, an
audio device, a video device, a camera, a camcorder, or a projector. The system can include a
transmitter to transmit the first and second wireless signals, and the transmitter and the
receiver can share one or more antennas for transmitting and receiving the first and second
wireless signals. The first and second wireless signals can be transmitted from a first set of
one or more antennas, and the first and second wireless signals can be received at a second
set of one or more antennas that are different from the first set of one or more antennas. The
system can be configured to detect a change in position of at least one of a door or a window.
The storage device can be configured to store records of channel state information, each
record can include at least one of (1) N1 channel state information derived from N1 wireless

signals transmitted through N1 channels, each channel using a plurality of subcarriers, or (ii)
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information derived from the N1 channel state information, in which N1 is equal to or greater
than 3, the receiver can be configured to receive N1 wireless signals transmitted through the
N1 channels. The data processor can be configured to determine N1 channel state
information based on the received N1 wireless signals, perform at least one of (i) comparing
a combination of the determined N1 channel state information with the stored records, or (ii)
comparing information derived from the determined N1 channel state information with the
stored records, and determining information about an arrangement of objects in the venue

based on the comparison. The combination of N1 channels can span more than 50 MHz.

[0040] In another aspect, a system includes a receiver configured to receive a first
wireless signal that includes one or more frames having a format that complies with IEEE
802.11 standard. Each of the one or more frames has at least one preamble. The system also
includes a data processor configured to determine first channel state information based on the
at least one preamble in the wireless signal. The data processor is also configured to associate
the first channel state information with a first location or a first arrangement of objects. The
data processor is also configured to store the first channel state information and information
about the first location or the first arrangement of objects in a local storage device, or provide
the first channel state information and information about the first location or the first

arrangement of objects for storage in a remote storage device.

[0041] Implementations of the system may include one or more of the following features.
The receiver can be configured to receive a second wireless signal after the first channel state
information and information about the first location or the first arrangement of objects have
been stored in the local or remote storage device, the second wireless signal can include one
or more frames having a format that complies with the IEEE 802.11 standard, each of the one
or more frames having at least one preamble. The data processor can be configured to:
determine second channel state information based on the at least one preamble in the second
wireless signal, retrieve the first channel state information from the local or remote storage
device, compare the second channel state information with the first channel state information,
and generate an output when the second channel state information matches the first channel
state information. The at least one preamble of the second wireless signal can include a long

preamble. Each of the one or more frames of the second wireless signal can include multiple
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preambles. The data processor can be further configured to classify one or both of the first
channel state information and the second channel state information into one or more clusters.
The data processor can be further configured to average the one or more clusters. Comparing
the second channel state information with the first channel state information can include
determining a time-reversal resonating strength based on the first and second channel state
information. The first wireless signal can be sent from at least one of a wireless network
router or a wireless network access point. The receiver can receive the first wireless signal
without joining a network provided by the network router or access point. The data processor
can be configured to provide a user interface to enable a user to provide information about
the first location or the first arrangement of objects. The user interface can display a map and
enable the user to indicate a location on the map, and the data processor can be configured to
associate the location indicated by the user with the first channel state information. The data
processor can be configured to determine a first identifier of a device that transmits the first
wireless signal, associating the first channel state information with the first identifier, and
storing the first identifier along with the first channel state information in the local or remote

storage device.

[0042] In another aspect, a system includes a receiver configured to receive a first
wireless signal that includes one or more frames having a format that complies with IEEE
802.11 standard. Each of the one or more frames has at least one preamble. The system also
includes a data processor configured to determine first channel state information based on the
at least one preamble in the wireless signal. The data processor is also configured to compare
the first channel state information with pre-stored channel state information. The data
processor is also configured to determine information about a location or an arrangement of

objects based on the comparison.

[0043] Implementations of the system may include one or more of the following features.
Comparing the first channel state information with pre-stored channel state information can
include determining a time-reversal resonating strength based on the first channel state
information and pre-stored channel state information. The pre-stored channel state
information can be stored in at least one of a local storage device or a remote storage device.

The data processor can be configured to determine an identifier of a transmitter that transmits
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the first wireless signal, and retrieving pre-stored channel state information associated with
the identifier. Comparing the first channel state information with pre-stored channel state
information can include comparing the first channel state information with the pre-stored
channel state information associated with the identifier of the transmitter. The transmitter can
include at least one of a wireless network router or a wireless network access point, and the

identifier comprises a service set identifier (SSID).

[0044] In another aspect, a system includes a receiver configured to receive a first set of
at least two wireless signals transmitted through at least one wireless channel that
collectively span more than 50 MHz. The system also includes a data processor configured to
determine a first composite channel response based on the first set of at least two wireless
signals. The data processor is also configured to associate the first composite channel
response with a first location or a first arrangement of objects. The data processor is also
configured to store the first composite channel response and information about the first
location or the first arrangement of objects in a local storage device, or provide the first
composite channel response and information about the first location or the first arrangement

of objects for storage in a remote storage device.

[0045] Implementations of the system may include one or more of the following features.
The receiver can be configured to receive a second set of at least two wireless signals
transmitted through at least one wireless channel that collectively span more than 50 MHz,
and the data processor can be configured to: determine a second composite channel response
based on the second set of at least two wireless signals, retrieve the first composite channel
response from the local or remote storage device, compare the second composite channel
response with the first composite channel response, and generate an output when the second
composite channel response matches the first composite channel response. The data
processor can be further configured to generate an output when the second composite
channel response does not match the first composite channel response. The data processor
can be configured to determine a particular location associated with a composite channel
response that best matches the second composite channel response, in which the output
causes a message to be generated, the message indicating that the receiver is near the

particular location. The output can cause a message to be generated, the message indicating
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that a resolution of the positioning system should be adjusted. The output can cause a
message to be generated, the message indicating that a received signal strength of the second
set of at least two wireless signals is being used by the system to determine a location of the
source of the second set of at least two wireless signals. Comparing the second composite
channel response with the first composite channel response can include determining a time-
reversal resonating strength based on the first and second composite channel responses. The
first set of at least two wireless signals can be sent from at least one of a wireless network
router or a wireless network access point. The receiver can receive the first set of at least two
wireless signals without joining a wireless network provided by the network router or access
point. The data processor can be configured to provide a user interface to enable a user to
provide information about the first location or the first arrangement of objects. The user
interface can display a map and enable the user to indicate a location on the map, and the
data processor can be configured to associate the location indicated by the user with the first
composite channel response. The data processor can be configured to determine a first
identifier of a device that transmits the first wireless signal, associate the first composite
channel response with the first identifier, and store the first identifier along with the first

composite channel response in the local or remote storage device.

[0046] In another aspect, a system includes a receiver configured to receive a first set of
two or more wireless signals transmitted through at least one wireless channel that
collectively span more than 50 MHz. The system also includes a data processor configured to
determine a first composite channel response based on the first set of at least two wireless
signals. The data processor is also configured to compare the first composite channel
response with at least one pre-stored composite channel response. The data processor is also
configured to determine information about a location or an arrangement of objects based on

the comparison.

[0047] Implementations of the system may include one or more of the following features.
Comparing the first composite channel response with pre-stored composite channel response
can include determining a time-reversal resonating strength based on the first composite
channel response and pre-stored composite channel response. The pre-stored composite

channel response can be stored in at least one of a local storage device or a remote storage
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device. The data processor can be configured to determine an identifier of a transmitter that
transmits the first set of at least two wireless signals, and retrieve at least one pre-stored
composite channel response associated with the identifier. Comparing the first composite
channel response with the at least one pre-stored composite channel response can include
comparing the first composite channel response with the at least one pre-stored channel state
information associated with the identifier of the transmitter. The transmitter can include at
least one of a wireless network router or a wireless network access point, and the identifier

comprises a service set identifier (SSID).

[0048] In another aspect, a system for monitoring a venue includes a storage device to
store sets of state information. Each set of state information is derived from channel state
information for a first channel and channel state information for a second channel. The first
channel uses a first plurality of subcarriers, and the second channel uses a second plurality of
subcarriers. The first and second channels have different center frequencies. Each set of state
information is associated with a state of a venue, and at least some of the different sets of
state information are associated with different states of the venue. At least some of the
different states represent different arrangements of objects in the venue. The system also
includes a receiver configured to receive a first wireless signal transmitted through the first
channel that uses the first plurality of subcarriers, and a second wireless signal transmitted
through the second channel that uses the second plurality of subcarriers. The system also
includes a data processor configured to determine first channel state information based on the
received first wireless signal. The data processor is also configured to determine second
channel state information based on the received second wireless signal. The data processor is
also configured to determine a current set of state information based on a combination of the
first and second channel state information. The data processor is also configured to compare
the current set of state information with the sets of state information stored in the storage
device. The data processor is also configured to determine information about a current
arrangement of objects in the venue based on the comparison. The data processor is also
configured to generate an output based on the determined information about the current

arrangement of objects in the venue.

[0049] Implementations of the system may include one or more of the following features.
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The first and second channels can occupy different frequency bands that do not overlap. Each
of the first and second channels can have a bandwidth of less than 50 MHz, and a sum of the
bandwidths of the first and second channels can be larger than 50 MHz. The first and second
channels can have frequency bands that overlap, each of the first and second channels can
have a bandwidth less than 50 MHz, and the first and second channels in combination can
span more than 50 MHz. The first and second wireless signals can comply with IEEE 802.11
standard. The system can include a transmitter configured to transmit the first and second
wireless signals. The transmitter and the receiver can share one or more antennas for
transmitting and receiving the first and second wireless signals. The first and second wireless
signals can be transmitted from a first set of one or more antennas, and the first and second
wireless signals can be received at a second set of one or more antennas that are different
from the first set of one or more antennas. The system can include at least one of a mobile
phone, a network router, a network access point, a smoke detector, a notebook computer, a
desktop computer, a tablet computer, a lighting device, an electric appliance, a robot, a
television, a radio, an audio device, a video device, a camera, a camcorder, or a projector.
The data processor can be configured to determine whether at least one of a door or a
window in the venue has moved relative to a past position of the door or the window. The
stored sets of state information can be associated with positions in the venue, and the data
processor can be configured to determine a position of the receiver in the venue based on a
result of the comparison of the current set of state information with the sets of state
information stored in the storage device. Each set of state information can be derived from
channel state information for N1 channels, each channel can use a plurality of subcarriers,
different channels can have different center frequencies, in which N1 can be equal to or
greater than 3. The receiver can be configured to receive N1 wireless signals transmitted
through the N1 channels, and the data processor can be configured to determine a current set
of state information based on a combination of the N1 channel state information, compare the
current set of state information with the sets of state information stored in the storage device,
and determine information about a current arrangement of objects in the venue based on the

comparison. The combination of N1 channels can span more than 50 MHz.

[0050] In another aspect, a system includes a receiver configured to receive a first

wireless signal transmitted through a first channel that uses a first plurality of subcarriers,
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and receive a second wireless signal transmitted through a second channel that uses a second
plurality of subcarriers. The first and second channels have different center frequencies. The
system also includes a data processor configured to determine a condition in a venue based
on first channel state information derived from the first wireless signal and second channel
state information derived from the second wireless signal. The determining includes
comparing at least one of (i) a combination of the first channel state information and the
second channel state information, or (ii) first information derived from the combination of
the first channel state information and the second channel state information, with stored
records that include information derived from wireless signals previously transmitted through

the first and second channels.

[0051] Implementations of the system may include one or more of the following features.
The condition can include at least one of a location of the receiver, a configuration of an
object in the venue, or a characteristic of a person in the venue. The venue can include a
room or a building in which the receiver is located. The condition in the venue can include a
configuration of at least one of a door or a window. The condition in the venue can include at
least one of (i) a closed state of the door, (ii) an open state of the door, (iii) a closed state of
the window, or (iv) an open state of the window. The condition in the venue can include a
presence of a particular person at a particular location in the venue. The data processor can
be configured to determine at least one of (i) whether a door in the venue is open or closed,
(i1) whether a window in the venue is open or closed, or (iii) whether an object has moved
relative to a position at an earlier time. The data processor can be configured to identify a
particular person selected from a predetermined group of people. The first and second
wireless signals can comply with IEEE 802.11 standard. The IEEE 802.11 standard can
include at least one of IEEE 802.11a, IEEE 802.11b, IEEE 802.11g, IEEE 802.11n, IEEE
802.11ac, or IEEE 802.11ad standard. The first and second channels can be separated by at
least one guard band. The first channel state information can include an amplitude and a
phase of a channel response. Each of the stored records can include concatenated channel
state information derived from a wireless signal previously transmitted through the first
channel and channel state information derived from another wireless signal previously
transmitted through the second channel. Each of the stored records can include information

derived from channel state information derived from a wireless signal previously transmitted
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through the first channel and channel state information derived from another wireless signal
previously transmitted through the second channel. Each of the stored records can include
information derived from channel state information derived from wireless signals previously
transmitted through the first and second channels from a device at a particular location in the
venue, and at least some of the stored records are associated with different locations of the
venue. A match between the combination of the first channel state information and the
second channel state information, or first information derived from the combination of the
first channel state information and the second channel state information, with information in
one of the stored records can indicate that the receiver is at the location, or in a vicinity of the
location, associated with the matched record. The receiver can be part of a first device, the
data processor can be part of a second device, the first device wirelessly can send the first
and second channel state information, or the first information derived from the first and
second channel state information, to the second device to enable the data processor to
determine the condition in the venue. The first and second channels can occupy different
frequency bands that do not overlap. Each of the first and second channels can have a
bandwidth of less than 60 MHz, and a sum of the bandwidths of the first and second channels
is larger than 60 MHz. The first and second channels can have frequency bands that overlap,
cach of the first and second channels can have a bandwidth less than 60 MHz, and the first
and second channels in combination span more than 60 MHz. The stored records can include
entries in at least one of a table or a database. The receiver can be configured to receive N1
wireless signals transmitted through N1 channels, each channel can use a plurality of
subcarriers, and different channels can have different center frequencies. The data processor
can be configured to determine a condition in the venue based on N1 channel state
information derived from the N1 wireless signals, including comparing at least one of (i) a
combination of the N1 channel state information, or (i1) information derived from the
combination of the N1 channel state information, with stored records that include
information derived from wireless signals previously transmitted through the N1 channels.

The combination of N1 channels can span more than 60 MHz.

[0052] In another aspect, a system includes a storage device configured to store records
having information derived from wireless signals previously transmitted through at least a

first channel and a second channel. The first channel uses a first plurality of subcarriers, the
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second channel uses a second plurality of subcarriers, the first and second channels have
different center frequencies, and the at least first and second channels in combination span
more than 60 MHz. The system also includes a data processor configured to determine a
condition of at least one of a door or a window based on first channel state information
derived from a first wireless signal transmitted through a first channel and second channel
state information derived from a second wireless signal transmitted through a second
channel. The determining includes comparing the first channel state information and the
second channel state information, or information derived from the first channel state
information and the second channel state information, with stored records having information
derived from wireless signals previously transmitted through the first and second channels.

The data processor is also configured to generate an output based on the comparison.

[0053] Implementations of the system may include one or more of the following features.
The data processor can be configured to determine that at least one of the door or window
has moved. A first one of the stored records can have information associated with a condition
in which the door or window 1is closed, and a second one of the stored records can have
information associated with a condition in which the door or window is open by a
predetermined amount. The first wireless signal can comply with IEEE 802.11 standard. The
storage device can be configured to store records of channel state information, each record
can include at least one of (1) N1 channel state information derived from N1 wireless signals
transmitted through N1 channels, each channel using a plurality of subcarriers, or (ii)
information derived from the N1 channel state information, N1 is equal to or greater than 3,
and a combination of the N1 channels span more than 60 MHz. The receiver can be
configured to receive N1 wireless signals transmitted through the N1 channels, and the data
processor can be configured to determine the condition of at least one of the door or the
window based on N1 channel state information derived from the N1 wireless signal
transmitted through the N1 channels, including comparing the N1 channel state information,
or information derived from the N1 channel state information, with stored records having

information derived from wireless signals previously transmitted through the N1 channels.

[0054] In another aspect, a method of monitoring an environment includes receiving a

first wireless signal transmitted through a first channel that uses multiple subcarriers. The
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method also includes determining first channel state information based on the received first
wireless signal. The method also includes receiving a second wireless signal transmitted
through a second channel that uses multiple subcarriers. The second channel has a center
frequency different from that of the first channel. The method also includes determining
second channel state information based on the received second wireless signal. The method
also includes storing a combination of the first and second channel state information, or first
information derived from the combination of the first and second channel state information,
in a storage device. The method also includes receiving a third wireless signal transmitted
through the first channel that uses multiple subcarriers. The method also includes
determining third channel state information based on the received third wireless signal. The
method also includes receiving a fourth wireless signal transmitted through the second
channel that uses multiple subcarriers. The method also includes determining fourth channel
state information based on the received fourth wireless signal. The method also includes
performing at least one of (i) comparing a combination of the third and fourth channel state
information with the stored combination of the first and second channel state information, or
(i1) comparing the stored first information with second information derived from a
combination of the third and fourth channel state information. The method also includes
detecting a change in an arrangement of objects in the environment based on the comparison.
The method also includes generating an output indicating the change in the arrangement of

objects in the environment.

[0055] Implementations of the method may include one or more of the following
features.

The first and second channels can occupy different frequency bands that do not overlap. Each
of the first and second channels can have a bandwidth of less than 60 MHz, and a sum of the
bandwidths of the first and second channels can be larger than 60 MHz. The first and second
channels can have frequency bands that overlap, each of the first and second channels can
have a bandwidth less than 60 MHz, and the first and second channels in combination can
span more than 60 MHz. The first, second, third, and fourth wireless signals can be
transmitted according to IEEE 802.11 standard. The first, second, third, and fourth wireless
signals can be received using at least one of a mobile phone, a network router, a network

access point, a smoke detector, a notebook computer, a desktop computer, a tablet computer,
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a lighting device, an electric appliance, a robot, a television, a radio, an audio device, a video
device, a camera, a camcorder, or a projector. The method can include transmitting the first
and second wireless signals using a same device that receives the first and second wireless
signals. The first and second wireless signals can be transmitted by a second device that is
different from a first device that receives the first and second wireless signals. Detecting a
change in an arrangement of objects can include determining a change in position of at least

one of a door or a window.

[0056] In another aspect, a method of monitoring an environment includes storing sets of
state information in a storage device. Each set of state information is derived from channel
state information for a first channel and channel state information for a second channel. The
first channel uses a first plurality of subcarriers, and the second channel uses a second
plurality of subcarriers. The first and second channels have different center frequencies. Each
set of state information is associated with a state of a venue, and at least some of the different
sets of state information are associated with different states of the venue. At least some of the
different states represent different arrangements of objects in the venue. The method also
includes receiving a first wireless signal transmitted through the first channel that uses the
first plurality of subcarriers. The method also includes determining first channel state
information based on the received first wireless signal. The method also includes receiving a
second wireless signal transmitted through the second channel that uses the second plurality
of subcarriers. The method also includes determining second channel state information based
on the received second wireless signal. The method also includes determining a current set of
state information based on a combination of the first and second channel state information.
The method also includes comparing the current set of state information with the sets of state
information stored in the storage device. The method also includes determining information
about a current arrangement of objects in the venue based on the comparison. The method
also includes generating an output based on the determined information about the current

arrangement of objects in the venue.

[0057] Implementations of the method may include one or more of the following
features. The first and second channels can occupy different frequency bands that do not

overlap. Each of the first and second channels can have a bandwidth of less than 60 MHz,
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and a sum of the bandwidths of the first and second channels is larger than 60 MHz. The first
and second channels can have frequency bands that overlap, each of the first and second
channels can have a bandwidth less than 60 MHz, and the first and second channels in
combination span more than 60 MHz. The first and second wireless signals can be
transmitted according to IEEE 802.11 standard. The device that receives the first and second
signals can also transmit the first and second wireless signals. The method can include
transmitting the first and second wireless signals using a same device that receives the first
and second wireless signals. The first and second wireless signals can be transmitted by a
second device that is different from a first device that receives the first and second wireless
signals. The first and second wireless signals can be received at least one of a mobile phone,
a network router, a network access point, a smoke detector, a notebook computer, a desktop
computer, a tablet computer, a lighting device, an electric appliance, a robot, a television, a
radio, an audio device, a video device, a camera, a camcorder, or a projector. Determining
information about a current arrangement of objects in the venue can include determining
whether at least one of a door or a window in the venue has moved relative to a past position
of the door or the window. The method can include storing sets of state information that are
associated with positions in the venue, and determining information about the current
arrangement of objects in the venue can include determining a position of a device that

receives the first and second wireless signals.

[0058] In another aspect, a method includes receiving a first wireless signal transmitted
through a first channel that uses a first plurality of subcarriers. The method also includes
receiving a second wireless signal transmitted through a second channel that uses a second
plurality of subcarriers. The first and second channels have different center frequencies. The
method also includes determining a condition in a venue based on first channel state
information derived from the first wireless signal and second channel state information
derived from the second wireless signal. The determining includes comparing at least one of
(i) a combination of the first channel state information and the second channel state
information, or (ii) first information derived from the combination of the first channel state
information and the second channel state information, with stored records that include
information derived from wireless signals previously transmitted through the first and second

channels.
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[0059] Implementations of the method may include one or more of the following
features. The condition can include at least one of a location of a device that receives the first
and second wireless signals, a configuration of an object in the venue, or a characteristic of a
person in the venue. The venue can include a room or a building in which the device is
located. The condition in the venue can include a configuration of at least one of a door or a
window. The condition in the venue can include at least one of (i) a closed state of the door,
(i1) an open state of the door, (iii) a closed state of the window, or (iv) an open state of the
window. The condition in the venue can include a presence of a particular person at a
particular location in the venue. Determining the condition in the venue can include
determining at least one of (i) whether a door in the venue is open or closed, (i1) whether a
window in the venue is open or closed, or (iii) whether an object has moved relative to a
position at an earlier time. Determining the condition in the venue can include identifying a
particular person selected from a predetermined group of people. The first and second
wireless signals can be transmitted according to IEEE 802.11 standard. The IEEE 802.11
standard can include at least one of IEEE 802.11a, IEEE 802.11b, IEEE 802.11g, IEEE
802.11n, IEEE 802.11ac, or IEEE 802.11ad standard. The first and second channels can be
separated by at least one guard band. The first channel state information can include an
amplitude and a phase of a channel response. Each of the stored records can include
concatenated channel state information derived from a wireless signal previously transmitted
through the first channel and channel state information derived from another wireless signal
previously transmitted through the second channel. Each of the stored records can include
information derived from channel state information derived from a wireless signal previously
transmitted through the first channel and channel state information derived from another
wireless signal previously transmitted through the second channel. Each of the stored records
can include information derived from channel state information derived from wireless signals
previously transmitted through the first and second channels from a device at a particular
location in the venue, and at least some of the stored records are associated with different
locations of the venue. A match between the combination of the first channel state
information and the second channel state information, or first information derived from the
combination of the first channel state information and the second channel state information,

with information in one of the stored records can indicate that a device that receives the first
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and second wireless signals is at the location associated with the matched record. A first
device can determine the first and second channel state information and send the first and
second channel state information to a second device, and the second device can determine the
condition in the venue based on the first and second channel state information. A device that
determines the first and second channel state information can also determine the condition in
the venue. The first and second channels can occupy different frequency bands that do not
overlap. Each of the first and second channels can have a bandwidth of less than 60 MHz,
and a sum of the bandwidths of the first and second channels can be larger than 60 MHz. The
first and second channels can have frequency bands that overlap, each of the first and second
channels can have a bandwidth less than 60 MHz, and the first and second channels in
combination can span more than 60 MHz. The stored records can include entries in at least

one of a table or a database.

[0060] In another aspect, a method includes determining a condition of at least one of a
door or a window based on first channel state information derived from a first wireless signal
transmitted through a first channel and second channel state information derived from a
second wireless signal transmitted through a second channel. The first channel uses a first
plurality of subcarriers, the second channel uses a second plurality of subcarriers, the first
and second channels have different center frequencies, and the first and second channels span
more than 60 MHz. The determining includes comparing the first channel state information
and the second channel state information, or information derived from the first channel state
information and the second channel state information, with stored records having information
derived from wireless signals previously transmitted through the first and second channels.

The method also includes generating an output based on the comparison.

[0061] Implementations of the method may include one or more of the following
features. The method can include determining that at least one of the door or window has
moved. A first one of the stored records can have information associated with a condition in
which the door or window is closed, and a second one of the stored records can have
information associated with a condition in which the door or window is open by a
predetermined amount. The first wireless signal can be a wireless packet that is transmitted

through the first channel according to IEEE 802.11 standard.
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[0062] Other aspects include other combinations of the features recited above and other

features, expressed as methods, apparatus, systems, program products, and in other ways.

[0063] Unless otherwise defined, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art to which this
invention belongs. In case of conflict with patent applications incorporated herein by

reference, the present specification, including definitions, will control.

DESCRIPTION OF DRAWINGS

[0064] FIG. 1A shows an exemplary embodiment of a wireless system that includes two
transceivers.
[0065] FIG. 1B shows a representation of a wireless signal being transmitted through a

wideband channel.

[0066] FIG. 1C shows a view of operational principles of an exemplary time-reversal

communication system.

[0067] FIG. 2A-C show exemplary embodiments of a positioning system.

[0068] FIG. 3 shows exemplary scattering elements placed around an antenna.
[0069] FIG. 4 shows an exemplary embodiment of a positioning system.
[0070] FIG. 5 shows a representation of locations related to an exemplary mapping

training phase.
[0071] FIG. 6 shows an implementation of a time-reversal indoor positioning system.

[0072] FIG. 7 shows a graph that illustrates exemplary results of convolving an

exemplary time-reverse channel response with an exemplary reference channel response.

[0073] FIGS. 8A and 8B are exemplary floor plans of an office environment.
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[0074] FIG. 9A is a graph showing the amplitude and phase of an exemplary forward

channel.

[0075] FIG. 9B is a graph showing the amplitude and phase of an exemplary backward

channel.

[0076] FIG. 10 is a graph showing cross-correlation between the channel impulse

response of the forward channel and that of the backward channel.

[0077] FIG. 11 is a graph showing the time-reversal resonating strength between

exemplary forward and backward channel measurements.

[0078] FIG. 12 is a graph showing the time-reversal resonating strength between any
two channel impulse responses from exemplary channel impulse responses measured at

different short-term time periods.

[0079] FIG. 13 is a graph showing the time-reversal resonating strength between any
two channel impulse responses from exemplary channel impulse responses measured at

different long-term time periods.

[0080] FIG. 14 is a graph showing the time-reversal resonating strength among channel

responses collected under a dynamic environment.
[0081] FIG. 15 is a graph showing exemplary focusing gain at various grid points.
[0082] FIG. 16 shows virtual spatial focusing effect evaluated using 1 cm grid spacing.

[0083] FIGS. 17A-D show exemplary wireless communication links between one or

more transmit antennas and one or more wireless receiver antennas.

[0084] FIG. 18A shows a block diagram of an exemplary WiFi system capable of

determining device location.

[0085] FIG. 18B shows an exemplary non-overlapping channel tuning scheme and an

exemplary overlapping channel tuning scheme.
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[0086] FIGS. 19-25 show calculated resonating strengths between a stored channel

response and a newly measured channel response at various locations.

[0087] FIG. 26 shows an exemplary positioning system that includes two general

purpose computers.
[0088] FIG. 27 shows a flow diagram that illustrates a training phase methodology.
[0089] FIG. 28 shows a flow diagram that illustrates a localization phase methodology.

[0090] FIGS. 29-40 show confusion matrices that represent resonating strengths

according to various embodiments of the positioning system of FIG. 26.

[0091] FIGS. 41-52 show receiver operating characteristic (ROC) curves that illustrate

the performance of various embodiments of the positioning system of FIG. 26.

[0092] FIG. 53 shows an exemplary multi-user positioning system that includes a

locator and multiple terminal devices.

[0093] FIG. 54 shows example gestures that may be recognized by a positioning

System.

[0094] FIGS. 55-57 show examples of channel probe signals and representations of the

channel probe signals after they have been filtered by a root-raise-cosine filter.

[0095] FIGS. 58-60 show examples of location specific signatures at various locations

and various signal bandwidths.
[0096] FIG. 61 shows an example of a channel probing signal.

[0097] FIG. 62 shows an example of a representation of a technique for modulating at

least a portion of the channel probe signal of FIG. 61.

[0098] FIG. 63 shows an example of portions of a training sequence of the channel

probing signal of FIG. 61.
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[0099] FIG. 64 shows an example of a representation of a technique for determining a

synchronization index.

[00100] FIG. 65 shows an example of a representation of a technique for confirming a

synchronization.
[00101] FIG. 66 shows a representation of a Toeplitz matrix.
[00102] FIG. 67 shows an example of a synchronization mismatch histogram.

[00103] FIG. 68 shows an example of an autocorrelation function of a pseudo random

code.

[00104] FIGS. 69-71 show examples of estimated channel responses determined using a

least square based method.

[00105] FIG. 72 is a graph showing a waveform for real and imaginary parts of actual

and estimated channel responses.

[00106] FIG. 73 is a diagram showing exemplary transmission of signals from two

transmitter antennas to two receiver antennas.

[00107] FIGS. 74, 76, and 78 are graphs showing results of performing K-means
clustering on CSI ensembles of a link between a transmitting antenna and a receiving antenna

using various numbers of clusters.

[00108] FIGS. 75, 77, and 79 are graphs showing centroids of the K-means clustering on
the link of FIGS. 74, 76, and 78.

[00109] Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION

[00110] This invention relates to wireless systems, devices, and methods that may take
advantage of location-specific wireless signatures to improve communication, positioning,

recognition, and security systems, to name a few. The technology takes advantage of rich
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multipaths in wireless signal propagation and may also take advantage of the physics of
reciprocal responses that resonate with the environment to focus signal energy to specific
positions. The technologies and techniques described herein may improve the resolution of
indoor positioning systems, provide detection of any physical changes within a given
environment and can be used to monitor the discrete movement of physical objects within
space with spatial resolutions of 5 cm or less. In addition, the technology can support
multiple connected devices within a wireless network to communicate at full or nearly full
data rates with physical security with little impact from other devices or other wireless
networks present within the same physical spectrum. The technology can also be used for

event/object recognition via radio, e.g. computer vision without seeing.

[00111] Location specific signatures may be generated when a wireless signal launched by
an antenna is scattered and/or reflected and/or diffused by the physical environment through
which it travels. Multipath propagation may occur when portions of the launched signal are
scattered away from the line-of-sight propagation path. These scattered components of the
signal may eventually make their way to a given receiver antenna and/or back to the
transmitting antenna but may arrive at different times and with varying amplitudes. In
traditional wireless networks, such signal reflections, diffractions, echoes, or “multipaths”
may be viewed as a problem because if left uncorrected, they may reduce the range and
reliability of a communication link. In this disclosure, we describe systems, technologies
and techniques that may take advantage of multipath wireless signal propagation and that
may be used in communication, indoor positioning and/or tracking, recognition, and security

system applications, to name a few.

[00112] In this disclosure, the term “user” may refer to a device and/or an antenna. For
example, in a system that has multiple devices communicating with a base station, the term
“multi-user uplink” may refer to the uplink from multiple devices or from a device with
multiple antennas, the term “multi-user downlink” may refer to the downlink to multiple
devices or to a device with multiple antennas, and the term “inter-user interference” may

refer to the interference among various devices.

[00113] In this disclosure, wireless signals may propagate between two devices and they

may propagate away from one device and then back to it after being reflected and/or
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scattered. In some embodiments, a device may also be referred to as a base station, an access
point, a locator, a transmitter, a receiver, a transceiver, a source, a router, a time reversal
machine, an origin, a computer, a node, a gateway, a bridge, an antenna, and the like. In
some embodiments, a device may also be referred to as a user, a terminal device, a mobile
device, a phone, a computer, a tablet, a wearable electronic device such as a watch, a band, a
wristband, an ankle band, a belt, a sensor, a piece of clothing and the like, an electronic card,
fob, dongle, and the like, a “pinger”, a bot, an antenna, and the like. In some embodiments
that include more than one device and/or more than one antenna, the described roles of one
device may be exchanged with the described roles of another device. In embodiments
described as having two devices, or an access point and a terminal device, or similar
descriptions, it should be understood that those embodiments may also include more than two
devices. For example, embodiments described as having an access point and a device may
have multiple devices and/or may have multiple access points. Likewise, embodiments may
have multiple base stations, locators, routers, transceivers, sources, transmitters, receivers,
mobile devices, phones, tablets, computers, wearable electronic components, cards, fobs,

dongles, pingers, devices, antennas, time reversal machines, origins, bots, and the like.

Location Specific Signatures

[00114] FIG. 1A shows an exemplary embodiment of a wireless system comprising two
transceivers. In this embodiment, transceiver A 108, comprising an antenna, launches a
wireless signal 104 that propagates through a wireless channel 110 and arrives at transceiver
B 106, comprising an antenna, as a multipath wireless signal 102. In exemplary
embodiments, at least one antenna may launch at least one wireless signal into a channel and
at least one antenna may receive a signal from the wireless channel. In embodiments, the
transmitting and receiving antennas may be placed apart from each other, and in some
embodiments, they may be co-located. For example, a device, computer, mobile device,
access point and the like may comprise more than one antenna and the antennas may be
operated as either or both transmit and receive antennas. In some embodiments, the at least
one antenna may be a single antenna that may be used to both launch wireless signals into a
channel and to receive multipath signals from the channel. In embodiments, antennas may

transmit and receive signals in different time slots, in different frequency bands, in different
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directions, and/or in different polarizations or they may transmit and receive signals at the
same or similar times, in the same or similar frequency bands, in the same or similar
directions and/or in the same or similar polarizations. In some embodiments, antennas and/or
devices comprising antennas may adjust the timing, carrier frequency, direction and/or

polarization of signal transmissions and signal receptions.

[00115] Throughout this disclosure, where systems, techniques and/or methods are
described as using a transmit antenna and a receive antenna, it should be understood that in
some embodiments, the transmit antenna and receive antenna may be physically the same
antenna or may be antennas that are physically very close together. In some embodiments,
the transmit antenna and receive antenna may be apart from each other. In embodiments,
transmit and receive antennas may be approximately 1 mm apart, 5 mm apart, 1 cm apart, 5
cm apart, 10 cm apart, 50 cm apart, 1 meter apart, 5 m apart, 10 meters apart, 50 meters apart
or 100 meters apart. In embodiments, antennas may be between 1 mm and 100 m apart. In
embodiments, antennas may be more than 100 m apart. In embodiments, conducting planes
may be used to provide some isolation between transmit and receive antennas and/or to shape

radiation patterns.

[00116] Antennas in exemplary embodiments may be any type of electrical device that
converts electric power or electric signals into radio waves, microwaves, microwave signals,
or radio signals, and vice versa. By way of example but not limitation, the at least one
antenna may be configured as a directional antenna or an omni-directional antenna. The at
least one antenna may be some type of monopole antenna, dipole antenna, quadrapole
antenna and the like. The at least one antenna may be some type of loop antenna and/or may
be formed from a length of wire. The at least one antenna may be a patch antenna, a
parabolic antenna, a horn antenna, a Yagi antenna, a folded dipole antenna, a multi-band
antenna, a shortwave antenna, a microwave antenna, a coaxial antenna, a metamaterial
antenna, a satellite antenna, a diclectric resonator antenna, a fractal antenna, a helical
antenna, an isotropic radiator, a J-pole antenna, a slot antenna, a microstrip antenna, a
conformal antenna, a dish antenna, a television antenna, a radio antenna, a random wire
antenna, a scctor antenna, a cellular antenna, a smart antenna, an umbrella antenna and the

like. The at least one antenna may also be part of an antenna array such as a linear array
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antenna, a phased array antenna, a reflective array antenna, a directional array antenna, and
the like. The at least one antenna may be a narrowband antenna or a broadband antenna, a
high gain antenna or a low gain antenna, an adjustable or tunable antenna or a fixed antenna.
Any type of antenna may be configured for use in the systems, methods and techniques
described herein. In embodiments, the radiation pattern associated with an exemplary
antenna may be tunable and may be tuned to improve the performance of the exemplary

systems, methods and techniques described herein.

[00117] In embodiments, electrical signals may be applied to one or more antennas for
wireless transmission and may be received from one or more antennas for processing. In
embodiments, wireless signals may be radio waves or microwaves. In embodiments,
wireless signals may have carrier frequencies anywhere in the range from kilohertz to
terahertz. In embodiments, antennas may comprise at least one of a filter, amplifier, switch,
monitor port, impedance matching network, and the like. In embodiments, electrical signals
may be generated using analog and/or digital circuitry and may be used to drive at least one
antenna. In embodiments, electrical signals received from at least one antenna may be
processed using analog and/or digital circuitry. In exemplary embodiments of the inventions
disclosed herein, electrical signals may be sampled, digitized, stored, compared, correlated,
time reversed, amplified, attenuated, adjusted, compensated, integrated, processed and the

like.

[00118] In this disclosure, the signal launched by a transmit antenna for the purpose of
probing characteristics of the channel may sometimes be referred to as a probe signal or a
channel probe signal or a channel probe waveform. FIG. 1B shows a representation of a
wireless signal 104 being transmitted from a first device 108 to a second device 106 through
a wideband channel 110. The channel probe signal 104 may traverse a wideband wireless
channel 110 and arrive at a second device 106, in this example device 106, as what we may
also refer to as a received probe waveform 102. This received probe waveform 102 may be
received and processed by a receiver comprising at least one antenna and a set of receiver
electronics. In exemplary embodiments, the processing of the received probe waveform 102
may yield an estimated channel response for the wideband channel between devices 108 and

106. In embodiments, probe and received signals may be analog signals that are converted to
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digital signals (and may be digital signals that are converted to analog signals) and may be
processed and/or generated using digital signal processors (DSPs), field programmable gate
arrays (FPGAs), Advanced RISC Machine (ARM) processors, microprocessors, computers,
application specific integrated circuits (ASICs) and the like.

[00119] In the time domain, the channel impulse response of a communication link can be

modeled as

L-1
halk] = ) hyy 8l =11,
=0

(Equ. 1)

where h;[k] is the k-th tap of the CIR with length Z, and & ] is the Dirac delta function. Note
that the time domain representation of the channel response, %, and the frequency domain
representation of the channel response, H, are related by the Fourier Transform. This duality
is illustrated symbolically in FIG. 1C, and will be discussed later in this disclosure. In
embodiments where a channel response is determined between two separate antennas i and j,
the channel response function notation may include either or both indices as a subscript. For
example, if a single access point is receiving signals from multiple devices, 7, the channel
response may be indicated as 4 (or H; in the frequency domain). If multiple access points, J,
are receiving signals from multiple devices, 7, the channel response may be indicated as 4;
(or Hj in the frequency domain). In embodiments where a single antenna is both transmitting
a probe signal and receiving a probe signal waveform, the indices i and j may represent time

slots, frequencies, polarizations and the like.

[00120] In exemplary embodiments, the received probe waveform may be predicted by
convolving the channel probe signal with the channel impulse response, if the channel
impulse response is known. The channel impulse response or estimated channel response
may be an approximation or an estimate of the actual channel impulse response. For
example, the estimated channel response may be truncated to a certain channel length that is
deemed to be an “accurate-enough” estimate of the channel or that is chosen to preferentially
probe certain characteristics of the channel. In addition, the estimated channel response may

be derived from a discretized approximation of a received probe waveform with the time and
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amplitude resolution of the discretized signal determined to be “accurate enough” for a
particular application. The estimated channel response may be a filtered version of the actual
channel response and may be an accurate-enough estimate of the channel. The determination
of what is “accurate-enough” may depend on the application, the hardware components used
in the wireless devices, the processing power of the devices, the allowed power consumption

of the devices, the desired accuracy of the system performance, and the like.

[00121] If the probe signal transmitted by a device is a single pulse or impulse signal, then
the received probe waveform may be an accurate enough estimate of the channel impulse
response and little additional processing other than reception, discretization and storage of
the received probe waveform may be necessary to obtain the estimated channel response. If
the probe signal transmitted by a device is a waveform other than a single pulse or impulse
signal, then a receiver may need to perform additional processing on the received probe
waveform in order to determine the estimated channel response. In an exemplary
embodiment, a receiver may detect and discretize a received probe waveform. Analog-to-
digital (A/D) converters may be used to perform the discretization. In embodiments, a
deconvolution process may use the discretized received probe waveform and a representation
of the channel probe signal to yield the estimated channel response. In embodiments, other
mathematical functions may be used to yield estimated channel responses. Channel impulse
responses (CIRs) may also be referred to in this document as channel responses (CRs), CR
signals, CIR signals, channel probe signal responses, and estimated channel responses.
Channel responses may be measured and/or computed and/or may be generated by a
combination of measurement and computation. In this disclosure we may also refer to

channel responses and received probe waveforms as location-specific signatures.

[00122] In embodiments, different channel probe signals may be chosen to increase or
decrease the accuracy of the estimate of the channel response of a wideband channel. In
exemplary embodiments, a channel probe signal may be a pulse or an impulse. In addition,
the channel probe signal may be a series of pulses with regular, arbitrary or non-regular
patterns. The channel probe signal may be a waveform. Waveforms may be substantially
square waveforms, raised cosine waveforms, Gaussian waveforms, Lorentzian waveforms, or

waveforms with shapes that have been designed to probe the channel in some optimal or
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desired way. For example, channel probe waveforms may be frequency chirped or may have
frequency spectra that are tailored to probe the channel in some optimal or desired way.
Probe waveforms may be multiple waveforms with different center frequencies and
bandwidths. Probe waveforms may be amplitude modulated, phase modulated, frequency
modulated, pulse position modulated, polarization modulated, or modulated in any

combination of amplitude, phase, frequency, pulse position and polarization.

[00123] The waveform may have a temporal width that is substantially equal to a bit
duration of a data stream that may be intended to be exchanged over the associated
communication channel. The waveform may have a temporal width that is substantially half,
substantially one quarter, substantially one tenth, substantially one hundredth, or less than a
bit duration of a data stream intended to be exchanged over the associated communication
channel. The probe signal/waveform may be a data pattern and may be a repeating data
pattern. The probe signal may include packet and/or framing information, synchronization
and/or clock recovery information, stream capture information, device ID and network and
link layer operating information. The probe signal may have a frequency spectrum that has
been tailored for the operating environment and/or the electronic components in the
transmitters and/or receivers of the systems. The probe signal may be an estimate of the
channel impulse response or may be an altered version of the estimate of the channel impulse
response. For example, the probe signal may be a time-reversed version of the estimated
channel response. The probe signal may be designed to compensate for and/or to accentuate
signal distortions imposed by certain electronic components in the transmitters and/or

receivers and/or imposed by certain environmental factors.

[00124] One exemplary type of a channel probing signal is a periodic pulse sequence.
With such a channel probing signal, the received probe waveform may be a noisy version of
the periodic channel pulse response. In embodiments, a time-averaging scheme can be used

to suppress the noise and extract the channel response.

[00125] In some embodiments, a time-averaging scheme may not provide a reliable
measure of the channel response. To improve the channel response estimation, a longer
sequence of pulses can be used to suppress the noise. To further improve the performance of

the system, a short pseudo-random sequence of pulses can be used as the channel probing
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signal. In such a case, the received probe waveform can be the convolution of the pseudo-

random sequence with the channel response.

[00126] In embodiments, the pseudo-random sequence used as the probing signal may be
known by a receiver. Then the channel response can be estimated using a correlation-based
method where the received signal is convolved with the pseudo-random sequence. In general,
the auto-correlation of the pseudo-random sequence may not be an ideal delta function
because there can be inter-symbol interference and thus error in the estimated channel
response. In embodiments, such kinds of channel estimation error due to inter-symbol
interference may be minimized or avoided by using orthogonal Golay complementary
sequences, which may have an ideal delta shape for auto-correlation function, rather than a

pseudo-random sequence.

[00127] In embodiments, a wireless device may transmit a first wireless signal with a
center frequency of f7 GHz. In embodiments, the first wireless signal may be a channel probe
signal, a pulse signal, a frame signal, a pseudorandom noise (PN) sequence, a preamble
signal, and the like. In embodiments, the bandwidth of the wireless signal may be
approximately 10 MHz, 20 MHz, 40 MHz, 60 MHz, 125 MHz, 250 MHz, 500 MHz, 1 GHz
and the like. In embodiments, a wireless device may send a second wireless signal with a
center frequency of f> GHz. In embodiments, the second wireless signal may be a channel
probe signal, a pulse signal, a frame signal, a PN sequence, a preamble signal, and the like.
In embodiments, the bandwidth of the wireless signal may be approximately 10 MHz, 20
MHz, 40 MHz, 60 MHz, 125 MHz, 250 MHz, 500 MHz, 1 GHz and the like. In
embodiments, the frequency spectrum of the first wireless signal and the second wireless
signal may include overlapping frequencies. In some embodiments, there may be no
overlapping frequencies between the two wireless signals. In some embodiments, the
frequency spectra of the different wireless signals may be separated by so-called guard-bands
or guard-band frequencies. The channel response for the channel probed using the first
wireless signal (for example at frequency f7) may be represented as Hji(f1). The channel
response for the channel probed using the second wireless signal (for example at probe

frequency f2) may be represented as Hyi(f2). In embodiments, more than two probe frequency
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signals may be used to probe the channel. The more than two probe frequency signals may

have some overlapping frequencies or they may have no overlapping frequencies.

[00128] In embodiments, a wireless device may use channel tuning and/or frequency
hopping to tune to different wireless signal carrier frequencies to probe a wireless channel.

In some embodiments, a wireless device may tune to different channels within a specified
frequency band to probe the wireless channel. For example, a wireless device may first tune
to one channel within the WiFi, (IEEE 802.11) signaling bandwidth and then to another
channel within the wireless band. The frequency tuning may be from one channel to the next
in a sequential fashion, but it may also hop from one channel to another in a random fashion
anywhere within the WiFi band. In embodiments, the different channels may have different
channel bandwidths. In embodiments, any wireless protocol may be used to generate probe

signals and/or to analyze channel information in the received signal.

[00129] In embodiments, multiple channel probe signals may be used to probe a channel.
In some implementations, the same probe signal may be sent multiple times and the received
probe waveforms may be averaged and/or compared. For example, a probe signal may be
sent twice, 5 times, 10 times, 30 times, 50 times, 100 times, 500 times or 1000 times. In
embodiments, a probe signal may be sent once or may be sent any number of times between
2 and 1000 times. In embodiments, a probe signal may be sent more than 1000 times. For
example, in some monitoring and security applications, probe signals may be sent
continuously. For example, probe signals at 1 probe signal per second, 10 probe signals per
second, 100 probe signals per second, and the like may be sent continuously to monitor and
probe a space. The rate at which probe signals are continually sent may be determined by the

speed at which changes to an environment should be detected.

[00130] In embodiments, only some of the received probe waveforms may be used for
further processing. For example, some received probe waveforms and/or the estimated
channel responses may be discarded or trimmed. The discarded and/or trimmed waveforms
and or responses may be sufficiently different from other received waveforms and/or
estimated responses that they may be deemed as outliers and not accurate-enough
representations of the channel. In some embodiments, different probe signals may be sent at

different times and/or in response to feedback from the receiver. For example, a probe signal
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at the transmitter may be tuned to improve the received probe waveforms, the estimated
channel responses and/or the similarity of the received probe waveforms and/or the estimated
channel responses. In embodiments, a transmitter may send at least two different probe
signals and a receiver may estimate channel responses based on either one, some or all of the
at least two different received probe waveforms. In embodiments, probe signals may be
versions of previously measured and/or calculated channel responses and/or time reversed

versions of the measured and/or calculated channel responses.

[00131] As will be discussed in more detail later in this disclosure, similarity or matching
or correlation of waveforms, signatures and/or responses may be determined using virtual
time reversal processing techniques, time-reversal resonating strengths, pattern recognition
and/or matching, linear and/or nonlinear support vector machines and/or support vector
networks, machine learning, data mining, classification, statistical classification, tagging,

kernel tricks (e.g., kernel methods that apply kernel functions) and the like.

[00132] In embodiments, processing a received probe waveform may include amplifying
or attenuating any portion of the received signal. In embodiments, a channel may be probed
once or a channel may be probed more than once. In embodiments, multiple received probe
waveforms may be measured, processed, recorded and the like. In embodiments, some
channel responses may be averaged with others. In embodiments, some channel responses
may be discarded or not recorded. In embodiments, some channel responses may be
measured under different environmental conditions and stored. Such stored response signals
may be used as reference signals to indicate the environmental conditions associated with the
original measurements. In embodiments, a newly measured channel response may be
compared to a number of previously stored channel responses to determine which previously
stored channel response most closely matches the newly measured channel response. Then,
the environmental parameters of the most closely correlated or most closely matched
previously stored channel response may be associated with the newly measured channel
response. In exemplary embodiments, environmental conditions may include, but may not
be limited to, temperature, location or placement of objects, location or placement of people,

pose of objects, pose of people, location and/or pose of access points, terminal devices,
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position and/or pose of sensors, position and/or pose of signal reflectors, position and/or pose

of signal scatterers, position and/or pose of signal attenuators, and the like.

[00133] In an exemplary embodiment, the estimated channel response may be considered
a location-specific waveform and/or signature because it represents the channel response
between two devices at certain positions or between a device and the objects and/or
structures in a venue or in a certain environment. As shown in FIG. 1B, if cither a first
device, in this example device 108, or a second device, in this example, 106, is moved, then
at least some of the multiple propagation paths through which a signal propagates can
change, thereby changing the channel response. If a single antenna is used for both
transmitting and receiving signals, then objects and/or structures that are moved in a venue of
environment may change the multiple propagation paths through which a signal propagates,
thereby changing the channel response. The characteristics of the estimated channel
waveform and how much they change as a function of position and/or orientation may
depend on the venue, the environment, and the hardware components in the system, and the

like.

[00134] FIG. 2A shows an exemplary embodiment of a positioning system in which a first
wireless device 208 may receive a location-specific signature from a second wireless device
210. Location-specific signatures may be generated in environments having structures or
objects that may cause one or more reflections of wireless signals. For example, as shown in
FIG. 2A, a venue 200 may have a first room 202 and a second room 206. When a first
device 208 in the first room 202 transmits a signal to a second device 210 in the second room
206, the signal can propagate in several directions and reach the second device 210 by
traveling through several propagation paths, e.g., 212, 214, and 216. The signal traveling
through multiple propagation paths is referred to as a multipath signal. If the signal being
transmitted by a first device over a wideband channel is used to probe the channel response,
then the signal also may be referred to as a channel probe signal. As the signal travels
through the propagation paths (wideband channel), the signal may become distorted. The
multipath signal received by the second device 210, which may also be referred to as the
received probe waveform, can be quite different from the signal transmitted by the first

device 208. The received probe waveform is a location-specific signature because it is
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specific to the relative positions of a first wireless device and a second wireless device in that

venue or environment.,

[00135] FIG. 2B shows an exemplary embodiment in which a first wireless device antenna
208 may receive a location-specific signature from a second wireless device antenna 210 and
where both antennas share a common housing or device or circuit board, and the like. In the
exemplary embodiment shown in FIG. 2B, a venue 200 may have a first room 202 and a
second room 206. When a first device antenna 208 in the second room 206 transmits a signal
to a second device antenna 210 in the second room 206, the signal can propagate in several
directions and reach the second device antenna 210 by traveling through several propagation
paths, e.g., 222, 224, and 226. The multipath signal received by the second device antenna
210, which may also be referred to as the received probe waveform, can be quite different
from the signal transmitted by the first device antenna 208. The received probe waveform is
a location-specific signature because it is specific to the relative positions of a first wireless

device antenna and a second wireless device antenna in that venue or environment.

[00136] FIG. 2C shows an exemplary embodiment in which a first wireless device antenna
238 may transmit and receive wireless signals. In this embodiment, antenna 238 may
transmit a channel probe signal and may receive a received probe waveform. In
embodiments, the transmit and receive signals may be time multiplexed, frequency
multiplexed, and/or polarization multiplexed. In embodiments, the wireless device antenna
238 may comprise switches that may be used to switch at least a portion of the circuits
coupled to the antenna between transmitter circuit components and receiver circuit
components. In the exemplary embodiment shown in FIG. 2C, a venue 200 may have a first
room 202 and a second room 206. When the device antenna 238 in the second room 206
transmits a signal, the signal can propagate in several directions and reach the device antenna
238 by traveling through several propagation paths, e.g., 232, 234, and 236. The multipath
signal received by the device antenna 238, which may also be referred to as the received
probe waveform, can be quite different from the signal transmitted by the device antenna
238. The received probe waveform is a location-specific signature because it is specific to

the position of the wireless device antenna in that venue or environment.
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[00137] In an exemplary embodiment, the position accuracy of a system can be improved
by placing one or more scattering elements 302 around a transmitter antenna 304 of a
terminal device 300, as shown in FIG. 3. By using the scattering elements 302, the
localization accuracy of the positioning system can be improved to about 1/30 of the carrier
signal wavelength (e.g., which is about 2 mm when the positioning system is operated at

5GHz frequency).

[00138] For example, a feature of the exemplary positioning system of FIG. 2A is that the
devices 208, 210, may use a wider bandwidth compared to conventional radio-frequency
based wireless systems, such as those based on Wi-Fi, Bluetooth, or cellular signals. When
using a wider bandwidth, the fine structure of the measured channel responses can be more
clearly distinguished, causing the correlation or degree of similarity between channel
responses at different locations to decrease. As a result, the localization accuracy of location-
specific signatures may improve as the bandwidth becomes wider. For applications that
require less localization accuracy, a location-specific signature may be determined using
narrower bandwidth signals and/or may provide filters or signal smoothing components in
the received signal path to increase the correlation of the channel responses at different
locations. For applications that require more localization accuracy, a location-specific
signature may be determined using wider bandwidth signals and/or higher bandwidth and/or

higher resolution analog-to-digital and digital-to-analog converters.

Positioning Systems

[00139] This document discloses positioning systems that can achieve meter-level as well
as centimeter-level or millimeter-level (or better) position accuracy by using wireless channel
response information. Channel responses, also referred to as channel impulse responses
(CIRs) and estimated channel responses can be location-specific signatures that characterize
a wireless channel between, and therefore the relative position of, two devices or a single
device and its environment. Channel responses may be measured and/or computed and/or

may be generated by a combination of measurement and computation.

[00140] In an exemplary embodiment of a wireless positioning system, a first device may
be referred to as a base station, or an access point, or a locator, and may receive probe
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waveforms from a second device transmitting channel probe signals. The locator may be
able to process a received probe waveform to generate a channel estimate for the channel
between the locator and the device as it is positioned. The locator may also have access to a
list or a database of previously determined channel responses with corresponding location
information or the locator may have access to a tool that can generate predicted channel
responses for devices at various locations relative to the locator. The locator may compare a
channel estimate from the received probe waveform of the as-positioned device to stored
and/or generated channel estimates and may associate a location with the as-positioned
device if its estimated channel response is close enough to a stored and/or generated channel

reésponsc.

[00141] In some implementations, a database of channel responses may be established,
with each channel response being associated with one of a plurality of positions in a venue.
The database of channel responses may be established by any or all or of a combination of a
measurement, an estimation, a simulation, a calculation, a prediction, and the like. In an
exemplary measurement technique, a device may be placed at various positions in a venue,
and at each position, the coordinates of the device may be determined using a reference
position measurement system, such as a laser interferometer position measurement system or
by a user or device identifying its position on a 2D/3D visualization of the space. At each
position, the device may send a probe signal, or multiple probe signals, that is/are received
and/or detected by a locator. The locator may determine the channel responses based on the
received probe waveforms, and may store the coordinates and the corresponding channel
responses in a database. Due to reflections from, ¢.g., floor, ceiling, walls, and objects in the
venue, the probe signals may propagate through multiple paths (multipaths) to the locator.
When the device is at different locations in the venue, the probe signals transmitted from the
terminal device to the locator may propagate through different multipaths, resulting in
different channel responses received or detected at the locator. Thus, the information stored
in the database may represent a mapping between the detected channel responses and
corresponding coordinates in the venue. Later, when a device is placed at a position in the
venue, the device may send another probe signal or set of probe signals to the locator. The
locator may determine the channel response based on the received probe waveform or

waveforms, and may look through the database to identify the positional coordinates that
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correspond to the most closely matching channel response. The positioning system may be
especially useful in indoor environments where signals are subject to multiple reflections.
The positioning system may also be especially useful in outdoor environments where tall
buildings or various structures or other things may reflect and/or scatter electromagnetic

signals creating multipath signals at a locator.

[00142] In embodiments, a database of channel responses may be stored locally and/or
remotely. For example, an installed access point may comprise a database of channel
response information that is associated with the area or venue in which the access point is
installed. In another example, an installed access point may communicate to a remote node
in a network that may comprise a database of stored channel response functions. In
embodiments, the processing performed to determine the location of a device may be
performed locally, at or near a locator or the processing may be performed on a remote
resource. In embodiments, storing and processing resources may be included in a single
device, and/or may be co-located, and/or may be distributed throughout a network. In
embodiments, a database of channel resources may be accessible on the Internet or World-
Wide-Web. In embodiments, channel response information may be stored on multiple
servers and/or in multiple locations. In embodiments, information related to devices and
their locations may be collected and/or processed and/or stored and/or made accessible to
multiple users at multiple locations. In embodiments, a database of channel responses may
be used to provide mapping and indoor location information. In embodiments, such a
database could provide mapping functionality indoors. For example, a user may run an
application on their device, or may access a remote server that sends indoor mapping
information to the user. The user may be able to change the resolution of the mapping
information, change the views of the mapping information, “zoom in” and “zoom out” of the
mapping information using channel response information derived locally and/or from a

network resource.

[00143] There are multiple exemplary techniques that a locator may use to “look through”
a database and “identify” a correspondence between stored and recently determined channel
responses. These techniques may include, but are not limited to, processing the stored and/or

received data, comparing processed data to thresholds, identifying data that meet certain
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criteria such as having certain thresholds, and the like. Machine learning techniques may be
applied to determine whether or not certain channel responses match, are correlated, are
related, and the like. For example, using channel information as features or extracting
features from the channel information, machine learning techniques such as support vector
machine, decision tree, etc. can be used to learn a classifier for identifying the location.
Processing of stored and/or received data may include but is not limited to sampling data,
collecting data, eliminating data, statistically analyzing the data, performing mathematical
functions such as multiplication, convolution, correlation, matched filtering, integration,
averaging, addition, subtraction, normalization, classification, training, kernel tricks, and the

like, on the data.

[00144] In exemplary embodiments, a locator may measure a location-specific signature
from a device. In exemplary embodiments, the received probe waveform may be predicted
by convolving the channel probe signal with the channel impulse response, if the channel
impulse response is known. In embodiments, wireless positioning systems may use a wider
bandwidth compared to conventional radio-frequency based wireless systems, such as those
based on Wi-Fi, Bluetooth, or cellular signals. When using a wider bandwidth, the fine
structure of the measured channel responses may be more clearly distinguished causing the
correlation among channel responses at different locations to decrease. As a result, the
localization accuracy or resolution may improve as the bandwidth becomes wider. For
applications that require less localization accuracy, a location-specific signature based
positioning system may use narrower bandwidth signals and/or may provide filters or signal
smoothing components in the signal path to increase the correlation of the channel responses
at different locations. For applications that require more localization accuracy, a location-
specific signature based positioning system may use wider bandwidth signals and/or higher
bandwidth and/or higher resolution analog-to-digital and digital-to-analog converters. In
some embodiments, the channel responses may be truncated to tune the location accuracy of

the positioning system.

[00145] During the channel probing phase, the locator may need to obtain channel
information that is sufficiently accurate in order to realize the required positioning accuracy

of the system. In exemplary embodiments, time-reversed versions of the channel response
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may be used to determine device positions. Such embodiments may take advantage of the
focusing effects of time-reversal systems. Devices and methods for obtaining wireless
channel information in a channel probing phase of a data communication system may be
referred to as time reversal handshaking. In embodiments, channel probing is part of the
handshaking process in the data communication system, and information obtained during the
channel probing portion of the handshaking process can be used for, e.g., positioning,
monitoring security, and gesture recognition. Techniques for time-reversal handshaking are
described in U.S. patent application 14/183,648, titled “Handshaking Protocol For Time-
Reversal System,” filed on February 19, 2014, the contents of which are incorporated herein

by reference in their entirety and described below with respect to FIGS. 61-73.

[00146] In embodiments, a newly measured channel response may be compared to a
number of previously stored channel response measurements to determine which previously
stored channel response measurement most closely matches the newly measured channel
response. For example, the change of position of a device may be determined by comparing
positions of a device at different times. For example, a device could be mounted on doors or
windows of a house and determining a change in position (or a change in estimated channel
response) may be used to indicate that a door or window has been opened. Such a system
could be used for intruder detection or home monitoring applications. In embodiments, a
device mounted on the shirt pocket or wrist of a senior citizen may be used to detect if the
senior citizen has fallen to the ground. A device may be attached to a product in a warchouse
and used to detect the type and location of the product and update inventory in real-time. A
device may be held and/or carried by a person walking around in a shopping mall and used
for targeted advertising or store navigation. In embodiments, a device may be held or carried

by a visitor and used for guided tours and/or to provide indoor navigation instructions.

Generating Reference Location-Specific Signatures with Known Locations

[00147] In exemplary embodiments, reference location-specific signatures for known
locations may be compared against recently measured location-specific signatures. If the
comparison indicates that those location specific signatures are similar enough to each other,
then a location system may determine that the recently measured device is at the known

position corresponding to the closely matched reference location-specific signature. In
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embodiments, there are a variety of ways to determine reference location-specific signatures

for known locations.

[00148] In one exemplary embodiment, devices in a venue at known locations may send
channel probe signals to a locator and the locator may determine the estimated channel
responses for devices in those locations and store that data in a database. In some
implementations, a mapping between locations in a venue and corresponding reference
channel responses may be established experimentally or by measurement prior to the
operation of the positioning system and then the mapping may be used to determine the
locations of the terminal devices within the venue. In some implementations, a mapping
between locations in a venue and corresponding reference channel responses may be
established by computation and then mapping may be used to determine the locations of the
terminal devices within the venue. In some implementations, a combination of experiments

or measurements and computations are used.

[00149] In some implementations, reference channel responses may be established prior to
the operation of the positioning system or they may be established on-the-fly or at the same
time that the positioning system is operating. In embodiments, pre-established reference
channel responses may be periodically checked for accuracy or validity, for example by
performing some or all of the techniques used to generate the reference channel responses in
the first place and then calculating whether the newly estimated channel responses match the
older stored channel responses. If they do not sufficiently match, then the newer channel
response may replace the older channel response in the database. The determination of
whether or not two or more channel responses match well enough may be user and/or
application and/or system specific. Also, the steps that a system may initiate, such as
replacing channel responses in a database, may also be user and/or application and/or system
specific. In some embodiments, less than all of the reference channel responses may be

checked and/or recalibrated.

[00150] In some embodiments, the reference channel responses may be continually
expanded and/or improved. For example, certain sensors may be placed throughout a venue
at known locations. As users approach the sensors, the users (or the users’ devices) may

trigger the sensor to communicate with the locator and the users’ devices. This may cause the
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users’ devices to send a channel probe signal so that the locator may check the accuracy of
the current reference channel response associated with the sensor position and/or may add it
to an existing database. In an exemplary embodiment, a pressure sensor in a floor may
trigger the positioning system to collect a channel probe signal from a device when a person
is standing in that position. Then, the locator may store the position of the sensor and the
estimated channel response. It is envisioned that many types of sensors may be used in
similar embodiments, for example thermal sensors, light sensors, motion sensors, intrusion
sensors, cameras and the like. In addition, monitoring systems such as security cameras,
NEST® thermostats, and the like may be used as sensors in the positioning systems

described here.

[00151] In embodiments, the hardware components in devices may impact the channel
response between the device and the locator. For example, two devices with different
antennas and receiver electronics may be characterized by different channel responses
between themselves and the locator. In addition to having access to reference channel
responses for known locations, the locator may also have access to reference channels for
known locations and classes of hardware specifications. In embodiments, a device may
communicate with a locator to let it know its hardware configuration so that the locator can
choose the appropriate reference channel responses to use to determine the position of the
device. As described previously, locators may continually, or periodically, or in response to
a trigger event, add to or modify the reference channel responses used to determine device
position. For example, a locator may update the reference channel responses when a new

type of device sends it a probe signal.

[00152] An exemplary embodiment of a positioning system is shown in FIG. 4. In this
embodiment, the system may also be used to build a database of reference location-specific
channel responses before or during its operation as a positioning system. A terminal device
454 may be placed at a first position P1 within a venue 470, which can be, ¢.g., a room, an
office, a hall way, a classroom, a house, a hotel, a building, a barn, a museum, a convention
center, an amusement park, a stadium, a subway station, a train station, an airport, a shopping
mall, an underground terrain, a cruise ship, a tunnel, or a region having several structures or

buildings, and the like. The terminal device 454 may send a channel probe signal to a locator
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452 through multiple propagation paths, such as 472a, 472b, 472¢, 472d (only a few paths
are shown in the figure, but there can be additional paths). The venue 470 may have several
objects (not shown in the figure), such as walls and furniture that can reflect and/or scatter
the probe signal. The locator 452 may receive the multipath signal and determine the channel

response CR1 associated with the position P1.

[00153] A reference position measurement system (not shown in the figure), such as laser
interferometer position measurement system, may determine the coordinates (e.g., (x1, y1,
z1)) of the position P1 relative to a reference point 478. The reference point 478 can be
arbitrarily selected, such as the center of the venue 470, or a corner of the venue 470. A
Cartesian coordinate system can be used, in which the reference point 478 is at the origin
(having coordinates (0, 0, 0)) of the coordinate system, the x-axis, y-axis and z-axis all being
mutually orthogonal. Other coordinate systems, such as polar coordinate systems, spherical
coordinate systems, geographic coordinate systems, and the like, can also be used. The
locator 452 may store the coordinates (x1, y1, z1) of the position P1 and the associated

channel response signal CR1 in a database.

[00154] In an exemplary embodiment, a terminal device 454 may be placed at a second
position P2 within the venue 470 and may send a probe signal to the locator 452 through
multiple propagation paths, such as 474a, 474b. The locator 452 may receive the multipath
signal and determine the channel response CR2 associated with the position P2. The
reference position measurement system may determine the coordinates (x2, y2, z2) of the
position P2 relative to the reference point 478. The locator 452 may store the coordinates (x2,

y2, z2) of the position P2 and the associated channel response CR2 in a database.

[00155] In an exemplary embodiment, a terminal device 454 may be moved to a third
position P3 within the venue 470 and may send a probe signal to the locator 452 through
multiple propagation paths, such as 476a, 476b. The locator 452 may receive the multipath
signal and determine the channel response CR3 associated with the position P3. A reference
position measurement system may determine the coordinates (x3, y3, z3) of the position P3
relative to the reference point 478. The locator 452 may store the coordinates (x3, y3, z3) of

the position P3 and the associated channel response CR3 in a database.
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[00156] In exemplary embodiments, a terminal device 454 may be placed at various
positions in a venue so that a base station 452 can determine the channel responses associated
with the positions. For example, the positions can be selected from an array of grid points,
which can be spaced apart by a distance, such as 1000 wavelengths, 100 wavelengths, 10
wavelengths, one wavelength, one-half of the wavelength, or one-tenth of the wavelength of
the carrier signal of the probe signal. The grid points may be spaced by, ¢.g., 0.1 mm, 0.5
mm, 1 mm, 1 cm, 10 cm, 1 m, 10 m, 100 m, or any amount between, ¢.g., 0.1 mm and 100 m.
The grid points may be spaced more densely at places where higher precision is required, and
spaced more sparsely at places where lower precision is acceptable. In some
implementations, the position resolution may be finer than 0.1 mm or may be coarser than
100 m. For example, outdoor positioning systems, or position identification within large
structures may have some applications that require resolutions of only a few hundred meters.
Precision applications such as identifying surgical materials in a patient or identifying and
probing silicon wafers may require resolutions on the order of a few nanometers. The
technologies and techniques described in this disclosure can be adapted to meet the

requirements for systems requiring from nanometer precision to multi-meter precision.

[00157] The grid points may span a three-dimensional space in the venue 470 so that the
coordinates along X, y, and z axes can be determined. If the positioning system is mainly to
determine the position of devices (e.g., cell phones) held by users walking in the venue 470,
the grid points can be spaced more densely for a range of heights corresponding to the
normal usage of the devices, ¢.g., from 1 foot to 6 feet above the floor. Thus, for example, if
the venue is a convention center with a 20-foot high ceiling, it may not be necessary to
measure the channel impulse responses associated with positions higher than 6 feet above the

floor.

[00158] In embodiments, the placement of the devices during the measurement phase may
be performed by human beings, by robots, by translation stages, by positioning systems
and/or under computer control. For example, structures that allow devices to be placed at
grid points 5 cm apart may be assembled in a venue. A human being or a machine may then
move the devices to various positions on the structure so that measurements can be taken.

For example, the structures may be designed to have a small impact on the channel
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responses. In some embodiments, robots, including known robots such as autonomous
robotic vacuum cleaners, may carry devices used for measurements and may maneuver in a
space so that measurements can be taken at various positions. The robot may move under its
own control or may be remote controlled or computer controlled. The robot may be
equipped with a pole that may hold devices at different distances from the floor so that 3-
dimensional mapping of the venue may be achieved. Any of the techniques described above

may be combined with other techniques or used individually.

[00159] In some implementations, if the positioning system is used to determine the
positions of autonomous vehicles in a factory, and the terminal devices can be mounted on
the vehicles, the grid points can be spaced more densely for a range of heights corresponding
to the heights of the terminal devices mounted on the vehicles. The grid points can be spaced
more densely for a range of x and y coordinates in the plane of motion corresponding to

locations that the vehicles are designed to travel to.

[00160] In some implementations, if the positioning system is used to determine the
positions of acrial vehicles (either manned or unmanned aerial vehicles (e.g., drones)) in a
warchouse, and the terminal devices are mounted on the aerial vehicles, the grid points may
extend over the entire range of heights corresponding to the possible flying heights of the
acrial vehicles. The grid points can be spaced more densely for a range of X, y and z

coordinates corresponding to locations in which the aerial vehicles are designed to travel.

[00161] In some implementations, a mapping between locations in a venue and
corresponding channel responses may be established by computation, and mapping may then
be used to determine the locations of the terminal devices within the venue. For example, a
three-dimensional rendering of a venue may be stored or downloaded to a memory unit
associated with the locator. If such data files are not available a priori, then they may be
constructed by components at the locator. For example, a three dimensional (3D) model of a
venue may be constructed using photos, images, videos, ranging techniques such as laser
ranging, optical coherence tomography and the like, echo location, and/or other imaging
techniques as well as computer vision and graphical techniques, and then importing the 3D
model into a 3D electromagnetic (EM) simulator to generate a database of location-specific

estimated channel responses in the environment. The 3D electromagnetic simulator may be a
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commercially available simulation suite such as COMSOL, ANSYS, MATLAB, NEC, AN-
SOF, EMPro, XF-tdt, Wireless Insite, XGtd, Empire XPU, and the like. The 3D
electromagnetic simulator may be custom developed to run on a locator, a base station, an
access point and the like. The parameters such as reflection coefficients of different objects
in the venue used by the 3D EM simulator to accurately predict the multiple channel paths
between a transmitter and receiver in a venue can be trained and/or calibrated by measuring
channel responses at a few locations and comparing the measured and predicted responses.
In embodiments, parameters such as reflection coefficients of different objects in a venue
may be preloaded and may have multiple values to account for environmental factors such as

temperature, humidity, smog, and the like.

[00162] The information about a mapping between coordinates and channel responses can

be stored in a table, such as Table 1 below.

Table 1
Coordinates Channel responses
(inches)
(0,0,0) CR1
(0.5,0,0) CR2
(1,0,0) CR3
(0,0.5,0) CRn

[00163] After the mapping between coordinates and channel responses is established, the
mapping can be used to determine the position of the terminal device within the venue 470.
For example, the terminal device 454 can be placed at an unknown position in the venue 470,

the terminal device 454 can send a probe signal that is received by the locator 452, and the
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locator 452 can determine the channel response CRx based on the received probe signal. The
locator 452 can then compare the channel response CRx with the pre-stored channel
responses in the table to identify a closest match. In this example, we assume that the pre-
stored channel response CR3 most closely matches the channel response CRx. The locator
452 can determine that the terminal device 454 is at the coordinates (1, 0, 0) associated with

the pre-stored channel response CR3.

[00164] In some embodiments, the locator may determine a value that represents how well
a channel response CRx matches one, some or all of the pre-stored channel responses. If the
closest matching pre-stored channel response is not a close enough match to the channel
response CRx, then the locator may determine that the terminal device is not in the venue or
1S not positioned at a location in the database. The locator may make such a determination by
requiring that a value that determines how well two channel responses match be above a
certain value such as a threshold value. A locator may also make a determination that some
channel responses are not worth keeping or not worth using because the value resulting from
comparison with other channel responses is below a certain value such as a threshold value.
In embodiments, the threshold values may be user settable parameters and/or they may be
values that result from calculations, the outputs of sets of instructions, feedback loops, other

signals in the system and/or the venue and the like.

[00165] The efficacy of using location-specific signatures to determine position can rely
on how well channel stationarity is maintained. Channel stationarity requires the channel
response to be stationary between when the comparison signatures with known locations are
generated and when the channel estimate for a device sending a probe signal to a locator is
determined. In exemplary embodiments, the mapping between locations in a venue and
corresponding channel responses may be updated, re-measured, re-computed, altered,
processed, and the like, to maintain system performance when channel stationarity is not

maintained.

[00166] Note that Table 1 above shows channel responses stored for different positional
coordinates. As described above, the database may also associate channel responses with
terminal device types, environmental parameters, the presence of certain people and/or

objects in an area, measurement and/or calculation parameters such as probe signal
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bandwidth, carrier frequency, pattern, polarization, and the like. In some implementations, a
positioning system may be able to determine and report that a person holding a particular
type of mobile telephone (e.g., an iPhone®) is at position 1, a child holding a particular type
of tablet computer (e.g., an iPad®) is at position 2, and a person holding a different type of
mobile telephone (e.g., a Samsung Galaxy S6®) is at position 3, for example. The previous
example is not meant to be limiting in any way. The number of devices and positions that
may be identified may not be limited or may be limited by the storage size of the database
and/or computational power of the components being used to do the data processing. In
embodiments, the probe signal sent by different devices may comprise some sort of
identification information such as a digital ID that may be able to be separately processed or
derived from the estimated channel response. For example, if the ID is stored in a database
such as exemplified in Table 1, a location system may also be able to determine and report

the particular person and/or device is at a certain location within a venue.

[00167] In embodiments, positioning systems may be used to track movement of devices,
people, vehicles, objects, structures and the like. For example, as a person walks through a
mall, their position may be determined by the probe signals their device(s) send to a locator.
As those positions change, the locator may keep track of the positions the person has been
and may be able to store information related to the person’s path through a mall. In some
implementations (e.g., in a guidance application), a locator could determine that a user’s path
has taken them by a desired location, such as a shop or a set of restrooms, and then the
locator may signal the user to turn around or change their path because they have passed their

desired destination.

[00168] The following describes an exemplary training phase for building a database that
has information on the mapping between position coordinates and channel responses.
Referring to FIG. 5, in some implementations, for each intended location 510, we may obtain
a series of channel responses at a set of locations (e.g., 512a, 512b) nearby the intended
location 510 at different times. Specifically, for each intended location 7, we may collect the

channel impulse response information

Ry ={h; 1 (t = to), hys(t = to), o, Ry (t = to), i (t = t), Ry p(t = t;), o, By (t

=t1), s R (E=ty), hip(E = ty), . by (E = tM)}
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(Equ. 2)

where h; ;(t = t;) represents the estimated channel response information at neighbor ; at
time t; and h; ;(t = t;) represents the estimated channel response information at the intended

location 7 at time t;. The database D of channel impulse responses at various locations can be

established as:

D={h;, i} Eq. 3)

Time-Reversal Classifier

[00169] The following describes an exemplary time-reversal classifier 690 as shown in
FIG. 6. FIG. 6 shows an implementation of a time-reversal indoor positioning system
(TRIPS) 600. In this example, a terminal device 654 periodically transmits channel probing
signals 680 to a base station or an access point (AP) or a locator 682 through a channel 684.
The access point 682 may estimate the channel response (CR) by using a channel estimation
component 686. The estimated channel response 688 may be passed through a time-reversal
classifier 690 to determine if there is a match to the location information stored in a database

692 to determine the location of the terminal device 654.

[00170] After obtaining the estimated channel impulse response information, the user (i.e.,
the terminal device 654) may be localized by matching the estimated channel response
information with the information stored in the database 692 using classification techniques.
Because the dimension of the information for each location in the database 692 is high,
classification based on the raw channel response information may take a long time.
Therefore, it can be useful to pre-process the channel impulse response information to obtain

important features to facilitate the classification.

[00171] As described above, because the waveforms received at the locator 682 undergo
different reflecting paths and delays for terminal devices 654 at different locations, the
channel response can be viewed as a unique location-specific signature. In some
implementations, an advantageous way to compare estimated channel responses from a

device whose position is unknown with reference channel responses associated with known
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positions, is to time-reverse one of the channel responses and then convolve it with the other
channel response. When convolving a time-reverse channel impulse response with a
reference channel impulse response in the database 692, or when convolving a channel
impulse response with a time-reverse reference channel impulse response, the convolution
associated with the channel impulse response at the intended location will produce a large
peak signal that can be used to indicate that the two channel responses are closely matched.
Convolving the time-reverse version of one of the channel impulse responses, or a version of
the channel impulse response related to a time-reverse version, with the comparison channel
response, yields a mathematical function that has a large and tightly distributed peak when
the responses are very similar to each other. The peak may become larger and more tightly
distributed when the compared channel responses are more closely matched. In time-reversal
imaging and communication systems, the peak that results from convolving a time reverse
version of a channel impulse response with the channel itself is known as the spatial focusing
effect. In exemplary embodiments, a positioning system 600 may use a time-reversal based
dimension reduction approach to extract the effective feature for localization. Using time-
reversed channel responses in calculations may be referred to as virtual focusing. The

following describes an example of such a time-reversal based dimension reduction approach.

[00172] For ease of explanation, the collection of channel responses in Equation 2 can be

simplified as
ilz' = {hi(t - to)ahi(t - tl)""’hi(t - tM)}’ (Equ. 4)

where /’Ll(f = f,) stands for the estimated channel impulse response information of location p;

at time 4 . In Equation 4, the channel impulse response information at neighboring positions

are not considered.

[00173] A time-reversal resonating strength, 77(]71,]72) , between two channel impulse

responses h1 Z[hl[O]hl[l],..hl[L—lj and ]‘5 :[1’5[0]%[1],--%[[1—1] can be defined as:
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(Equ. 5)

max|(h *g, Y]
IS S e
St St
=0 =0
where & =[g2[0]g2[ 1 ],- .gZ[L—I] is defined as the time reversed and conjugated version

of hz as follows

glk=h[L—1-k],k=0,1;-+L—1. (Equ. 6)

[00174] Equation 5 shows that the time-reversal resonating strength is the maximal
amplitude of the entries of the cross-correlation between two complex channel impulse
responses, which is different from the conventional correlation coefficient between two
complex channel impulse responses where there is no max operation and the index [] in

Equation 5 is replaced with index [L —1] . One of the reasons for using the time-reversal

instead of the conventional correlation coefficient is to increase the robustness for the
tolerance of channel estimation error. Some channel estimation schemes may not be able to
perfectly estimate the channel response. Instead, a few taps may be added or dropped during
the channel estimation process. In such a case, the conventional correlation coefficient may
not reflect the true similarity between two channel impulse responses, while the time-reversal
resonating strength described above may be able to capture the real similarity by using the
max operation and thus may increase the robustness of the results. In some embodiments,
determining the conventional correlation coefficient may result in precise enough
identification of similar channel responses and may be used in positioning systems as
described herein. In some embodiments, the time-reversal techniques described and

demonstrated below may be preferable.

[00175] The following describes an exemplary process for determining the position of a
terminal device. Let / be the channel impulse response that is estimated for the terminal
device with unknown location. To match 4 with the locations in a database of reference

channel responses, we may first extract a feature using the time-reversal resonating strength
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for each location. Specifically, for each location p;, we may compute the maximal time-

reversal resonating strength, 77;, as follows

T = max_ n(h, hi(t = tj))‘ (Equ. 7)

b=t ;)ehi

[00176] By computing 7, for all possible locations, i.c., #; € D , we can obtain

1s15---J]y . Then, the estimated location, P:, can be the one that can give the maximal 77;,

i.€., i can be derived as follows:

; = arg max n;. (Equ 8)

In an exemplary embodiment, after the locator determines the location of the device, the
locator may send the location coordinates of the device, as well as other information such as
the type of device, to the device and/or another locator and/or a computer and/or a server in
the cloud and/or any type of computing device. In embodiments, information from the device
along with its location information may be sent to other systems such as advertising systems,
tracking systems, payment systems, notification systems, monitoring systems and the like.
Other systems may also send information to the device. For example, the device may receive
“on-sale” information for stores in its vicinity and/or for items stored on a wish-list in the
phone or based on bank account information on the phone. For example, stores selling
expensive merchandise may send advertising information to users who have a history of
purchasing higher cost items or who have considerable amounts of money in their bank

accounts.

[00177] Referring to FIG. 7, a graph 720 showing an example of the results of convolving
an exemplary time-reverse channel response with exemplary reference channel responses in a
database (e.g., the database 692 of FIG. 6) for the intended location and locations in the
vicinity of the intended location. At the intended location, there is a peak value 722. For the
locations other than the intended location, there is little or no virtual focusing effect and the

convolution values are much lower than the peak value. This indicates that the time-reversal

63



WO 2016/011433 PCT/US2015/041037

based dimension reduction approach can be used to extract the effective feature for

localization.

[00178] The following describes another example of time-reversal based dimension
reduction approach, in which the collection of channel response information in Equation 2 is
used. In Equation 2, the channel impulse response information at neighboring locations can
be considered. Suppose the estimated channel impulse response is h and the corresponding

time-reverse signature is g, then for each location 7 in the database, we extract the feature

Fi={fi1(t =to), fi2(t =t0), e, fix(t = to), fir(t =ty), fio(t =t1), ., fig(t =
t)s e fin (8 =t fin(t = tag), oo, fig (8 = ty)} (Equ. 9)

where f; ;(t = t;) is defined as follows

fiy(t = t) = max (g * by (t = ) [n] (Equ. 10)

[00179] After obtaining the feature for each possible location in the database 692, the next
step is to estimate the location of the terminal device 654. One straightforward approach is to
match the location using the channel response that can provide the maximal feature value,
i.e.,

i* = max max F;
i allfeaturesin F;

(Equ. 11)

[00180] Other classification algorithms, such as support vector machine (SVM), can also

be used. Specifically, for every location i, we may first use the classification algorithms such
as support vector machine to train a classifier C; by utilizing the collected channel

information in the database %, . Then, by applying the classifier C; to each estimated channel
impulse response %, a confidence score s; can be obtained. The estimated location can be the

one with the highest confidence score s:.

[00181] As shown in FIG. 7, the spatial focusing is approximately a half-wavelength focus

spot in this example. If the time-reversal positioning system 600 is operated using wireless
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signals with carrier center frequencies of approximately 5 GHz frequency, then the full-
width-at-half-maximum (FWHM) focus spot is around 3 cm, which means that the time-
reversal positioning system 600 can achieve centimeter-level accuracy. As described above,
the position accuracy of a system can be improved by placing scattering elements 302 around
a transmitter antenna 304 of a wireless device 208, as shown in FIG. 2A-2C. By using the
scattering elements 302, the localization accuracy of a positioning system can be improved to
1/30 of the carrier signal wavelength, which is about 2 mm when the time-reversal

positioning system is operated at 5 GHz frequency.

Experimental Results

[00182] The following describes experiments that were performed using an experimental
time-reversal positioning system that operates at 5.4 GHz band with a bandwidth of 125
MHz. In the experimental system, each device includes an antenna attached to a small cart
with a radio frequency board and a computer installed on the cart. We tested the performance

of the experimental system in a typical office environment.

[00183] FIG. 8A shows the layout of the floor plan of an office environment 860 used to
conduct the experiments, in which an access point 862, configured as the locator, is situated
at the place with the mark “AP” and a terminal device 864 is located in a smaller office room
(room A) 866. The floor layout of room A 866 is illustrated in FIG. 8B, which shows the
terminal device 864 situated at the place with the mark “TD”. With such a setting, the locator

(AP) 862 is working in a non-line-of-sight condition with respect to the terminal device 864.

[00184] The following describes an evaluation of three important properties for real and
virtual time-reversal systems: channel reciprocity, temporal stationarity, and spatial focusing.
The channel reciprocity and temporal stationarity are two underlying assumptions of the
time-reversal system, while spatial focusing is an important feature for the success of the

time-reversal positioning system.

[00185] The channel reciprocity was evaluated by examining the channel response of the
forward and backward link between the terminal device 864 and the locator 862.

Specifically, the terminal device 864 first transmits a channel probing signal to the locator
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862, and the locator 862 records the channel response of the forward link. Immediately or
substantially immediately after that, the locator 862 transmits a channel probing signal to the
terminal device 864, and the terminal device 864 records the channel impulse response of the

backward link. Such procedures are repeated 18 times.

[00186] One pair of channel impulse responses for the forward and backward links are
shown in FIGS. 9A and 9B, respectively. A first graph 910 shows the amplitude and phase of
the estimated channel response for the forward channel, and a second graph 920 shows the
amplitude and phase of the estimated channel impulse response for the backward channel.

FIGS. 9A and 9B show that the forward and backward channels are very similar.

[00187] Referring to FIG. 10, a graph 1000 shows the cross-correlation between the
channel impulse response of the forward link and that of the backward link. The center tap
1002 represents the time-reversal resonating strength between the channel impulse response
of the forward link and that of the backward link. The graph 1000 shows that indeed the

forward and backward channels are highly reciprocal.

[00188] Referring to FIG. 11, where the horizontal and vertical axes denote the index of
the 18 collected channel impulse responses of the forward channel and the backward channel,
respectively, and each grid/color block represents the time-reversal resonating strength
between each pair of the forward and backward channel impulse responses, a graph 1100

shows the the time-reversal resonating strength 77 between any of the 18 forward and
backward channel measurements with mean 7; to be over 0.95. This result shows that the

reciprocity is stationary over time.

[00189] We evaluated the temporal stationarity of the time-reversal system by measuring
the channel impulse response of the link from the terminal device 864 to the locator 862
under three different settings: short interval, long interval, and dynamic environment with a
person walking around. In the short interval experiment, we measured the channel response
30 times every two minutes. For the long interval experiment, we collected a total of 18
channel responses, one every hour interval from 9 a.m. to 5 p.m. over a weekend. For the

dynamic environment, we measured the channel responses with a person walking randomly
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in the room. In this experiment we measured the channel impulse response 15 times, once

every thirty seconds.

[00190] Referring to FIG. 12, a graph 1210 shows the time-reversal resonating strength 7;

between any two channel impulse responses from all 30 channel impulse responses of the link
between the terminal device 864 and the locator 862 in the short interval experiment. In
FIG. 13, a graph 1310 shows the time-reversal resonating strength between any two channel
responses from the 18 channel responses collected in the long interval experiment. We can see
that the channel responses at different time instances are highly correlated for both the short
and long interval experiments, suggesting that the channel in an ordinary office does not vary
much over time, even for relatively long durations between channel measurements. In FIG. 14,
a graph 1410 shows the time-reversal resonating strength among the 15 collected channel
responses under the dynamic environment with a person walking around randomly. The
experimental result shows that even with a person walking around, the time-reversal resonating

strength can remain high among all of the collected channel responses.

[00191] Another experiment was conducted by moving the locations of the terminal
device 864 within a 1 m-by-0.9 m area in room A 866. In this experiment, the locator 862
remained stationary. The channel responses were collected at locations on a 9 x 10 cm grid,
with measured locations 10 cm apart on the grid. These measurments yielded 110 estimated
channel responses associated with the 110 evaluated locations in total. The graph 1510 in

FIG. 15 shows the computed focusing gain which is defined as the square of the the time-

reversal resonating strength, 7]2 , between each of the 110 channel responses and all the
others. Each box in the graph 1510 represents the focusing gain for one grid point where two
neighboring grid points. The horizontal and vertical axes are the location indices with one-
dimensional (1D) representation. Each value in (i, j) of the graph 1510 represents the
focusing gain at location j (location index with one-dimensional representation) when the

intended location is 7 (location index with one-dimensional representation).

[00192] The graph 1510 shows that the focusing gain at the intended location is much
larger than that at the unintended locations. In other words, there exists very good virtual

spatial focusing effect in this example.
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[00193] The virtual spatial focusing effect was also evaluated on a finer (e.g., higher
resolution) scale with 1 cm grid spacing, and the results are shown in FIG. 16. We can see
that there is a reasonably graceful degradation in terms of the spatial focusing effect within a
5 em-by-5 cm region, and this is consistent with the fact that channels may be uncorrelated at
distances of approximately a half wavelength (the wavelength is around 5.5 cm when the

carrier frequency is 5.4 GHz).

[00194] The results presented in FIGS. 9A to 16 show that the channel response acts as a
location-specific signature for the multipath channel between the locator 862 and the terminal
device 864, and that the channel impulse response changes measurably between a first

location and a second location (e.g., even if the locations are only 10 centimeters away).

[00195] The experimental results and discussions above show that the time-reversal
positioning system can provide a good solution to the problem of determining positions in a
multipath-rich environment, such as an indoor environment. The time-reversal positioning
system can achieve a high localization accuracy using a simple algorithm and with low
infrastructure cost. Some of the features of the time-reversal positioning system are
summarized below.

e The experimental results show that, with a single locator working in the 5.4 GHz
band under the non-line-of-sight condition, the time-reversal positioning system
can achieve centimeter localization accuracy with a low error rate. The accuracy
may be improved by, e.g., increasing the resolution of the database (i.e., reducing
the distance between measurement points when establishing the channel impulse
response database).

¢ In some implementations, as a result of the time-reversal technique, the matching
algorithm in the time-reversal positioning system can be simplified so that it
computes the time-reversal resonating strength between the time reverse of the
estimated channel impulse response and the time reverse of the previously stored
channel impulse responses in the database (in some implementations, the time
reverse versions of previously measured channel impulse responses are stored in

the database).
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¢ In some implementations, the infrastructure cost of the time-reversal positioning
system can be low. The localization performance can also be further improved by
using multiple access points and/or multiple devices.

¢ In some implementations, the time-reversal positioning system can be used with
bands other than the 5.4 GHz band. For example, the time-reversal positioning
system can be applied to the ultra-wideband (UWB) band with a larger

bandwidth, which may result in higher localization accuracy.

[00196] In embodiments, a time-reversal positioning system may operate continuosly,
intermittently, periodically, and may operate automatically, under computer control and/or
manually. In embodiments, a time-reversal positioning system may include the capabilities
collect and record channel responses, reference channel responses, time-reversed channel
responses, reference time-reversed channel responses, time-reversal resonating strengths,
and/or focusing gains over periods of time. In embodiments, time-reversal positioning
systems may be able to generate reports, plots, data files and the like that may indicate the
detectable activities in an area over a period of time. In embodiments, a detectable activity
may be an activity that results in a change of a channel response, a time-reversed channel
response and/or a time-reversal resonating strength and/or focusing gain that is larger than
some threshold and/or trigger and/or confidence level. In embodiments, a time-reversal
positioning system may be able to communicate with a user, a processor, a computer, a
router, an access point, a server, an alarm center, a remote processor, and the like to report
detectable activities within an area. In embodiments, triggers and/or thresholds may be set
that may be used in feedback systems and/or that may be used to initiate communication
between a time-reversal system and another system or service such as a monitoring system or

service, an alarm system or service, a communication system or service and the like.

[00197] In embodiments, a time-reversal system may have access to remote resourses such
as computers, processors, servers, routers, storage units, and the like, arranged as part of a
network. In some cases, such resources may be referred to as being in “the cloud”. Note that
networks such as the Internet, carrier networks, internet service provider networks, local area
networks (LANS), metro arca networks (MANs), wide area networks (WANS), storage arca

networks (SANs), backhaul networks, cellular networks, satellite networks and the like, may
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be referred to as “the cloud”. Also note, that certain processes may be referred to as taking
place in the cloud and devices may be described as accessing the cloud. In these types of
descriptions, the cloud should be understood to be a type of network comprising networking
and communication equipment and wireless and/or wired links. In embodiments, multiple
time-reversal systems may communicate and/or send and receive data over wired and/or

wireless networks to remote storage and processing resources.

Channel Probing Using Conventional Wireless Signals

[00198] As described above, the location of objects in a space can be accurately
determined using a wideband wireless signal to probe the wireless channel and a wideband
receiver to receive the multipath waveforms and process them. An exemplary system using
wideband signals with bandwidths of approximately 125 MHz is disclosed. That system
achieves location resolutions of approximately 5 cm. We disclose that even wider band
signals and receivers, for example with bandwidths of approximately 250 MHz, 500 MHz, 1
GH, 2 GHz, 5 GHz, 10 GHz, for example, may yield even more precise location resolutions.
These wideband signals may have wider bandwidths than those typically utilized in
conventional radio-frequency based wireless systems, such as those based on Wi-Fi, ZigBee,

Bluetooth, and/or cellular signals.

[00199] In some embodiments, relatively narrowband conventional radio signals such as a
10 MHz or a 20 MHz or a 40 MHz radio signal may be used to yield location accuracies of
approximately 1 mx 1 m x 1 m. In some applications, this relatively coarse location
resolution may be acceptable. However, in other applications, it may be desirable to use
conventional wireless signals and equipment alone or in combination with new equipment
disclosed in this document to obtain more precise location accuracy. In some applications, a
relatively coarse location resolution technique may be used in combination with a finer
location resolution technique. Multiple lower-bandwidth conventional radio signals can be
used to probe a wireless channel and to produce multiple lower-bandwidth channel estimates
that may be processed in exemplary ways such that a composite channel response and/or the
combination of channel responses may be determined, and classified in such a way as to
yield higher location precision than any of the lower bandwidth conventional radio signals

would yield on their own. Such techniques are described in greater detail below.
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[00200] In exemplary embodiments, multiple wireless channel responses may be
estimated and collected using a single transmit antenna and a single receive antenna (single
input single output or SISO) and using different frequency bands (e.g. channel tuning,
channel hopping) in the system to generate the multiple channel response estimates. In other
exemplary embodiments, multiple wireless channel response estimates may be collected
using multiple antennas at either the transmitter or receiver (single input, multiple output or
SIMO, or multiple input, single output, or MISO) or at both the transmitter and receiver
(multiple input, multiple output or MIMO), with the multiple antennas using the same
frequency bands or multiple frequency bands to generate the multiple channel response
estimates. In embodiments, single antennas operating both as transmit and receive antennas
may be used to collect the multiple probe signals and determine the multiple channel

response estimates.

[00201] We describe exemplary embodiments where a composite channel response may
be processed in a manner as described previously in this disclosure. In embodiments, a
composite channel response may be determined from any two or more channel responses. In
embodiments, the localization accuracy may improve as the number of channel responses in
the composite channel response increases. In embodiments, the localization accuracy may
improve as the bandwidth of any of the channel responses in the composite channel response
increases. In embodiments, the localization accuracy may be tuned by adding or subtracting

or changing the multiple channel responses included in the composite channel response.

[00202] In the following descriptions, performance capabilities and exemplary
embodiments of the invention based on existing WiFi systems and technologies that conform
to the IEEE 802.11 wireless communication standard are highlighted. However, it should be
understood that the invention is not limited to WiFi and/or 802.11 implementations. The
apparatuses, methods and techniques described herein may be applied to any wireless
transmission system, including the wideband systems described above. Exemplary
embodiments based on WiFi technologies may be particularly interesting today, because
WiFi is currently widely deployed and so these inventive techniques and technologies may
be adopted using commercial off-the-shelf equipment. However, WiFi channel bandwidths

may increase over time, and that future versions or higher bandwidth versions of the
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exemplary embodiments may still take advantage of the performance gains described herein.
Also, alternate wireless transmission systems such as those based on Bluetooth signaling,
ZigBee signaling, cellular signaling, 3G signaling, 4G signaling, LTE signaling and like may

also benefit from the apparatuses, methods and techniques described herein.

[00203] FIGS. 17A-D show four exemplary wireless communication links between one or
more wireless transmit antennas and one or more wireless receiver antennas. For example,
FIG. 17A shows an exemplary link between one transmit antenna and one receive antenna,
FIG. 17B shows exemplary links between one transmit antenna and two receive antennas,
FIG. 17C shows exemplary links between three transmit antennas and one receive antenna,
and FIG. 17D shows exemplary links between two transmit antennas and two receive
antennas. Typical wireless networking components are able to both transmit and receive
wireless signals, and may comprise one or more transmit antennas and one or more receive
antennas and the links may also be bi-direction links. In exemplary embodiments, the
implementations shown in FIGS. 17A-D may be achieved using a single wireless device
comprising a number of transmit and/or receive antennas that are used concurrently, in
parallel, intermittently, in a synchronized fashion and/or independently. In embodiments, a
single antenna may be used to both transmit and receive signals, and the transmit and receive
signals may be separated in electronic circuits to perform transmit signal processing or

receive signal processing.

[00204] In an exemplary embodiment, a first wireless device may send wireless signals to
a second wireless device. The bandwidth of the wireless signals may be approximately F
MHz. F MHz may represent the 3-dB (FWHM) bandwidth of the signals, the 1/e bandwidth
of the signals, or any other characterization of the bandwidth of the signals. The second
wireless device may receive a wireless signal from the first wireless device and may be able
to determine certain characteristics about the channel between itself and the first wireless
device. For example, the second wireless device may receive and monitor the received signal
strength (RSS) of the signal from the first wireless device. The received signal strength may
give some indication of the distance between the first and second device as the signal may be

attenuated and/or dispersed as it travels over the wireless channel. The received signal
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strength may also give some indication of objects that may be positioned between the first

and second wireless device that may attenuate and scatter the wireless signal.

[00205] In an exemplary embodiment, the wireless signal between a first wireless device
and a second wireless device may be configured to interoperate with devices that follow
some version of the IEEE 802.11 protocol. Wireless receivers that interoperate with some
version of the IEEE 802.11 protocol may receive 802.11 packets of information wirelessly
and may process those packets to determine the RSS. The RSS determined by processing an
802.11 data packet is sometimes referred to as the RSS indicator or RSSI. ZigBee® systems
also monitor RSSI, and many other wireless or radio systems and protocols monitor the
received signal strength in one form or another. Some location systems use the RSSI between
two wireless devices to characterize the distance between the two devices. However, sub-

meter accuracy has not been demonstrated using RSSI techniques alone.

[00206] As described above, centimeter resolution accuracy of the relative position
between at least two wireless devices may be achieved using the channel response
information determined by wideband signaling. Experimental results were presented above
for a wideband system using wireless signals with an approximate bandwidth, F, of 125
MHz. The wideband signal may be received by a wideband receiver and processed using
high-speed ADCs and DACs, such as 500 MHz ADC/DAC devices. In embodiments, it may
be preferable to utilize narrower band channel response information that can be received and
processed using standards-based communication equipment to determine relative positions

between two or more wireless devices.

[00207] In embodiments, high precision location determination using wireless signatures
can be achieved if the wireless signals from closely spaced devices can be reliably
distinguished. In wideband systems, a large number of multipaths of an RF (or microwave
frequency) signal may be captured and processed. As the number of captured multipaths
increases, either because the environment includes more scatterers or because the wideband
signal is extended to even wider bandwidths, e.g. >125 MHz, 250 MHz, 500 MHz, 1 GHz, 5

GHz, >5 GHz, or anything in between, the location resolution may increase.
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[00208] In some examples, in a given environment there may be a finite number of
multipaths that may contribute to a channel response between two wireless devices such that
the effect produced by increasing the signal bandwidth becomes less pronounced when the
bandwidth increases beyond a certain point. Increasing the number of scatterers may improve
the resolution and/or accuracy of the positioning system, but the improvement may also
become less pronounced when the number of scatterers increases beyond a certain point.
When a user deploys a positioning system in a new environment, the user may calibrate the
positioning system to select a signal bandwidth and a scatterer configuration that results in a

desired positioning resolution.

[00209] In exemplary embodiments, the number of multipaths that may contribute to a
channel response between two wireless devices may be increased by capturing multiple
relatively narrow bandwidth wireless signals with different center frequencies, different
channel bandwidths, different frequency bands and/or using multiple displaced antennas and
combing the multiple lower bandwidth channel responses into a higher resolution composite
channel response and/or processing a group of related channel responses. In embodiments,
two or more channel responses may be combined to yield a composite channel response. In
embodiments, two or more channel responses may contribute to a location specific signature
and may be processed using matching and/or classification algorithms described throughout
this disclosure. Combining multiple lower bandwidth channel responses effectively increases
the number of multipaths used to determine the location specific signature and increases the

richness of channel information, potentially resulting in a higher positioning resolution.

[00210] In some examples, a positioning accuracy of the positioning system is based at
least in part on the center frequencies of the probe signals. For example, probe signals that
have center frequencies around 2.4 GHz are able to achieve a 5.5 cm positioning accuracy.
In some examples, when probe signals have center frequencies around 2.4 GHz, it is
preferable to use a probe signal that has a bandwidth that is more than 50 MHz or several
probe signals that span a collective bandwidth that is more than 50 MHz in order to achieve
5.5 cm positioning accuracy. For example, for probe signals that comply with IEEE 802.11
standard, if each signal has a bandwidth of 22 MHz, it is preferable to use three or more

probe signals that span a collective bandwidth that is more than 50 MHz. Techniques for

74



WO 2016/011433 PCT/US2015/041037

using multiple probe signals having narrower bandwidths to achieve a wider collective

bandwidth are described below.

[00211] In some embodiments, the positioning system uses a collective bandwidth B that
is greater than 50 MHz. The collective bandwidth can be achieved in several ways. For
example, in some implementations, a transmitter sends a single probe signal to a receiver,
and the probe signal has a bandwidth B greater than 50 MHz. For example, the transmitter
may have a filter that filters the output signals, the receiver may have a filter that filters the

input signals, in which each of filters has a bandwidth equal to B.

[00212] In some implementations, a transmitter sends, using a single antenna, two or more
wireless probe signals to a receiver that has a single antenna, in which the two or more
wireless signals have different center frequencies, each of the two or more wireless signals
has a bandwidth less than 50 MHz, and the two or more wireless signals have a collective
bandwidth greater than 50 MHz. The collective bandwidth refers to the overall bandwidth
spanned by the two or more wireless signals. For example, a first signal s1 may have a center
frequency f1 and a bandwidth B1, and a second signal s2 may have a center frequency f2 and
a bandwidth B2. The first signal s1 may occupy a first frequency band f1-B1/2 to f1+B1/2,
and the second signal s2 may occupy a second frequency band f2-B2/2 to 2+B2/2.
Assuming that f1 < {2, if f1+B1/2 < £2-B2/2, such that the two frequency bands do not
overlap, then the first and second signals s1 and s2 span a collective bandwidth of BI+B2. If
f1+B1/2 > £2-B2/2, such that the two frequency bands overlap, then the first and second
signals s1 and s2 span a frequency range from f1-B1/2 to f2+B2/2 with a collective
bandwidth of f2 - f1 + B1/2 + B2/2.

[00213] Similarly, if a single transmitter antenna sends three or more signals to a single
receiver antenna, and the three or more signals have different center frequencies, the
collective bandwidth spanned by the three or more signals is the bandwidth (if every
frequency band overlaps the adjacent frequency band(s)) or the sum of bandwidths (if at least
one frequency band does not overlap any other frequency band) covered by the frequency
bands of the three or more signals. For example, suppose a transmitter that complies with
802.11b/g/n protocol sends signals s1, s2, and s3 using a single transmitter antenna, and a

receiver receives the signals s1, s2, and s3 using a single receiver antenna. Assume the first
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signal s1 occupies a frequency band 2412 + 11 MHz, the second signal s2 occupies a
frequency band 2422 + 11 MHz, and the third signal s3 occupies a third frequency band 2447
+ 11 MHz. The three signals s1, s2, and s3 span a collective frequency range of 2401 MHz to
2433 MHz and 2436 MHz to 2458 MHz, and thus span a collective bandwidth of 54 MHz.
Suppose a first channel response is derived from the received signal s1, a second channel
response is derived from the received signal s2, and a third channel response is derived from
the received signal s3. As described in more detail below, a composite channel response
determined by the first, second, and third channel responses spans the collective bandwidth
54 MHz. For example, a composite channel response can be determined using Equation 12

below.

[00214] A positioning system can determine information about one or more macroscopic
objects in the environment (e.g., information about location or orientation of one or more of
the objects) from a composite channel response derived from multiple narrow-band signals
(e.g., signals each having a bandwidth less than 50 MHz), in which the composite channel

response spans a collective bandwidth that is more than 50 MHz.

[00215] In some implementations, a transmitter sends, using two or more antennas, two or
more wireless signals to a receiver that has one antenna, each signal being sent from a
different antenna. The two or more wireless signals can have the same or different center
frequencies, each of the two or more wireless signals has a bandwidth less than 50 MHz, and
the two or more wireless signals have a collective bandwidth greater than 50 MHz. In this
example in which multiple transmitter antennas are used, the collective bandwidth refers to

the sum of the bandwidths spanned by the two or more signals transmitted by the multiple
transmitter antennas. For example, the first antenna may transmit a first signal s11 that has a
center frequency f1 and a bandwidth B1, and the second antenna may transmit a second
signal s21 that has a center frequency fl and a bandwidth B1. The first and second signals s11
and s21 span a collective bandwidth of 2 x B1, even though the signals s11 and s21 occupy the
same frequency band. As another example, the first antenna may transmit a first signal s11
that has a center frequency fl and a bandwidth B1, and the second antenna may transmit a

second signal s>1 that has a center frequency f2 and a bandwidth B2. In this case, the first and
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second signals s11 and s21 span a collective bandwidth of B1 + B2, regardless of whether the
frequency bands occupied by the signals s11 and s21 overlap. A composite channel response
can be derived from the channel responses determined from the first and second signals s11

and s21, in which the composite channel response spans the collective bandwidth of B1 + B2.

[00216] In some implementations, a transmitter broadcasts, using a single antenna, a
single wireless signal in multiple directions, in which the broadcast signal is received by two
or more antennas. The transmit signal can have a bandwidth less than 50 MHz, and the two
or more signals received at the two or more antennas can have a collective bandwidth greater
than 50 MHz. In this example in which multiple receiver antennas are used, the collective
bandwidth refers to the sum of the bandwidths spanned by the two or more signals received
by the multiple receiver antennas. For example, the transmitter may transmit a signal that has

a center frequency f1 and a bandwidth B1. Assume there are two receiver antennas. A first

signal s11 received at the first receiver antenna and a second signal s12 received at the second
receiver antenna span a collective bandwidth of 2 x B1 even though the signals s11 and s12

occupy the same frequency band. The signals s11 and s12 travel from the transmitter antenna
to the receiver antennas through different sets of multipaths. A composite channel response
can be derived from the channel responses that are determined from the first and second
received signals s11 and s12, in which the composite channel response spans the collective

bandwidth of 2 x B1.

[00217] In some implementations, a transmitter broadcasts, using a single antenna, two or
more wireless probe signals that are received by two or more antennas of a receiver. Each
wireless signal can have a bandwidth less than 50 MHz, and the four or more signals
received at the two or more receiver antennas (each receive antenna receives two or more
signals from the transmitter) can have a collective bandwidth greater than 50 MHz. For
example, assume the transmitter broadcasts signals s1 and s2, and there are two receiver

antennas. The portion of the signal s1 received at the first receiver antenna is represented as

signal s111, and the portion of signal s1 received at the second receiver antenna is represented

as signal s112. The portion of the signal s2 received at the first receiver antenna is represented
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as signal s211, and the portion of signal s2 received at the second receiver antenna is

represented as signal s212. Assume that the signal s1 has a center frequency fl and a

bandwidth B1, the signal s2 has a center frequency 2 and a bandwidth B2, and f1 < f2.

[00218] If sl and s2 occupy frequency bands that do not overlap, the signals s111 and s211
span a collective bandwidth of B1 + B2. The signals s112 and s212 also span a collective

bandwidth of B1 + B2. The four signals s111, s211, s112, and s212 span a collective bandwidth
of 2 x (B1 + B2).

[00219] If sl and s2 occupy frequency bands that overlap, the signals s111 and s211 span a
collective bandwidth of f2 — f1 + B1/2 + B2/2. The signals s112 and s212 also span a

collective bandwidth of 2 — f1 + B1/2 + B2/2. The four signals s111, s211, s112, and s212 span
a collective bandwidth of 2 x (f2 — f1 + B1/2 + B2/2).

[00220] In general, when a transmitter sends nl (nl > 1) probe signals using a single
transmit antenna, and the probe signals are received by n2 (n2 > 1) receiver antennas, the
collective bandwidth is determined by calculating the collective bandwidth Bi spanned by the
nl signals received at the i-th receiver antenna, in which i ranges from 1 to n2, then

calculating the sum of those collective bandwidths:

[00221] Total collective bandwidth B = Y72, Bi.

[00222] In some implementations, a transmitter broadcasts, using two or more antennas,
probe signals that are received by two or more receiver antennas, in which each transmitter
antenna sends one signal that has a bandwidth less than 50 MHz, and the four or more signals
received at the two or more receiver antennas (each receive antenna receives two or more
signals from the two or more transmitter antennas) can have a collective bandwidth greater
than 50 MHz. For example, assume the portion of the signal sent from the first transmitter
antenna received at the first receiver antenna is represented as signal s11, the portion of the

signal sent from the first transmitter antenna received at the second receiver antenna is

represented as signal s12, the portion of the signal sent from the second transmitter antenna
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received at the first receiver antenna is represented as signal s21, and the portion of the signal
sent from the second transmitter antenna received at the second receiver antenna is
represented as signal s22. Assume that the signals s11 and s12 have a center frequency f1 and a
bandwidth B1, the signals s21 and s> have a center frequency f2 and a bandwidth B2, and f1
< f2. Regardless of whether the frequency bands occupied by s11 and s21 overlap, the signals

S11, S12, 821, and 22 span a collective bandwidth of 2 x (B1 + B2).

[00223] In general, when there are nl (nl > 1) transmitter antennas that each sends a probe
signal, and the probe signals are received by n2 (n2 > 1) receiver antennas, the collective
bandwidth of the signals received at the n2 antennas is determined by calculating the
collective bandwidth Bi spanned by the nl signals received at the i-th receiver antenna, in

which i ranges from 1 to n2, then calculating the sum of those collective bandwidths:
Total collective bandwidth B =n2 x Y™, Bi.

in which Bi is the bandwidth of the signal sent from the i-th transmitter antenna.

[00224] In some implementations, a transmitter broadcasts, using two or more antennas,

probe signals that are received by two or more receiver antennas, in which each transmitter

antenna sends two or more signals that each has a bandwidth less than 50 MHz, and the eight
or more signals received at the two or more receiver antennas (each receiver antenna receives
two or more signals from each of the two or more transmitter antennas) can have a collective
bandwidth greater than 50 MHz. For example, assume there are two transmitter antennas and
two receiver antennas, the first transmitter antenna sends two signals s11 and s12, the second

transmitter antenna sends two signals s21 and s22. The portion of the signal s11 received at

the first receiver antenna is represented as signal s1111, the portion of the signal s11 received
at the second receiver antenna is represented as signal s1112, the portion of the signal s12
received at the first receiver antenna is represented as signal s1211, the portion of the signal
s12 received at the second receiver antenna is represented as signal s1212, the portion of the
signal s21 received at the first receiver antenna is represented as signal s2121, and the portion

of the signal s21 received at the second receiver antenna is represented as signal s2122, the
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portion of the signal s22 received at the first receiver antenna is represented as signal s22>1,
and the portion of the signal s22 received at the second receiver antenna is represented as

signal s2222.

[00225]  Assume that the signals s11, s12, s21, and s22 have center frequencies f11, 12,
21, 22, respectively, and bandwidths B11, B12, B21, and B22, respectively. Assume that
f11 <f12 and 21 < £22. If the signals s11 and s12 (sent from the first transmitter antenna)

occupy frequency bands that do not overlap, the signals s1111 and s1211 received at the first
receiver antenna span a collective bandwidth B11 + B12, and the signals s1112 and s1212

received at the second receiver antenna span a collective bandwidth B11 + B12. If the signals

s11 and s12 (sent from the first transmitter antenna) occupy frequency bands that overlap, the
signals s1111 and s1211 received at the first receiver antenna span a collective bandwidth 12
—f11 +B11/2 + B12/2, and the signals s1112 and s1212 received at the second receiver

antenna span a collective bandwidth f12 — f11 + B11/2 + B12/2. If the signals s21 and s22

(sent from the second transmitter antenna) occupy frequency bands that do not overlap, the
signals s2121 and s22>1 received at the first receiver antenna span a collective bandwidth B21
+ B22, and the signals s2122 and s2222 received at the second receiver antenna span a
collective bandwidth B21 + B22. If the signals s21 and s22 (sent from the second transmitter
antenna) occupy frequency bands that overlap, the signals s2121 and s2221 received at the
second receiver antenna span a collective bandwidth 22 — 21 + B21/2 + B22/2, and the
signals s2122 and s2222 received at the second receiver antenna span a collective bandwidth
22 — 21 + B22/2 + B21/2. The eight signals s1111, s1211, s1112, 81212, 2121, 82221, 82221,
and s222> received at the two receiver antennas span a collective bandwidth that is the sum of
the collective bandwidth of s1111 and s1211, the collective bandwidth of s1112 and s1212, the

collective bandwidth of s212; and s2221, and the collective bandwidth of s2122 and s2225.

[00226] In general, when there are nl (nl > 1) transmitter antennas that each sends one or
more probe signals, and the one or more probe signals are received by n2 (n2 > 1) receiver
antennas, the collective bandwidth of the signals received at the n2 antennas is determined by

calculating, for each pair of transmitter antenna and receiver antenna, the bandwidth or
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collective bandwidth of the signal or signals sent from the transmitter antenna to the receiver
antenna, then calculate the sum of all the previously calculated bandwidth(s) and collective

bandwidth(s).

[00227] For example, referring to FIG. 73, suppose there are two transmitter antennas and
two receiver antennas, the first transmitter antenna sends a first signal having a center
frequency 2412 MHz and a bandwidth 22 MHz, and a second signal having a center
frequency 2437 MHz and a bandwidth 22 MHz. The second transmitter antenna sends a first
signal having a center frequency 2412 MHz and a bandwidth 22 MHz, a second signal
having a center frequency 2427 MHz and a bandwidth 22 MHz, and a third signal having a
center frequency 2442 MHz and a bandwidth 22 MHz. For the signals transmitted from the
first transmitter antenna and received by the first receiver antenna, the collective bandwidth
is 44 MHz (the two signals occupy frequency bands that do not overlap). For the signals
transmitted from the first transmitter antenna and received by the second receiver antenna,
the collective bandwidth is also 44 MHz. For the signals transmitted from the second
transmitter antenna and received by the first receiver antenna, the collective bandwidth is 52
MHz (the three signals occupy frequency bands that overlap). For the signals transmitted
from the second transmitter antenna and received by the second receiver antenna, the
collective bandwidth is also 52 MHz. The total collective bandwidth is 44 + 44 + 52 + 52 =
192 MHz.

[00228] The positioning system includes a processor that is configured to compare
information (e.g., channel response or composite channel response) derived from the
received one or more wireless signals to information (e.g., channel response or composite
channel response) in a database. The processor can be configured to determine, based on the
comparison, information about a position of at least one of the wireless transmitter(s) and/or
the wireless receiver(s) (e.g., using similar techniques as those described above). The
processor is also configured to generate an output based on the determined information. The
information derived from the received one or more wireless signals that is compared to the
information in the database spans the collective bandwidth B. In other words, the entirety of

the collective bandwidth B is utilized to express the derived information.

Time-Reversal Classification of Composite Channel Responses
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[00229] One way to represent the composite channel response is as a vector comprising
multiple independent channel responses. In exemplary embodiments, a wireless channel
between two antennas i and j may be represented by the channel response Hj;. The channel
response function notation may include either or both indices as a subscript. For example, if
a single access point is receiving signals from multiple devices, 7, the channel response may
be indicated as H; in the frequency domain. If multiple access points, j, are receiving signals
from multiple devices, i, the channel response may be indicated as Hj in the frequency
domain. In embodiments where a single antenna is both transmitting a probe signal and
receiving a probe signal waveform, the indices 7 and j may represent time slots, frequencies,
polarizations and the like. Note that the time domain representation of the channel response,
hij, and the frequency domain representation of the channel response, Hy;, are related by the
Fourier Transform. Time-reversal classification techniques may be described in either the
time domain or the frequency domain and equations described using time domain
descriptions can be converted to frequency domain versions by Fourier Transforming the
variables and functions in the equations and vice versa. FIG. 1C, which will be described in

detail later, also shows a frequency domain description of the time-reversal process and that

w=2nf.

[00230] In embodiments, a first wireless device may send a first wireless signal to a
second wireless device with a center frequency of /1 GHz. In embodiments, the first wireless
signal may be a channel probe signal, a pulse signal, a frame signal, a PN sequence, a
preamble signal, and the like. In embodiments, the bandwidth of the first wireless signal may
be approximately 10 MHz, 20 MHz, 40 MHz, 60 MHz, 125 MHz, 250 MHz, 500 MHz, 1
GHz and the like. In embodiments, the bandwidth of the first wireless signal may be
between 1 MHz and 10 GHz. In embodiments, the first wireless device may send a second
wireless signal to the second device with a center frequency of /> GHz. In embodiments, the
wireless signal may be a channel probe signal, a pulse signal, a frame signal, a PN sequence,
a preamble signal, and the like. In embodiments, the bandwidth of the second wireless signal
may be approximately 10 MHz, 20 MHz, 40 MHz, 60 MHz, 125 MHz, 250 MHz, 500 MHz,
1 GHz and the like. In embodiments, the bandwidth of the second wireless signal may be
between 1 MHz and 10 GHz. In embodiments, the frequency spectrum of the first wireless

signal and the second wireless signal may include overlapping frequencies. In some
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embodiments, there may be no overlapping frequencies between the two wireless signals. In
some embodiments, the frequency spectra of the different wireless signals may be separated
by so-called guard-bands or guard-band frequencies. The channel response for the channel
between the first wireless device and the second wireless device at probe frequency f; may be
represented as Hij(f1). The channel response for the channel between the first wireless device
and the second wireless device at probe frequency f> may be represented as Hy(f2). In
embodiments, more than two probe frequency signals may be used to probe the channel. The
more than two probe frequency signals may have some overlapping frequencies or they may

have no overlapping frequencies.

[00231] In embodiments, a first wireless device may use channel tuning and/or frequency
hopping to tune to different wireless signal carrier frequencies to probe a wireless channel.
In some embodiments, a wireless device may tune to different channels within a specified
frequency band to probe the wireless channel. For example, if the first and second wireless
devices are communicating using an 802.11 WiFi protocol, a wireless device may first tune
to one channel within the WiFi signaling bandwidth and then to another channel within the
WiFi band. The frequency tuning may be from one channel to the next in a sequential
fashion, but it may also hop from one channel to another in a random fashion anywhere
within the WiFi band. In embodiments, the different channels may have different channel

bandwidths.

[00232] A composite channel response comprising channel responses determined using

different center frequency probe signals may be represented as
Hcorrpasite :{Hy(fl) Hy(fZ) Hy(fS) P[y(fN)} (Equ 12)

[00233] In exemplary embodiments, a wireless channel between two antennas may be
represented by the channel response Hj. In embodiments a first antenna, i/, may send a first
wireless signal to a second antenna, j. The second wireless antenna may be part of a device
that may be able to estimate the channel response H;;. In embodiments, the second wireless
device may transmit the received waveform from the first wireless antenna to a remote

device (e.g. processor, computer, server, access point, router, base station, network resource)
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and the remote device may be used to estimate the channel response. The first wireless
antenna, i, may send a second wireless signal to a third wireless antenna, r, and the third
wireless antenna may be part of a device that may be able to estimate the channel response
Hir. In some embodiments, the third wireless device may transmit the received waveform
from the first wireless antenna to a remote device (e.g. processor, computer, server, access
point, router, base station, network resource) and the remote device may be used to estimate

the channel response.

[00234] In embodiments, the second and third antennas may be part of what may be
considered a single device such as a wireless access point, router, base station, computer,
base station, locator, mobile device and the like. The first wireless signal and the second
wireless signal may be different portions of the same launched wireless signal. That is, the
first wireless signal and the second wireless signal may be portions of the same signals (e.g.,
which are received at different locations). In embodiments, the first and second wireless
signals may be signals generated using different protocols, different bandwidths, different
channel frequencies. For example, a first wireless signal may be a wideband probe signal
comprising a pseudorandom bit sequence and a second wireless signal may be a 10 MHz
wide 802.11 WiFi signal. In embodiments, a first wireless signal may be in the 2.4 GHz
region of the spectrum and the second wireless signal may be in the 5.8 GHz region of the
spectrum. In embodiments, the first and second wireless signals may be generated using the
same protocols, bandwidths and channel frequencies, but they may originate from different
antennas that are at different positions. In embodiments, a first wireless signal and a second
wireless signal may be portions of the same wireless signal (e.g., which are received at
different locations). In embodiments, a first wireless signal may be a WiFi signal and a
second wireless signal may be a ZigBee® signal. In embodiments, one wireless signal may
be a cellular signal, such as are transmitted in nanocells, picocells and the like. In
embodiments, one wireless signal may be a 3G signal, a 4G signal, an LTE signal, and the

like.

[00235] In embodiments, wireless devices with multiple antennas may be used to estimate

channel responses between two or more of their multiple antennas and another wireless
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device. In embodiments, composite channel responses may comprise multiple channel

responses determined for different antennas in a multi-antenna device.

H

composite

={H;, H, H, ..H_} (Equ. 13)

[00236] In embodiments, composite channel responses may comprise combinations of
channel responses determined using different center frequency signals, different bandwidth
signals, different protocol signals and/or channel estimates from multiple antennas in either

or both a first wireless device and a second wireless devices.

F F F F F F
Hcomposz'te = {Hy(ﬁ _71’-](1 +71) Hz'r(-]FZ _72’-](2 +72) “‘Hz'z(fN _TNﬁfN +7N)}

(Equ. 14)

where frepresents the center frequency and F represents the bandwidth.

[00237]  As described above, a time-reversal resonating strength, 77 (H,,,1> H. 0 »

between two channel impulse responses can be defined as:

maxg X Heom1 [i]HéompZ [ile/* 0

L-1 . L-1 .
i=0 |Hcomp1[l]|A2 \/Zi:o |Hcomp2[l]|A2

U(HcompliHcompz) = \/Z

(Equ. 15)
where H*comp2 18 defined as the conjugated version of Heomp2, and e is a parameter that

indicates the phase that is searched.

[00238] Equation 15 shows the frequency domain representation of the time-reversal
resonating strength. As described above, a time-reversal classification scheme may be more
robust to channel estimation errors, but as described in other sections of this disclosure, there
may be a number of ways to determine how well two channel responses match each other.
For example, positioning systems may use correlation techniques, integration and subtraction

techniques, SVM techniques and the like to determine how well certain channel responses
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and/or combinations of channel responses match each other. In some embodiments,
determining the conventional correlation coefficient may result in precise enough
identification of similar channel responses and may be used in positioning systems as
described herein. In some embodiments, the time-reversal techniques may be preferable. In
some embodiments, machine learning based classification techniques may be used to
determine how well certain channel responses and/or combinations of channel responses
match each other. In some embodiments, more than one classification scheme may be used

to analyze measured and/or stored and/or generated data sets.

[00239] The following describes an exemplary process for determining the position of a
terminal device. Let Heomp be the composite channel impulse response that is estimated for
the terminal device with unknown location. To match Heomp with the locations in a database

of reference channel responses, we may first extract a feature using the time-reversal

resonating strength for each location. Specifically, for each location p;, we may compute the

maximal time-reversal resonating strength, 77;, using Equation 15.

[00240] By computing 7. for all possible locations, we can obtain 7},7h,...J]y. Then, the

estimated location, P, can be the one that can give the maximal 77, i.c., I can be derived as

follows:

~

I = arg max 77;- (Equ. 16)
1

In an exemplary embodiment, after a locator determines the location of the device, the
locator may send the location coordinates of the device, as well as other information such as
the type of device, to the device and/or another locator and/or a computer and/or a server in
the cloud and/or any type of computing device. In embodiments, information from the device
along with its location information may be sent to other systems such as advertising systems,
tracking systems, payment systems, notification systems, monitoring systems and the like.
Other systems may also send information to the device. For example, the device may receive

“on-sale” information for stores in its vicinity and/or for items stored on a wish-list in the

86



WO 2016/011433 PCT/US2015/041037

phone or based on bank account information on the phone. For example, a store selling
expensive merchandise may send advertising information to users who have a history of
purchasing higher cost items or who have considerable amounts of money in their bank

accounts.

Channel Response Processing

[00241] In embodiments, a channel may be probed multiple times using a similar probe
signal and multiple channel response estimates, one for each of the probe signals, may be
determined. In embodiments, the multiple channel response estimates may be compared
using any of the matching and/or classification schemes described throughout this disclosure.
In some scenarios, it may be expected that a channel probed multiple times with a similar
probe signal should be characterized by very similar channel estimates. In some cases, one
or more channel estimates determined from a set of similar probe signals probing a similar
channel may be different enough from the other channel estimates that they are deemed to be
outliers or poor estimates of the channel and they may be deleted and/or discarded from
further processing steps. Outlier channel estimates may be the result of receiving noisy
signals, interference caused by other radio signals in the environment, problems with circuits,
feedback loops, synchronization schemes and the like. In embodiments, multiple channel
responses estimated from multiple similar probe signals probing a similar channel may be
compared to each other to determine a resonating strength and/or focusing gain and the
resonating strength and/or focusing gain may be compared to a threshold value. Channel
responses associated with resonating strengths and/or focusing gains below the threshold
may be deleted or discarded from a stored or useful set of estimated channel responses. In
some embodiments, deleting or discarding channel responses that are determined to be

deficient in some manner may be referred to as trimming.

[00242] In embodiments, the resonating strength and/or focusing gain threshold may be a
variable and may be user settable or may be set by a computer algorithm or by the output
signal levels of analog and/or digital circuits. In embodiments, the threshold may be adjusted
to change the resolution of a positioning system or to change the computation time required

for determining locations.
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[00243] In embodiments, it may be preferable to probe a channel more than once. In
embodiments, it may be preferable to probe a channel twice, three times, 30 times, 50 times
or more than 50 times. In embodiments, a channel may be probed any number of times,
including, but not limited to, between 1 and 200 times. In embodiments, channel responses
may be determined for at least some of the received probe waveforms. In embodiments the
channel may be probed multiple times over a short period of time or over a longer period of
time. In embodiments, a channel may be re-probed occasionally, periodically, in response to
a trigger, a timer, a counter, an algorithm, a sensed change and the like. In embodiments,
when a channel is re-probed, it may be probed with a single probe signal or with multiple
probe signals. In embodiments, the multiple probe signals may be replicas of each other or
they may be different from each other. For example, different probe signals may be pseudo-
random sequences with different lengths and/or that have been generated using different

seeds. In embodiments, probe signals may be Golay sequences of different lengths.

[00244] In embodiments, the number of bits in a data sequence that is used to probe a
wireless channel may be tuned to achieve a certain signal-to-noise ratio and/or quality-of-
signal of the received probe waveform. Examples of three channel probe signals and
representations of the signals after they have been filtered by a root-raise-cosine filter are
shown in FIGS. 55-57. The root-raise-cosine filter can be a low-pass filter that is used to
ensure that the transmitted signal is within the bandwidth of the system. FIG. 55 shows a
single impulse probe signal 5502 and its accompanying root-raise-cosine filtered signal 5504.
FIG. 56 shows a periodic impulse probe signal 5602 and its accompanying root-raise-cosine
filtered signal 5604. FIG. 57 shows a pseudo-random impulse probe signal 5702 and its

accompanying root-raise-cosine filtered signal 5704.

[00245] In embodiments, multiple channel response estimates for the same channel may
be averaged and/or combined into a single averaged or combined channel estimate. In
embodiments, any number of channel estimates may be combined. For example, we have
tested systems that combine and average 2 channel responses, 10 to 30 channel responses, 50
channel responses and 100 channel responses. In embodiments the number of channels that
may be combined and/or averaged may be variable and may be determined by a user, by a

computer algorithm and/or by the output signals from circuits in the wireless system.
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[00246] In embodiments, channel responses may be processed locally, e.g., within a
wireless device that may include the wireless antenna or antennas. In some embodiments,
the received signal waveforms and/or estimated channel responses may be processed
remotely, e.g., in a remote computer, server, access point, router and the like. In some
embodiments, received signal waveforms and/or estimated channel responses may be sent to
“the cloud” for processing, storage and the like. Resources in the cloud may include, but are
not limited to, servers, computers, hard drives, switches, routers, storage units, databases,

transmitters, receivers and the like.

[00247] In embodiments where a channel is being probed multiple times, it may be
important to remove effects associated with the detection and processing of the received
probe waveform so that variations in estimated channel responses can be associated primarily
with variations in the channel itself. For example, some WiFi receivers may expose a
complex vector that represents the channel attenuation and phase shift of each subcarrier
signal within the WiFi channel band. Sometimes referred to as the channel frequency
response, Hij(f), (CFR) or as the channel state information (CSI), this response may vary for
subsequent probe channel measurements even if the channel itself has not substantially
changed. One reason may be that the channel frequency offset (CFO) and/or sampling
frequency offsets (SFO) used to measure the channel frequency response may vary from
measurement to measurement and/or detection event to detection event. In such scenarios,
sequential estimates of the channel response may vary even if the channel has not varied. In
such scenarios, it may be more difficult to determine an averaged channel response and/or to
determine which channel responses may be outliers that should be trimmed from a channel
response set, collection, and/or database. In embodiments, received probe waveforms and/or
estimated channel frequency responses (or CSIs) may be processed to remove shot-to-shot
channel estimate errors due to carrier frequency offsets and sampling frequency offsets. In
embodiments, reference phases may be used to align channel estimates derived from multiple
channel probe signals. In embodiments, a reference phase is a phase chosen from one of the
channel estimate that serves as the reference for other channel estimates. In embodiments,
the multiple channel probe signals may be replicas of each other or they may vary in

frequency, bandwidth, wireless path, and the like. In embodiments, composite channel
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responses may comprise multiple channel responses that have been estimated using a

reference phase (e.g., a timing offset).

High Precision Location Determination using Composite Channel Responses

[00248] FIG. 18A shows a block diagram of an exemplary WiFi system capable of
determining device location (e.g., with approximately 5 cm accuracy). The system described
in the block diagram can be implemented using commercial-off-the-shelf WiFi equipment.
Channel measurements can be performed using this equipment, and composite channel
responses can be used to determine the position of a transmitting device. The resolution with
which the location may be determined may be defined at least in part according to the
number of lower-bandwidth channel estimates that are included in the composite channel

response, as described above.

[00249] In a laboratory demonstration described below, the center frequency of the
transmitter can be tuned to different 10 MHz channels within the standard 802.11 WiFi band.
FIG. 18B shows examples of two channel tuning schemes — an exemplary non-overlapping
scheme 1802 and an exemplary overlapping scheme 1804. In the non-overlapping scheme
1802, the frequency bands of the WiFi signal have substantially no overlapping frequencies
and may be described as being separated by frequency guard-bands. In this example, the
non-overlapping scheme 1802 includes 101 non-overlapping channels in which the spacing
between the center frequencies of the channels is 10 MHz. A first channel has a center
frequency of 4.9 GHz, and a last channel has a center frequency of 5.9 GHz. In the
overlapping scheme 1804, adjacent frequency bands of the WiFi signal may include some of
the same frequency components. In this example, the overlapping scheme 1804 includes 124
overlapping channels in which the spacing between the center frequencies of the channels is
8.28125 MHz. A first channel has a center frequency of 4.8909375 GHz, and a last channel
has a center frequency of 5.9090625 GHz. In the preliminary experimental results described

below, data are collected using both overlapping and non-overlapping frequency channels.

[00250] In an exemplary embodiment, a circuit may be used to capture the CSI for the
wireless channel between a receiver and a transmitter. The CSI may be used to estimate the
wireless channel response for each of the subcarriers in a wireless signal. The CSI may be a
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complex vector, comprising both amplitude and phase information related to the wireless
channel. In some embodiments, only the channel amplitude information may be determined
and/or exported and/or processed. In some embodiments, only the channel phase information
may be determined and/or exported and/or processed. In preferred embodiments, both the
channel amplitude and phase information may be determined and/or exported and/or
processed as part of a positioning system application. In embodiments, CSI signals may be
processed in a processor such as a microprocessor and/or a DSP, a computer, an FPGA, an
ASIC, and the like, and may be processed locally, on resources integrated with, or in close
proximity to, the chip or system that generates the CSI signals, and/or the CSI signals may be
processed remotely at a distance computing device that may be configured for performing
signal processing, and/or the CSI signals may be processed using at least some cloud

reésources.

[00251] In embodiments, the CSI may be determined by a standardized mechanism, such
as exists for the 802.11 signaling protocol. In some embodiments, the CSI may be
determined by monitoring and recording parameters in the radio receiver and/or by
monitoring monitor and control signals passed between a receiver and a transmitter. In the
laboratory demonstration, the circuit used to capture the CSI included a USRP (National

Instruments’ Universal Software Radio Peripheral platform) and/or an Intel 5300 chip.

[00252] In embodiments, certain portions of a wireless protocol packet structure may be
used to estimate channel state information and/or the channel frequency response. In an
exemplary 802.11 network, long preambles that follow short preambles may be used to
determine the CSI. Exemplary 802.11 communication systems may utilize orthogonal
frequency division multiplexing or OFDM. Each OFDM channel may include multiple sub-
carriers. An OFDM channel may include more than 20 subcarriers, more than 30 subcarriers,
more than 40 subcarriers, 48 subcarriers, 56 subcarriers, 64 subcarriers, or 114 subcarriers,
etc. In embodiments, some of the subcarriers in an OFDM signal may be null subcarriers or
may be pilot subcarriers. In embodiments, only some of the subcarriers in an OFDM symbol

may be data subcarriers.

[00253] In embodiments, a circuit may provide CSI for some or all of the subcarriers. For

example, in some exemplary embodiments, the Intel 5300 chip and/or USRP may export the
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CSI for 30 subcarriers in the OFDM channel. In embodiments, further processing of the CSI
may be performed to mitigate variations in the CSI owing to imperfect timing and/or
frequency synchronization. In embodiments, the CSI from one sub-band may be arranged as
a vector and may be referred to as an intra-band fingerprint. In some embodiments, the CSI
from one sub-band may the average of multiple CSI determinations and some determinations
may be trimmed or discarded. In embodiments, a sub-band CSI for a given channel may be
measured and/or determined once, twice, ten times, 30 times, 50 times, 100 times and the
like. In embodiments, some or all of the sub-band CSI information may be used to form an

intra-band fingerprint.

[00254] The example provided above, where the CSI is reported for 30 subcarriers, is
merely an example and is not meant to be limiting in any way. The CSI information from
any number of subcarriers may be utilized in the positioning systems described herein. Also,
the number of channel measurements that may be performed, or the number of WiFi packets
that are exchanged in order to determine CSI and intra-band fingerprints, are exemplary and
are not meant to be limiting in any way. For example, a positioning system that also tracks
movement may constantly send probe signals that can be used to determine estimated
channel responses and device positions. In such systems, probe signals may be sent
thousands of times or millions of times per second and may continue to be sent as long as the
positioning and/or tracking system is being used. The description of a channel probe signal
being sent 30 times or 100 times may refer to the number of times a probe signal is sent
before another type of wireless signal is sent by the system. For example, in some systems,
there may be a channel probing phase and a data transmission phase. The channel probing
phase may be as described in this disclosure and the data transmission phase may correspond
to data being sent (e.g., such as location information, sales information, payment information,
alerts, communication information, and the like). In some implementations, there may be
little or no data that needs to be transmitted by a system, and a channel probing phase may go
on indefinitely. In such implementations, the number of probe signals that may be sent and
the number of received probe waveforms that may be detected, processed, stored, and the

like may be huge.
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[00255] In embodiments, multiple different center frequency, frequency bandwidth, and/or
antenna intra-band fingerprints may be combined and/or concatenated into a composite or
inter-band fingerprint. In embodiments, the inter-band finger print may form a composite
channel response. This composite channel response may be used to determine the location of
an antenna and/or wireless device in a positioning system. In embodiments, the location
accuracy of a positioning system using a composite channel response may be higher than the
accuracy achieved using a single intra-band fingerprint.

[00256] In an exemplary embodiment, two long preambles in an 802.11 frame can be
used to determine the CSI for a wireless channel between the two devices. For example, one
of the wireless devices may be a wireless router/access point and may support a wireless
hotspot (e.g., at a home, or at a business). The wireless router/access point may be a standard
device that has not been specifically modified and/or arranged to work with the systems and
methods described herein. In other words, the systems and methods described herein can take
advantage of such existing wireless devices and their methodologies to determine positional
information. In this exemplary embodiment, when the second wireless device (e.g., a
computer, a smart phone, a tablet, etc.) is in range of the router/access point, the second
wireless device may receive WiFi signals from the router/access point and may process the
long preambles included in the WiFi signals to determine a location/environment specific
signature between itself and the router/access point. In some implementations, the second
wireless device may include software and/or firmware for enabling the second wireless
device to operate with the system. In some implementations, the second wireless device is
not joined to the hotspot. Rather, the second wireless device may be a passive device that can
receive the standard preamble information from the router/access point. In this way, the
second wireless device may be referred to as a “sniffer.” In embodiments, the two long
preambles are sent in one frame, e.g., for each OFDM channel. In embodiments, the OFDM
channels can have bandwidths of, e.g., 20 MHz or 40 MHz.

[00257] As described above, the system can determine CSI and associate the CSI with
various locations. For example, in one instance, the second wireless device can store CSI and
associate it with a particular location (e.g., “the chair in the front-right corner of Coffee Shop
on 123 Main Street”). When the second device is subsequently in the particular location, it

may provide an indication (e.g., an alert). In some implementations, when the second
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wireless device has access to the internet (e.g., by joining the WiFi network, the second
wireless device may upload acquired location/environment information. The
location/environment information may be uploaded to a resource (e.g., a cloud-based
resource) such as one or more servers, hard drives, storage units, and/or databases that are
configured to store such location information.

[00258] In some implementations, the first device (e.g., the routers/access points) may
have already been mapped to a particular location. Such mapping may be relatively coarse.
For example, the SSIDs or other network identifier of the router/access point may be
associated with a particular location (e.g., a longitude and a latitude), and such coarse
locational information can be used to assist in determining a more-precise location of the
second wireless device. For example, such location information can be uploaded to the
resource (e.g., a database in the cloud), and the information can be used to associate
CSUl/location specific signatures with known coarse locations of routers/access points. In
some implementations, the router/access point is associated with more-detailed location
information. For example, the router/access point may be associated with a 2D or 3D floor
plan, and such information can be provided to the second device when the second device is in
range of the router/access point. In some examples, a display of the second wireless device
may present a floor plan based on such information. The second wireless device may be
configured to receive an input from a user indicative of the current position (e.g., tapping a
spot on the displayed floor plan), thereby causing CSI to be collected and correlated with that
particular position. In some implementations, the information related to the floorplan may be
stored locally on the second device and/or may be stored in a cloud-based database. In some
implementations, a third wireless device that comes within range of the router/access point
may have access to the floorplan information. If the database contains one or more signatures
associated with the particular router/access point, the system may collect a location signature
from the third wireless device, compare the signature to existing signatures stored in the
database, and provide an indication to a user if there is a match. For example, if the third
wireless device’s location signature matches a stored signature that is associated with a
particular position on a stored floor plan, a display of the third wireless device may present

the floor plan along with an indication of the particular position.
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[00259] FIGS. 19-25 show experimental results obtained using a system similar to that
shown in FIG. 18A. In this example, the WiFi channel bandwidth is approximately 10 MHz
and the channel center frequencies may be arranged so that frequencies within adjacent
channel bands overlap or are non-overlapping. In the experimental results, resonating
strengths may be determined for a single 10 MHz WiFi channel or resonating strengths may
be determined using composite channel responses comprising channel response information
for two or more 10 MHz wide WiFi channels. As described previously, the composite
channel responses may comprise channel responses associated with different channel probe
signal frequencies, bandwidths, transmitter locations, paths, and the like. The composite
channel responses assembled here comprise multiple channel responses determined from the
long preambles of standards-based WiFi (802.11xx) packets at different channel center
frequencies. These are exemplary composite channel responses and are not meant to be

limiting in any way.

[00260]  The plots of FIGS. 19-25 show the calculated resonating strength between a
stored channel response for a certain one of 90 locations (indicated by an index number on
the horizontal axes) and a newly measured channel response at a certain one of the same 90
locations (also indicated by an index number on the vertical axes). The locations are
associated with grid points in the figures. In the presented data, measured and stored location
indices having the same value indicates that the measured and stored channel responses are
measured and/or stored for the same multipath channel or similar multipath channels (e.g.,
the same position or similar positions of transmitter and receiver). When the location indices
differ by “1”, the measured and stored channel responses are for channels where the location
of the receiver relative to the transmitter has changed by approximately 5 cm. White grid
points indicate a relatively high resonating strength for the corresponding location index,
black grid points indicate a relatively low resonating strength for the corresponding location
index, and grey grid points indicate an intermediate resonating strength for the corresponding
location index that is proportional to the shade of grey (e.g., wherein lighter grey colors
indicate relatively higher resonating strengths than darker grey colors). If a positioning
system is accurately determining a position with a high confidence, the grid points along the
line where the stored channel response index and the measured channel response index are

the same will be white and the rest of the plot will be gray or black. As the resonating
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strengths of non-matching channel responses become darker (e.g., closer to black), the
confidence that this grid position does not represent the same physical location is increasing.
The matrix representation of the resonating strength shown in FIGS. 19-25 may be referred
to as a confusion matrix. Plots may also be produced that plot the focusing gain that each
combination of channel induces. The focusing gain plot may also be referred to as a

confusion matrix.

[00261] FIGS. 19A-D show calculated resonating strengths for channel responses derived
from different sets of CSI data. FIGS. 19A and 19B show resonating strengths determined
from amplitude and phase data collected from CSI signals for a single 10 MHz channel from
the overlapping set of channel center frequencies (FIG. 19A) and the non-overlapping set of
channel frequencies (FIG. 19B). In this example, the channel center frequencies are different
for the non-overlapping and overlapping frequency sets. FIGS. 19C and 19D show
resonating strengths determined from amplitude-only data collected from CSI signals for a
single 10 MHz from the overlapping set of channel center frequencies (FIG. 19C) and the

non-overlapping set of channel frequencies (FIG. 19D).

[00262] FIGS. 20A-20D show calculated resonating strengths for composite channel
responses derived from different sets of CSI data. For these data, the composite channel
response comprises channel response information or CSI from five (5) different frequency
channels in the WiFi band. FIGS. 20A and 20B show resonating strengths determined from
amplitude and phase data collected from CSI signals for five (5) 10 MHz channels from the
overlapping set of channel center frequencies (FIG. 20A) and the non-overlapping set of
channel frequencies (FIG. 20B). FIGS. 20C and 20D show resonating strengths determined
from amplitude-only data collected from CSI signals for five (5) 10 MHz channels from the
overlapping set of channel center frequencies (FIG. 20C) and the non-overlapping set of
channel frequencies (FIG. 20D). In some examples, the position identification accuracy that
may be determined using composite channel responses exceeds the position identification
accuracy that may be determined using a single channel response. The improvement is
evident in the sharper distinction in the resonating strengths between matching and non-

matching positions.
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[00263] FIGS. 21A-21D show calculated resonating strengths for composite channel
responses derived from different sets of CSI data. For these data, the composite channel
response comprises channel response information or CSI from ten (10) different frequency
channels in the WiFi band. That is, the inter-band fingerprint comprises ten intra-band
fingerprints. FIGS. 21A and 21B show resonating strengths determined from amplitude and
phase data collected from CSI signals for ten (10) 10 MHz channels from the overlapping set
of channel center frequencies (FIG. 21A) and the non-overlapping set of channel frequencies
(FIG. 21B). FIGS. 21C and 21D show resonating strengths determined from amplitude-only
data collected from CSI signals for ten (10) 10 MHz channels from the overlapping set of
channel center frequencies (FIG. 21C) and the non-overlapping set of channel frequencies
(FIG. 21D). In some examples, the position identification accuracy that may be determined
using composite channel responses comprising 10 channel responses exceeds the position
identification accuracy that may be determined by a composite channel response comprising
5 or 1 channel response(s). The improvement is evident in the larger distinction in the

resonating strength between matching and non-matching positions.

[00264] FIGS. 22A-22D show calculated resonating strengths for composite channel
responses derived from different sets of CSI data. For these data, the composite channel
response comprises channel response information or CSI from fifteen (15) different
frequency channels in the WiFi band. That is, the inter-band fingerprint comprises fifteen
intra-band fingerprints. FIGS. 22A and 22B show resonating strengths determined from
amplitude and phase data collected from CSI signals for fifteen (15) 10 MHz channels from
the overlapping set of channel center frequencies (FIG. 22A) and the non-overlapping set of
channel frequencies (FIG. 22B). FIGS. 22C and 22D show resonating strengths determined
from amplitude-only data collected from CSI signals for fifteen (15) 10 MHz channels from
the overlapping set of channel center frequencies (FIG. 22C) and the non-overlapping set of
channel frequencies (FIG. 22D). In some examples, the position identification accuracy that
may be determined using composite channel responses comprising 15 channel responses
exceeds the position identification accuracy that may be determined by a composite channel
response comprising 10, 5, or 1 channel response(s). The improvement is evident in the

larger distinction in the resonating strength between matching and non-matching positions.
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[00265] FIGS. 23A-23D show calculated resonating strengths for composite channel
responses derived from different sets of CSI data. For these data, the composite channel
response comprises channel response information or CSI from twenty (20) different
frequency channels in the WiFi band. That is, the inter-band fingerprint comprises twenty
intra-band fingerprints. FIGS. 23A and 23B show resonating strengths determined from
amplitude and phase data collected from CSI signals for twenty (20) 10 MHz channels from
the overlapping set of channel center frequencies (FIG. 23A) and the non-overlapping set of
channel frequencies (FIG. 23B). FIGS. 23C and 23D show resonating strengths determined
from amplitude-only data collected from CSI signals for twenty (20) 10 MHz channels from
the overlapping set of channel center frequencies (FIG. 23C) and the non-overlapping set of
channel frequencies (FIG. 23D). In some examples, the position identification accuracy that
may be determined using composite channel responses comprising 20 channel responses
exceeds the position identification accuracy that may be determined by a composite channel
response comprising 15, 10, 5 or 1 channel response(s). The improvement is evident in the

larger distinction in the resonating strength between matching and non-matching positions.

[00266] The data in FIGS. 24A-24D show calculated resonating strengths for composite
channel responses derived from different sets of CSI data. For these data, the composite
channel response comprises channel response information or CSI from fifty (50) different
frequency channels in the WiFi band. That is, the inter-band fingerprint comprises fifty
intra-band fingerprints. FIGS. 24A and 24B show resonating strengths determined from
amplitude and phase data collected from CSI signals for fifty (50) 10 MHz channels from the
overlapping set of channel center frequencies (FIG. 24A) and the non-overlapping set of
channel frequencies (FIG. 24B). FIGS. 24C and 24D show resonating strengths determined
from amplitude-only data collected from CSI signals for fifty (50) 10 MHz channels from the
overlapping set of channel center frequencies (FIG. 24C) and the non-overlapping set of
channel frequencies (FIG. 24D). Is some examples, the position identification accuracy that
may be determined using composite channel responses comprising 50 channel responses
exceeds the position identification accuracy that may be determined by a composite channel
response comprising 20, 15, 10, 5 or 1 channel response(s). The improvement is evident in
the larger distinction in the resonating strength between matching and non-matching

positions.
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[00267] FIGS. 25A-25D show calculated resonating strengths for composite channel
responses derived from different sets of CSI data. For these data, the composite channel
response comprises channel response information or CSI from 100 (100) different frequency
channels in the WiFi band. That is, the inter-band fingerprint comprises one hundred intra-
band fingerprints. FIGS. 25A and 25B show resonating strengths determined from amplitude
and phase data collected from CSI signals for one hundred (100) 10 MHz channels from the
overlapping set of channel center frequencies (FIG. 25A) and the non-overlapping set of
channel frequencies (FIG. 25B). FIGS. 25C and 25D show resonating strengths determined
from amplitude-only data collected from CSI signals for one hundred (100) 10 MHz channels
from the overlapping set of channel center frequencies (FIG. 25C) and the non-overlapping
set of channel frequencies (FIG. 25D). In some examples, the position identification
accuracy that may be determined using composite channel responses comprising 100 channel
responses exceeds the position identification accuracy that may be determined by a
composite channel response comprising 50, 20, 15, 10, 5 or 1 channel response(s). The
improvement is evident in the larger distinction in the resonating strength between matching

and non-matching positions.

[00268] In some examples, the improvement in position identification accuracy as more
individual channel responses are added to the composite channel response is qualitatively
similar to the improvement in position resolution associated with widening the bandwidth of
the channel probe signal in the customized radio signaling system described previously in
this disclosure. Note that as the bandwidth of the single channel responses increases from 10
MHz to 20 MHz or 40 MHz or higher, the number of individual channel responses that may
be included in the composite channel response to achieve a desired location identification
accuracy may be less.

[00269] While data for a composite channel response that comprise individual channel
responses determined from different OFDM channel data have been presented in FIGS. 19-
25, a variety of individual channel responses may be included in a composite channel
response. By way of example, but not limitation, individual channel responses determined
from different OFDM channels, center frequencies, bandwidths, and antennas may be
included, and various combinations of such channel responses may be included. In

embodiments, an access point or base station may include multiple closely spaced antennas,
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and each of these antennas may receive OFDM channel packets and determine CSIs for their
channel to the transmitter. In the WiFi communication bands around 2.4 GHz and 5.8 GHz,
the receiver antennas may only need to be separated by a relatively short distance (e.g., by a
few centimeters) to yield independent CSIs from a single transmit antenna. In embodiments,
the number of antennas preferably deployed in an access point or base station may be
determined by the number of individual channel responses that may be preferably included in
a composite channel response. In some embodiments, the number of antennas in an access
point or base station may be increased to meet the number of individual channel responses
that may be preferably included in a composite channel response. In embodiments, the
transmitter may also have multiple antennas and WiFi packets transmitted from each transmit
antenna to each receive antenna may be used to determine individual channel estimates that

may be included in composite channel estimates.

[00270] FIG. 26 shows another exemplary embodiment of the positioning system that
includes two general purpose personal computers (PCs) 2610, 2620. Each computer 2610,
2620 includes one or more WiFi antennas. Each WiFi antenna can include zero or more
transmitter (TX) antenna and zero or more receiver (RX) antenna. Each computer 2610,
2620, also includes a wireless adapter card (e.g., an Intel 5300 wireless adapter card) that is
configured to determine channel state information for each TX and/or RX antenna pairing
and for each WiFi packet sent between the two computers 2610, 2620. The example
described here is for a system that was demonstrated in a laboratory and is not meant to be
limiting. That is, not just PCs, but any device may comprise TX and/or RX antennas, and
may comprise one, two or more than two antennas. Any wireless adapter card that can be
used to determine the channel state information using any wireless protocol can be used to

implement the devices, systems, techniques and methods described herein.

[00271] The first computer 2610 may send WiFi communication packets and/or data to the
second computer 2620. In embodiments, the sending device may be referred to as a WiFi
transmitter. The wireless adapter card (e.g., the Intel 5300 wireless adapter card) is
configured to support multiple input, multiple output (MIMO) functionality. Using the
MIMO capability of the wireless adapter card, the computers 2610, 2620 can use a variety of
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configurations to estimate channel state information, as described in more detail below with

respect to FIGS. 29-40.

[00272]  As described briefly above, the computers 2610, 2620 may undergo a training
phase (e.g., for building a database that has information on the mapping between positional
coordinates and channel state information). FIG. 27 shows a flow diagram 2700 illustrating a
training phase methodology that is performed for each TX/RX antenna pair. For example, if
the first computer 2610 has two TX antennas and the second computer 2620 has two RX
antennas, the training phase is performed by using the first TX antenna to transmit first data
and using the two RX antennas to receive the first data, then using the second TX antenna to
transmit second data and using the two RX antennas to receive the second data. Each TX
antenna transmits data (block 2702) that pass through a wireless multipath channel and are
received by each RX antenna (block 2704). The transmissions can expose information that
represents channel attenuation and phase shifts for each transmission, which is sometimes
referred to as channel state information (CSI). The CSI of the transmissions is then parsed

(block 2706).

[00273] In some implementations, the attenuations of the various CSIs may be
substantially correlated, but the phase shifts of the CSIs may be significantly different from
cach other. In some implementations, the differences in the phase shifts across different CSIs
may be due to synchronization issues between the TXs and the RXs, such as symbol timing
offset (STO), residual sampling frequency offset (SFO), and residual carrier frequency offset
(CFO). Such synchronization issues may degrade the correlation performance between the
various CSIs (e.g., even if the CSls are captured at the same locations). To minimize the
synchronization issues, at least a portion of the STO and/or the SFO and/or the CFO is
removed (block 2708). In some implementations, the STO and/or SFO and/or CFO is

removed by performing a linear fitting on an unwrapped phase of the CSIs.

[00274] Following the STO/SFO/CFO removal (block 2708), K-means clustering is
performed on the CSIs (block 2710). In some implementations, the phases of the CSIs can be
classified into several groups. CSIs that are classified in the same group may be highly
correlated with each other, while CSls that are classified into different groups may be

minimally correlated with each other. To fully describe the CSIs without losing any
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information, a K-means clustering algorithm can be applied to the CSIs. The K-means
clustering algorithm is an unsupervised algorithm that can be used to classify data in any
dimension. The algorithm starts by randomly identifying K centroids and measuring the
distance between the remaining data and the centroids. This process can be performed
iteratively, and the process may arrive at a specific clustering such that the distance inside
one cluster is small, and the distance between two clusters is large. The parameter K may be
finely tuned to achieve optimality in clustering as well as robustness against environmental
change. Information related to mappings between position coordinates (e.g., the positional
coordinates of the first computer 2610 and/or the second computer 2620) and the CSI is then
stored and/or refined in a database (block 2712). In some implementations, the centroids can
be kept as representative CSls, and other CSIs may be discarded (e.g., to reduce the amount
of information stored in the database). K-means clustering is described in more detail below

with respect to FIGS. 74-79.

[00275] Following the training phase, the computers 2610, 2620 may undergo a
localization phase (e.g., for determining a location of the first computer 2610 and/or the
second computer 2620). FIG. 28 shows a flow diagram 2800 illustrating a localization phase
methodology that is performed for each TX/RX antenna pair. Each TX antenna transmits
data (block 2802) that passes through a wireless multipath channel and is received by each
RX antenna (block 2804). The transmission can expose information that represents channel
attenuation and phase shifts for each transmission (e.g., CSI). The CSI of the transmissions is
then parsed (block 2806), at least a portions of the STO/SFO/CFO of the CSls is removed
(block 2808), and K-means clustering is performed on the CSls (block 2810) (e.g., in a

similar fashion as described above with reference to FIG. 27).

[00276] Following the K-means clustering (block 2810), each CSI from the localization
phase is correlated with the CSIs from the training phase (block 2812) (e.g., which are stored
in the database). The maximum value among the correlations between the various CSIs is
identified (block 2814). Correlating each localization phase CSI with each training phase CSI
in an interative fashion results in the formation of a confusion matrix. As mentioned above,
the steps associated with blocks 2802-2814 are performed for each TX/RX antenna pair of

the computers 2610, 2620, and a confusion matrix is formulated for each pair. For each
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transmitter antenna, the “transmit data” 2802 step is performed once and the steps 2804 to
2820 are performed with respect to each receiver antenna that receives the transmitted data.
The confusion matrices are fused (e.g., averaged) to form one fused confusion matrix (block
2816). The highest correlation in the fused confusion matrix indicates the estimated current

position of one or both of the computers 2610, 2620.

[00277] In some implementations, the correlations are represented by values that indicate
the degree of correlation. The value may be a focusing gain or a resonating strength, as
described in detail above. A threshold may be set such that the highest correlation in the
fused confusion matrix needs to be greather than the threshold in order to accurately indicate
the estimated position. If the value of the highest correlation in the fused confusion matrix
satisfies the threshold (block 2818), accurate location information can be determined, and the
localization phase is complete (block 2820). If the value of the highest correlation in the
fused confusion matrix does not satisfy the threshold (block 2818), the positioning system
generates an output indicating that accurate location information cannot be determined (block

2822).

[00278] FIGS. 29-40 show confusion matrices that represent resonating strengths
according to various embodiments of the positioning system of FIG. 26. The confusion
matrices may be formed according to the methodologies described above with reference to

FIGS. 27 and 28.

[00279] FIGS. 29-31 show confusion matricies for an embodiment of the positioning
system of FIG. 26 in which the first computer 2610 has one TX antenna and the second
computer 2620 has one RX antenna. FIG. 29 shows a confusion matrix that represents
resonating strengths for correlations between locations corresponding to the localization
phase CSlIs (indicated by an index number on the horizontal axes) and locations
corresponding to the training phase CSIs (indicated by an index number on the vertical axes).
In this example, the K-means clustering algorithm identified one centroid, thereby resulting
in one cluster of data. FIG. 30 shows a confusion matrix in which the K-means clustering
algorithm identified five centroids, thereby resulting in five clusters of data. FIG. 31 shows a

confusion matrix in which the K-means clustering algorithm identified ten centroids, thereby
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resulting in ten clusters of data. In the examples shown in FIGS. 29-31, there is no need for a

fused confusion matrix because there is only one pair of TX/RX antenna.

[00280] FIGS. 32-34 show fused confusion matricies for an embodiment of the
positioning system of FIG. 26 in which the first computer 2610 has one TX antenna and the
second computer 2620 has three RX antennas. In this example, the composite bandwidth of
the measurement is three times larger than for the data shown in FIGS 29-31. FIGS. 32-34
show fused confusion matrices that represent resonating strengths for correlations between
the localization phase CSIs and the training phase CSlIs for the three TX/RX antenna pairs at
various K-means clusterings. FIG. 32 shows a fused confusion matrix in which the K-means
clustering algorithm identified one centroid, thereby resulting in one cluster of data. FIG. 33
shows a fused confusion matrix in which the K-means clustering algorithm identified five
centroids, thereby resulting in five clusters of data. FIG. 34 shows a fused confusion matrix
in which the K-means clustering algorithm identified ten centroids, thereby resulting in ten
clusters of data. In the examples shown in FIGS. 32-34, each of the fused confusion matrices
is a fusion of confusion matrices related to each TX/RX antenna pair (e.g., TX1/RXi;
TX1/RX2; TX1/RX3) according to the corresponding K-means clustering. Because the CSIs
are derived from three different TX/RX antenna pairs, the fused confusion matrices (in FIGS.
32-34) have more information and there is a higher probability that the confusion matrics can

be used to accurately identify the location (e.g., as compared to the confusion matrices shown

in FIGS. 29-31).

[00281] FIGS. 35-37 show fused confusion matricies for an embodiment of the
positioning system of FIG. 26 in which the first computer 2610 has two TX antenna and the
second computer 2620 has three RX antenna. In this example, the composite bandwidth of
the measurement is six times larger than for the data shown in FIGS 29-31, and twice as large
as the composite bandwidth in FIGS 32-34. FIGS. 35-37 show fused confusion matrices
that represent resonating strengths for correlations between the localization phase CSIs and
the training phase CSIs for the six TX/RX antenna pairs at various K-means clusterings. FIG.
35 shows a fused confusion matrix in which the K-means clustering algorithm identified one
centroid, thereby resulting in one cluster of data. FIG. 36 shows a fused confusion matrix in

which the K-means clustering algorithm identified five centroids, thereby resulting in five
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clusters of data. FIG. 37 shows a fused confusion matrix in which the K-means clustering
algorithm identified ten centroids, thereby resulting in ten clusters of data. In the examples
shown in FIGS. 35-37, each of the fused confusion matrices is a fusion of confusion matrices
related to each TX/RX antenna pair (e.g., TX1/RX1; TX1/RXz2; TX1/RX3; TX2/RX1; TX2/RXz;
TX2/RX3) according to the corresponding K-means clustering. Because the CSIs are derived
from six different TX/RX antenna pairs, the fused confusion matrices (in FIGS. 35-37)
include more information and there is a higher probability that the confusion matrics can be
used to accurately identify the location (e.g., as compared to the confusion matrices shown in

FIGS. 29-31 and FIGS. 32-34).

[00282] FIGS. 38-40 show fused confusion matricies for an embodiment of the
positioning system of FIG. 26 in which the first computer 2610 has three TX antenna and the
second computer 2620 has three RX antenna. In this example, the composite bandwidth of
the measurement is nine times larger than for the data shown in FIGS 29-31, three times as
large as the composite bandwidth in FIGS 32-34 and 50% larger than the composite
bandwidth in FIGS 35-37. FIGS. 38-40 show fused confusion matrices that represent
resonating strengths for correlations between the localization phase CSls and the training
phase CSIs for the nine TX/RX antenna pairs at various K-means clusterings. FIG. 38 shows
a fused confusion matrix in which the K-means clustering algorithm identified one centroid,
thereby resulting in one cluster of data. FIG. 39 shows a fused confusion matrix in which the
K-means clustering algorithm identified five centroids, thereby resulting in five clusters of
data. FIG. 40 shows a fused confusion matrix in which the K-means clustering algorithm
identified ten centroids, thereby resulting in ten clusters of data. In the examples shown in
FIGS. 38-40, each of the fused confusion matrices is a fusion of confusion matrices related to
each TX/RX antenna pair (e.g., TX1/RX1; TX1/RXz2; TX1/RX3; TXo/RX1; TX2/RX2;
TX2/RX3; TX3/RX1; TX3/RX2; TX3/RX3) according to the corresponding K-means
clustering. Because the CSI is derived from nine different TX/RX antenna pairs, the fused
confusion matrices (in FIGS. 38-40) contain more information and there is a higher
probability that the confusion matrics can be used to accurately identify the location (e.g., as

compared to the confusion matrices shown in FIGS. 29-31, FIGS. 32-34, and FIGS. 35-37).
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[00283] In some implementations, one or both of (i) the number of TX/RX antenna
pairs and (ii) the number of centroids/clusters identified by the K-means clustering algorithm
can impact the performance of the positioning system of FIG. 26. For example, in general,
the larger the number of TX/RX pairs and centroids/clusters, the higher the probability that
the positioning system can accurately identify the location. Similarly, in some examples, the
larger the number of TX/RX pairs and/or centroids/clusters, the more precise the identified

location can be.

[00284] FIGS. 41-52 show receiver operating characteristic (ROC) curves that
illustrate the performance of the positioning system of FIG. 26 according to the various
embodiments described above with respect to FIGS. 29-40. For example, FIG. 41 shows an
ROC curve for the embodiment in which the first computer 2610 has one TX antenna, the
second computer 2620 has one RX antenna, and the K-means clustering algorithm identified
one centroid and cluster (which corresponds to FIG. 29); FIG. 42 shows an ROC curve for
the embodiment with one TX antenna, one RX antenna, and five centroids/clusters (which

corresponds to FIG. 30); and so on.

[00285] The ROC curves of FIGS. 41-52 illustrate the performance of the positioning
system as its discrimination threshold is varied. That is, the ROC curves plot the detection
probability against the false positive probability. The detection probability is the probability
that the correlation at the intended location is identified. For example, in cases in which the
correlation is represented by a value, the detection probability is the probability that the value
of the correlation 1) is higher than values of correlations at locations other than the indended
location, and i1) satisfies a threshold value (e.g., block 2822 of FIG. 28). The false alarm
probability is the probability of false positives, in which a false positive is the occurrence of a
correlation higher at another location than the intended one and the correlation exceeds the
threshold. In other words, the false alarm probability is the probability that the target is
falsely identified as being positioned at a known location when it is actually positioned at an

unknown location.

[00286] If the value of the correlation satisfies the threshold value, a location is
identified. Thus, the detection probability is inversely related to the threshold value; the

lower the threshold value, the higher the probability that the target is correctly identified as
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being positioned at a known location when it is at the known location. However, the false
alarm probability is also inversely related to the threshold value; the lower the threshold
value, the higher the probability that the target is falsely identified as being positioned at a

known location when it is actually positioned at an unknown location.

[00287] Referring to FIG. 41, the implementation of the positioning system that
includes one TX antenna, one RX antenna, and one centroid/cluster does not perform as well
(e.g., generally has a smaller detection probability and a higher false alarm probability) as the
implementation of FIG. 42, in which the positioning system includes one TX antenna, one
RX antenna, and five centroids/clusters. The implementation of FIG. 43, in which the
positioning system includes one TX antenna, one RX antenna, and ten centroids/clusters
performs even better than the previous two. Thus, as the number of centroids/clusters
identified by the K-means clustering algorithm increases, the performance of the positioning

system can improve.

[00288] Similarly, the performance of the positioning system can also improve as the
number of TX and/or RX antennas increases. For example, referring to FIG. 44, the
implementation that includes one TX antenna, three RX antennas, and one centroids/clusters
can have approximately 90% detection probability with approximately 0% false alarm
probability. However, referring to FIG. 45, if five centroids/clusters are used instead one, the
detection probability rises to approximately 100% with approximately 0% false alarm
probability. FIGS. 46-52 illustrate ROC curves according to the embodiments of the
positioning system described above with respect to FIGS. 34-40 that represent similar, and in

some cases even better performance characteristics than those of FIG. 45.

Stored and/or Generated Channel Responses

[00289] In embodiments, a database of reference channel responses and/or reference
time-reversed channel responses may be established. An exemplary database may include
reference channel responses for a venue in multiple configurations. For example, a database
may include channel responses for the venue with and without people, with
doors/windows/objects oriented in certain positions and/or poses, and the like. In exemplary
embodiments, a database may include venue information such as floorplans, 3-dimensional
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“floorplans” (3D floorplans), location of the venue within a larger venue, street address, GPS
coordinates, and location information derived from other indoor positioning systems such as
those based on received signal strength measurements/predictions, time-of-flight
measurements/predictions, angle-of-arrival measurements/predictions, differential time-of-
flight and/or angle-of-arrival measurements/predictions, electro-magnetic field
measurements/predictions, stray signature measurements/predictions, position-dependent
signature measurements/predictions, motion sensors, pressure sensors, Bluetooth sensors,
Near-Field Communication (NFC) sensors, thermal sensors, light sensors, RF sensors, and

the like.

[00290] In embodiments, a database may include reference channel responses for
multiple venues. For example, indoor position information may be obtained by devices at
various locations, and the devices may send measured and/or predicted reference channel
responses along with the indoor position information to a database and the database (or, ¢.g.,
multiple coordinated databases) may store this information. In embodiments, a database may
receive and store information when venues are calibrated and/or precalibrated. Such
calibration or pre-calibration may be performed when locators are installed and may be

performed using any and all of the calibration techniques discussed above.

[00291] In embodiments, a database may receive information when floorplans and/or
3-D floorplans of a venue are available and calculations are performed to estimate reference
channel responses in the venue. In embodiments, a database of reference channel responses
and/or reference time-reversed channel responses may be stored at one or more locations in a
network and may be accessible to multiple users and/or indoor positioning systems located
throughout the world. In embodiments, a database may store reference channel responses
that have been processed in anticipation of being used in a classification and/or data pattern
matching scheme. For example, classification schemes can include similarity or matching or
correlation of waveforms, virtual time reversal processing techniques, pattern recognition
and/or matching techniques, linear and/or nonlinear support vector machines and/or support
vector networks techniques, machine learning techniques, data mining techniques, statistical

classification techniques, tagging techniques, and/or kernel tricks and the like.
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[00292] In embodiments, indoor positioning systems may transmit received
waveforms and/or channel responses and/or time-reversed channel responses and/or time-
reversal resonating strengths and/or classification techniques and/or data and/or results to an
information repository over wired and/or wireless network resources. In embodiments, the

information repository may include databases that can be accessed by at least two locators.

Additional Embodiments

[00293] As briefly mentioned above, a time-reversed version of the estimated channel
response may be used for communication in addition to positioning applications. FIG. 1C
shows a view of operational principles of an exemplary time-reversal communication system.
Before a first transceiver 158 transmits information to a second transceiver 156, the second
transceiver 156 first sends a probe signal 152 to the first transceiver 158 through a multipath
channel 160. These actions may be referred to as the channel probing phase. The probe signal
152, after propagating through the channel 160, may become a waveform 154 that is received
at the first transceiver 158. The transceiver 158 time-reverses (and conjugates if the signal is
complex) the received waveform 154, and uses a time-reversed version 164 of the

waveform 154 to transmit information back to the second transceiver 156. These actions may

be referred to as the time-reversal transmission phase.

[00294] In an exemplary time-reversal (TR) communication system, when channel
reciprocity and stationarity are fairly well maintained, an emitted time-reversal signal 164
may retrace the incoming paths and form a constructive sum of signals at the intended
location (i.e., the location of the second transceiver 156), resulting in a peak 162 in the
signal-power distribution over the space, which is referred to as the spatial focusing effect.
Because time-reversal may use the multipaths as a matched filter, the transmitted signal may
be focused in the time domain as well, which is referred to as the temporal focusing effect.
Moreover, by using the environment as matched filters, the transceiver design complexity

(e.g., of the first transceiver 158 and the second transceiver 156) can be significantly reduced.

[00295] Both real time-reversal communication and positioning systems may differ from
“idealized” systems in a number of ways. For example, in embodiments, the number of
multipath signals that can be captured at a device may be a subset of the total number of
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multipaths generated by the environment. In embodiments, a first device may detect, digitize
(or sample) and process a portion of a transmitted signal that travels directly along a line-of-
sight between a first device and a second device. In embodiments, a first device may detect,
digitize (or sample) and process one or more multipath signals that arrive at the device within
a time delay of the direct, line-of-sight signal. Such a time delay may be referred to as a time
delay window or a channel length. In embodiments, the time delay window may be variable
and may be controlled by hardware and/or software in a device. In embodiments, a first
device may detect, sample and process one or more multipath signals with particular
amplitudes. In embodiments, the particular amplitude may be an amplitude above a threshold
amplitude and the threshold amplitude may be fixed or may be variable. In embodiments, the
particular amplitude may be controlled by hardware and/or software in a device. In
exemplary systems, different devices my collect different numbers of multipath signals and
may have different settings for the time delay window or channel length and/or the amplitude

threshold.

[00296] In embodiments, analog-to-digital converters (ADCs) and digital-to-analog
converters (DACs) may be used in interfaces between analog and digital circuitry. In
embodiments, the ADCs and/or DACs may utilize up to two (2) bits of resolution, up to four
(4) bits of resolution, up to six (6) bits of resolution, up to eight (8) bits of resolution, up to
ten (10) bits of resolution, up to twelve (12) bits of resolution or more bits of resolution. In
embodiments, the ADCs and/or DACs may adaptively adjust the number of bits of resolution
that are being used to digitize a signal. In exemplary embodiments, an ADC or DAC in a
device may utilize 4 bits of resolution under normal operating conditions but may increase
the number of bits of resolution to improve the temporal and/or spatial focusing effect of the
system. In some exemplary embodiments, an ADC or DAC in a device may utilize 8 bits of
resolution under normal operating conditions but may decrease the number of bits of
resolution to reduce the power utilization of the device. The number of bits of resolution of
either or both of ADCs and DACs may be an adjustable parameter in a wireless transmitter
and/or receiver. The number of bits of resolution of either or both of ADCs and DACs may
be adjusted by a feedback loop and/or under software control. The number of bits of
resolution may be a user settable parameter and may be accessed and/or set using a user

interface and/or and application running on a device of a wireless positioning and/or
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communication system. In some embodiments, the number of bits of resolution may be
based on one or more characteristics of a particular environment of the wireless positioning

and/or communication system.

[00297] In embodiments, wide bandwidth systems may benefit from analog-to-digital
converters (ADCs) and digital-to-analog converters (DACs) with relatively high sampling
rates. For example, a wireless positioning and/or communication system with a 125 MHz
receiver bandwidth might use ADCs and DACs with sampling rates higher than 250 MHz.
In some implementations, a wideband indoor positioning system may use customized radio
transmitters and receivers and ADCs and DACs with quoted sampling rates of 500 MHz. In
some implementations, broader band operation of systems may use ADCs and DACs with

GHz sampling rates.

[00298] In exemplary embodiments, devices may have single input antennas or receivers
and/or single output antennas or transmitters. In embodiments, devices may have multiple
input antennas or receivers and/or multiple output antennas or transmitters. In this
disclosure, it should be understood that first and second devices may include single or
multiple input and/or output antennas and/or single or multiple receivers and/or transmitters.
In some implementations, different antennas, transmitters, receivers, and/or transceivers may
be designed to operate at similar carrier frequencies or in similar regions of the
electromagnetic spectrum, or they may be designed to operate at different carrier frequencies
or in different regions of the electromagnetic spectrum. Antennas, transmitters, receivers,
and/or transceivers may have different bandwidths and may comprise different hardware

components, circuits, processors, software, firmware and the like.

[00299] In some embodiments (e.g., with multiple antennas, transmitters, receivers, and/or
transceivers), the multiple antennas, transmitters, receivers, and/or transceivers may operate
completely independently of each other or they may operate in conjunction with each other.
In embodiments, a subset of antennas, transmitters, receivers, and/or transceivers in a device
may operate independently of others or in conjunction with others. In some embodiments,
the multiple antennas, transmitters, receivers, and/or transceivers may share one or more
hardware components and/or software code. In some embodiments, the multiple antennas,

transmitters, receivers, and/or transceivers may operate simultaneously, independently or in a
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synchronized manner. For example, one or more of the antennas, transmitter, receivers,
and/or transceivers may utilize frequency hopping techniques, and the frequency hopping
may be coordinated amongst the various antennas, transmitters, receivers, and/or

transceivers.

[00300] In this disclosure, the use of the term device and/or terminal device may mean a
device with single or multiple transmitters and/or with single or multiple receivers and/or
with single or multiple antennas. The term receiver may mean a single receiver or multiple
receivers and/or a single antenna or multiple antennas. The term transmitter may mean a
single transmitter or multiple transmitters and/or a single antenna or multiple antennas. The
term transceiver may mean a single transceiver or multiple transceivers and/or a single
antenna or multiple antennas. In some examples, a device may be any of a transmitter, a

receiver, and a transceiver (a combination of a transmitter and a receiver).

[00301] In embodiments, it is envisioned that wireless networks using the disclosed
technology may comprise at least one device, and such networks may comprise two devices,
three devices, or more. In some embodiments, devices may be identified as transmitters or
receivers, but it should be understood that the devices could also be transceivers, radios,
software radios, handsets, mobile devices, computers, routers, modems, and the like.
Devices may be fully bi-directional or they may be configured to have more functionality as
transmitters or as receivers or to support different data rates, protocols, power levels and the
like in the transmit and receive modes. Multiple access points may communicate back and
forth with each other, and multiple terminal devices may communicate back and forth with
cach other. In some embodiments, an access point may be a fixed module that allows
wireless devices to be connected to a network (e.g., a wired network, another wireless
network, etc.). Access points may support a wide variety of networking protocols and/or
transmission protocols and may include or may be connected to additional computing
engines and/or devices to achieve enhanced performance. Access points may be routers,
modems, transmitters, repeaters, and the like, and may be the signal source to support hot
spots, local area networks, cells, microcells, nanocells, picocells, femtocells, and the like.
Access points may support multiple wireless transmission standards, formats and protocols

including, but not limited to time-reversal protocols, WiFi, 802.11xx, Bluetooth, Bluetooth
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LE, Zigbee, Near Field Communications (NFC), infrared communications, orthogonal
frequency division multiple access (OFDMA), code division multiple access (CDMA), and
the like.

[00302] In some implementations, probe signals may be wirelessly transmitted using
either omnidirectional or directional antennas, and the probe signal can produce a multipath
channel response signal at a locator and/or receiver. In some implementations, placing
reflectors (e.g., such as the scattering element 302 of FIG. 3) around an antenna to purposely
reflect or scatter a signal in many directions or in a preferred direction may increase the
number of propagation paths and may improve signal quality in the wireless systems

described herein.

[00303] In some implementations, multiple devices can communicate simultaneously with
a locator or access point or base station. In exemplary embodiments, a single locator may be
used to determine the position of more than one device. For example, FIG. 53 shows an
exemplary multi-user positioning system 5300 that includes a locator 5302 and multiple
terminal devices (e.g., 5302a, 5302b, 5302n, collectively 5304). Each of the terminal devices
5304 is associated with a multipath wireless channel (e.g., 5306a, 5306b, 5306n, collectively
5306) between itself and the locator 5302. Each multipath wireless channel 5306 represents
two or more multiple signal propagation paths between the corresponding terminal device
5304 and the locator 5302. In some implementations, all the devices (including the locator
5302 and the terminal devices 5304) can operate at the same frequency band, and the system
5300 can operate in multipath environments. For the downlink to the terminal devices 5304,
the locator 5302 can send multiple messages (either independent or non-independent)
simultaneously to multiple selected terminals 5304. In some examples, the locator 5302 can
transmit data to the terminal devices 5304a, 5304b, 5304n, and can also determine the

positions of the terminal devices 5304a, 5304b, and 5304n.

[00304] In some implementations, the terminal device 5304 can be a movable device, such
as a mobile phone, a camera, a laptop computer, a tablet computer, a wearable computing
device, a pair of eyeglasses, a helmet, a pair of goggles, a car, a personal transportation
device, a robot, a robotic arm, an unmanned aerial vehicle, a radio, an audio player, a health

monitor, a speaker, a pair of headphones, an appliance, a security system, a piece of art, an
113



WO 2016/011433 PCT/US2015/041037

object, a piece of luggage, a weapon, an identification device, an object tracker, a name tag, a
clothing tag, a merchandise tag, a packaging box, a card, a credit card, a pen, a stylus, a
watch, a bracelet, a necklace, a thing on the Internet of Things (IoT), a cart, a thermostat, a
monitoring device, a sensor, a computer peripheral, and the like. In some implementations,
the terminal device 5304 can be a module that is attached to a device, ¢.g., such as one or
more of the movable devices described above. For example, the terminal device 5304 can be

a dongle attached to a movable electronic device.

[00305] When a terminal device (e.g., one of the terminal devices 5304) experiences a
change in orientation (e.g., such that the antenna points to different directions), the multiple
paths propagated by the probe signals may be different. Thus, even if the terminal device
5304 is at the same or a very similar location, a change in orientation of the terminal device
5304 may cause the locator 5302 to calculate different channel impulse responses based on
the received probe waveforms. If the terminal device 5304 is intended to be held at multiple
orientations (e.g., users may hold mobile phones at various orientations), then during the
training phase, the terminal device 5304 may be held at various orientations, and the locator
5302 may determine channel impulse responses that correspond to the various orientations.
The coordinates of each position may map to a set of channel impulse responses

corresponding to different orientations of the terminal device at the position.

[00306] Different models of terminal devices may have different types of antennas that
may have different antenna patterns and/or signal lobes. In some implementations, the
positioning system 5300 may be designed to support multiple types of terminal devices (e.g.,
several models of mobile phones and tablet computers from several manufacturers). In some
implementations, during the training phase, various types of terminal devices may be placed
at each position so that the locator 5302 can determine the channel impulse response for each
type of terminal device. In this way, for each position in a venue, a database (e.g., a database
that stores location information, such as database 692 in FIG. 6) can include information on

the channel impulse responses associated with the various types of terminal devices.

[00307] In some implementations, when using a terminal device 5304 to perform position
determination, the terminal device 5304 may perform a handshaking process with the locator

5302 to allow the locator 5302 to obtain channel information and timing information. The
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terminal device 5304 may also send information about the particular type (e.g., make and
model) of the terminal device 5304 to the locator 5302. During the matching process, the
locator 5302 may compare the measured channel impulse response with pre-stored channel

impulse responses associated with the particular type of terminal device to find a match.

[00308] In some implementations, one or more persons may occupy a venue in which the
positioning system 5300 is used. Due to movements of the people, the channel impulse
response associated with a particular position may vary over time. Thus, during the training
phase, for each position, the channel impulse responses may be measured at various time
periods of the day to account for such differences, and the multiple channel impulse

responses may be stored in the database.

[00309] In some implementations, the locator 5302 can be part of a mobile or stationary
device. For example, the locator 5302 can be implemented as part of a sensor module, a
controller, a mobile phone, a laptop computer, a desktop computer, a modem, a router, an
access point, a base station, or an electronic appliance that communicates wirelessly with

multiple other devices.

[00310] In some implementations, the locator 5302 and terminal devices 5304 can include
one or more processors and one or more computer-readable mediums (e.g., RAM, ROM,
SDRAM, hard disk, optical disk, and flash memory). The one or more processors can
perform various calculations described above. The calculations can also be implemented
using application-specific integrated circuits (ASICs). The term “computer-readable
medium” refers to a medium that participates in providing instructions to a processor for
execution, including without limitation, non-volatile media (e.g., optical or magnetic disks),
and volatile media (e.g., memory) and transmission media. Transmission media includes,

without limitation, coaxial cables, copper wire, fiber optics and free space.

[00311] The features described above can be implemented advantageously in one or more
computer programs that are executable on a programmable system including at least one
programmable processor coupled to receive data and instructions from, and to transmit data
and instructions to, a data storage system, at least one input device, and at least one output
device. A computer program is a set of instructions that can be used, directly or indirectly, in
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a computer to perform a certain activity or bring about a certain result. A computer program
can be written in any form of programming language (e.g., C, Java), including compiled or
interpreted languages, and it can be deployed in any form, including as a stand-alone
program or as a module, component, subroutine, a browser-based web application, or other

unit suitable for use in a computing environment.

[00312] Suitable processors for the execution of a program of instructions include, e.g.,
both general and special purpose microprocessors, digital signal processors, and the sole
processor or one of multiple processors or cores, of any kind of 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 are a processor for executing
instructions and one or more memories for storing instructions and data. Generally, a
computer will also include, or be operatively coupled to communicate with, one or more
mass storage devices for storing data files; such devices include magnetic disks, such as
internal hard disks and removable disks; magneto-optical disks; and optical disks. Storage
devices suitable for tangibly embodying computer program instructions and data include all
forms of non-volatile memory, including by way of example semiconductor memory devices,
such as EPROM, EEPROM, and flash memory devices; magnetic disks such as internal hard
disks and removable disks; magneto-optical disks; and CD-ROM and DVD-ROM disks. The
processor and the memory can be supplemented by, or incorporated in, ASICs (application-

specific integrated circuits).

[00313] While this specification contains many specific implementation details, these
should not be construed as limitations on the scope of any inventions or of what may be
claimed, but rather as descriptions of features specific to particular embodiments of particular
inventions. Certain features that are described in this specification 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 subcombination.

[00314] Similarly, while operations are depicted in the drawings in a 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
116



WO 2016/011433 PCT/US2015/041037

desirable results. In certain circumstances, multitasking and parallel processing may be
advantageous. Moreover, the separation of various system components in the embodiments
described above should not be understood as requiring such separation in all embodiments,
and it should be understood that the described program components and systems can
generally be integrated together in a single software product or packaged into multiple

software products.

[00315] Thus, particular embodiments of the subject matter have been described.
Other embodiments are within the scope of the following claims. In some cases, the actions
recited in the claims can be performed in a different order and still achieve desirable results.
In addition, the processes depicted in the accompanying figures do not necessarily require the
particular order shown, or sequential order, to achieve desirable results. In certain

implementations, multitasking and parallel processing may be advantageous.

[00316] Other embodiments are within the scope of the following claims. For
example, the devices that communicate with the locator or base station can be different from
those shown in the figures and exemplary embodiments. Also, the time-reversal positioning
system 600 can operate at a radio frequency in a range between 0.1 GHz to 100 GHz. That is,
when the terminal device 654 sends the probe signal, the carrier frequency of the probe signal
can be in a range between 0.1 GHz to 100 GHz. For example, the bandwidth of the probe

signal can be equal to or greater than 20 MHz.

[00317] The time-reversal positioning systems described herein (e.g., the time-reversal
positioning system 600 of FIG. 6) can be used in combination with other positioning systems,
such as those based on Wi-Fi, Bluetooth, and/or cellular signals. For example, a mobile
phone may determine a coarse position within a venue based on Wi-Fi and/or Bluetooth
and/or cellular signals with an accuracy of several meters and then use the time-reversal
positioning system to determine a fine position with an accuracy of a few centimeters or
millimeters. When a coarse position is available, a time-reversal classifier (e.g., the time-
reversal classifier 690) can access a database (e.g., the database 692) and retrieve pre-stored
information associated with the coarse position and positions in the vicinity of the coarse
position, thereby significantly reducing the number of convolution operations that need to be

performed.
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[00318] In some implementations, the terminal devices described herein (e.g., the
terminal device 654) may be used such that the height of the terminal device is more likely to
be within certain ranges. By using known information about the likely position of the
terminal device in the z-direction, it may be possible to reduce the amount of computation
required at the locator (e.g., the locator 682) in order to provide a location estimate to the
terminal device. For example, in order to determine the position of a terminal device within a
room with 10 cm accuracy, a database can be established that includes channel impulse
responses for all possible locations where the terminal device may be located. The locations
can be represented by grid points spaced 10 cm apart. Assuming that the terminal device can
be held by the user at a height from slightly above ground to 6 feet above ground, the
database can have about 18 or more data points in the z-direction for each (x, y) coordinate in
the room. If the terminal device is typically held within a certain range of heights, the time-
reversal classifier can first compare the received channel impulse response with pre-stored
channel impulse responses that correspond to grid points in the vicinity of the likely range of
heights. This initial comparison may reduce the amount of time needed to determine the

location of the terminal device.

[00319] For example, suppose the terminal device is a smart watch, and the user
accesses an indoor positioning application to determine his or her location in a shopping
mall. The watch may include multi-axis accelerometers and other motion sensors that allow
the operating system of the watch to determine whether the user is standing or sitting or lying
down. When the user is standing and raises the hand to view the screen on the watch, the
watch may be typically held within a certain range of heights. Different users may hold the
watch at different heights, but for a given user, the watch may be typically held within a
certain range of heights in order for the user to be able to view the watch screen comfortably.
The watch may store information about such a height range, either from past measurements
performed by the indoor positioning application, or from a different application. The indoor
positioning application may have a configuration menu that allows the user to input values
representing the customary range of heights for various activities, such as standing and

sitting.
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[00320] When the watch sends the probe signal to the locator, the watch can also send
information regarding a likely range of heights. For example, the watch may send
information to the locator indicating that the watch is likely at a height within a range of, e.g.,
110 cm to 130 cm. The locator may then compare the received channel impulse response
signal with pre-stored channel impulse response signals in the database that correspond to the
height range of 110 cm to 130 cm. If a strong correlation is found between the received
channel impulse response signal and a pre-stored channel impulse response signal associated
with a height within the height range of 110cm to 130cm, the locator may send the
coordinates associated with the pre-stored channel impulse response signal to the watch as a
preliminary location estimation. The locator may continue to compare the received channel
impulse response signal with pre-stored channel impulse response signals in the database that
correspond to the height range outside of 110 ¢cm to 130 ¢m to confirm the accuracy of the

preliminary location estimation.

[00321] In this way, instead of searching the database for locations that have a
relatively large variation of heights (e.g., heights from 10 cm to 180 cm, which correspond to
18 grid points in the z direction in this example), the locator may be able to provide
preliminary location information to the watch by searching for locations varying in height
from 110 cm to 130 cm (e.g., which correspond to 3 grid points in the z direction),

potentially reducing the response time by half or more, resulting in a better user experience.

[00322] In some implementations, multiple locators can be used. Each locator can
determine the coordinates of the position of the terminal device. The multiple locators can
send the coordinates to the terminal device, and the terminal device can determine the final
coordinates of the position based on the coordinates provided by the multiple locators (e.g.,

by averaging the coordinates).

[00323] In some implementations, during the training phase, a robot can carry the
terminal device to each of the multiple positions, and the probe signal may be transmitted to
the base station from each position. In some examples, the terminal device can be part of the
robot, the robot can move to each of the multiple positions, and the probe signal can be

transmitted from the robot to the base station from each position.
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[00324] In some implementations, during the training phase, an unmanned aerial
vehicle can carry the terminal device to each of the multiple positions, and the probe signal
may be transmitted to the base station from each position. In some examples, the terminal
device can be part of the unmanned aerial vehicle, the unmanned aerial vehicle can move to
cach of the multiple positions, and the probe signal can be transmitted from the unmanned

aerial vehicle to the base station from each position.

[00325] In some implementations, during the training phase, an automatic guided
vehicle can carry the terminal device to each of the multiple positions, and the probe signal
may be transmitted to the base station from each position. In some examples, the terminal
device can be part of the automatic guided vehicle, the automatic guided vehicle can move to
cach of the multiple positions, and the probe signal can be transmitted from the automatic

guided vehicle to the base station from each position.

[00326] In some implementations, a terminal device can determine its position based
on pre-stored channel responses downloaded from a server. In some implementations, the
pre-stored channel responses can be downloaded from the locator. In some examples, the
terminal device may download the entire database D of channel responses of, ¢.g., a shopping
mall, convention center, or airport terminal from a server to facilitate navigation within the
indoor venue. In some examples, the terminal device may download a portion of the database
D covering locations in the vicinity of the terminal device (e.g., to reduce the download file
size). The terminal device can determine a coarse position based on, e.g., Wi-Fi, Bluetooth,
or cellular signals, and send data about the coarse position to the server. The terminal device
may then download, from the server, information about channel responses associated with
positions at or near the coarse position. The terminal device can receive a channel probing
signal from a beacon and estimate a channel response based on the received channel probing
waveform. The terminal device can determine a time-reversed signal based on the estimated
channel response, and determine a fine position of the terminal device based on the time-
reversed signal and the downloaded channel responses. One of the advantages of such an
approach is that only the terminal device knows its own precise location, while the server
may only know that the terminal device is within the geographical region covered by the

downloaded database. This may be useful in preserving privacy of the user.
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[00327] In some implementations, the locator may broadcast a combined signal that is
a combination of multiple downlink signals, in which each downlink signal has coordinate
data associated with a particular position, and the downlink signal has a waveform
configured to focus at the particular position. The locator may perform a handshake process
with a terminal device to provide channel response information and timing information
useful for the terminal device to determine the timing of the broadcast of the combined
signal. The handshaking process may occur periodically so that up-to-date information is
maintained. The terminal device may determine its location based on the coordinate data
broadcast by the locator. The locator may broadcast coordinate data to a subset of locations
in a room at a time, and broadcast coordinate data to different subsets of locations in the
room at different times, such that coordinate data are broadcast to every intended location in
the room over a period of time. One of the advantages of such an approach is that the locator
may not need to determine the location of the terminal device, and only the terminal device

may know its own precise location. This may be useful in preserving privacy of the user.

[00328] In some examples, each subset of locations may cover a small region in the
room, in which different locations within the subset may be close to each other. Each
subsequent broadcast from the locator may cover a different region in the room. Similar to
scanning a spotlight across different regions of the floor of a room, the locator may broadcast
the coordinates to various locations within a small region at a time, and scan the region
across the three-dimensional room such that after a period of time, the coordinate data have
been broadcast to all grid points in the room. For example, in a 10 m by 10 m by 3 m room
with 10 cm spacing between grid points, the base station may broadcast coordinate data to 10
x 10 x 10=1000 locations in a 90 cm by 90 cm region at a time, in which the distance
between adjacent targeted locations is 10 cm. Subsequently, the locator may broadcast
coordinate data to an adjacent 90 cm by 90 cm region, and so forth. In this example,
broadcasting coordinate data to all 100 x 100 x 30 grid points may require about 10 x 10 x

3=300 broadcasts.

[00329] In some examples, each subset of locations may cover a large region in the
room, in which different locations within the subset are spaced farther apart from each other

(e.g., as compared to the previous example). Each subsequent broadcast from the base station
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may also cover a large region that is shifted slightly in a certain direction (e.g., in the x-, y-,
or z-direction). The locator may broadcast the coordinates to various locations within a large
region at a time and shift the region slightly in each subsequent broadcast such that the
coordinate data are broadcast to all grid points in the room. For example, in a 10 m by 10 m
by 3 m room, with 10 cm spacing between grid points, the base station may broadcast
coordinate data to 10 x 10 x 3=300 locations in a 9 m by 9 m by 2 m region at a time, in
which the distance between adjacent targeted locations in the 9 m by 9 m by 2 m region is
about 1 m. Subsequently, the locator may broadcast coordinate data to another 9 m by 9 m by
2 m region, shifted from the previous region by 10 cm, and so forth, first shifting in the x-
direction, then shifting in the y-direction, then shifting in the z-direction. After about 10 x 10
x 10 =1000 broadcasts, the coordinate data have been broadcast to all 100 x 100 x 30 grid

points in the room.

[00330] In some implementations, he locator may be used in connection with motion
sensors in the venue such that the locator starts to broadcast the coordinate data upon
detection of movement in the room (e.g., people moving in the room). There may be several
motion sensors in the venue, each covering a portion of the venue, and when one or more
particular motion sensors are activated, the locator broadcasts coordinate data only to the
regions associated with the activated motion sensors. Such techniques may prevent

unnecessary broadcasts by the locator.

[00331] In some implementations, during the training phase, the terminal device does
not necessarily have to be placed at grid points of an array. For example, the terminal device
can be placed at random positions, and the database can store the coordinates of those
positions and their associated channel responses. The information in the database can be

sorted according to the coordinates to facilitate faster retrieval.

[00332] Additional examples of positioning systems based on time-reversal
technology are described in the article “A Time-Reversal Paradigm for Indoor Positioning
System,” which is part of U.S. patent application 62/025,795. The article also provides
experimental results of a positioning system based on time-reversal technology. The
positioning technology discussed in this document can be implemented in devices used in

various time-reversal communication systems, such as those described in the articles “Time-
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Reversal Massive MIMO: Utilizing Multipaths as Virtual Antennas,” “Time-Reversal with
Limited Signature Precision: Tradeoff Between Complexity and Performance,” and “Joint
Waveform Design and Interference Pre-Cancellation for Time-Reversal Systems,” which are
also included in U.S. patent application 62/025,795. The positioning technology discussed in
this document can also be implemented in devices used in various time-reversal
communication systems described in U.S. patent application 13/706,342, titled “Waveform
Design for Time-Reversal Systems,” filed on December 5, 2012, U.S. patent application
13/969,271, titled “Time-Reversal Wireless Systems Having Asymmetric Architecture,” filed
on August 16, 2013, PCT patent application PCT/US2014/051148, titled “Time-Reversal
Wireless Systems Having Asymmetric Architecture,” filed on August 14, 2014, U.S. patent
application 13/969,320, titled “Multiuser Time-Reversal Division Multiple Access Uplink
System With Parallel Interference Cancellation,” filed on August 16, 2013, U.S. patent
application 14/262,153, titled “Quadrature Amplitude Modulation For Time Reversal
Systems,” filed on April 25, 2014, U.S. patent application 14/202,651, titled “Time-Reversal
Wireless Paradigm For Internet of Things,” filed on March 10, 2014. The entire disclosures

of the above applications are incorporated herein by reference.

Event Recognition Systems

[00333] As mentioned above, in addition to determining the position of an object, the
positioning schemes described herein may be used to determine changes in an environment,
to recognize gestures, and to monitor a venue for events that may be tracked, stored and/or

used to trigger other actions, calculations, communications, alarms, and the like.

[00334] An exemplary change in an environment may be the opening or closing of a
door. In embodiments, multiple channel responses (e.g., estimated channel responses) may
be measured under different environmental conditions. For example, a device that includes a
transmitter and a receiver may be positioned in a venue. A first channel response for the
venue may be determined when a door in the vicinity is open. For example, while the door is
open, the transmitter may emit a wireless signal that propagates through a wireless channel
and arrives at the receiver (e.g., as a multipath wireless signal). The received wireless signal
may be processed to yield the first channel response. A second channel response for the

venue may also be determined when the door in the vicinity is closed. For example, while the
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door is closed, the transmitter may emit a wireless signal that propagates through a wireless
channel and arrives at the receiver (e.g., as a multipath wireless signal). The received
wireless signal may be processed to yield the second channel response. At some later point in
time, a third channel response may be determined using the same technique to determine
whether the door is open or closed. The third channel response can be compared to the first
and second channel responses (and, ¢.g., one or more other previously obtained channel
responses) to determine whether the third channel response is sufficiently similar to one of
the other channel responses. For example, if the third channel response is sufficiently similar
to the first channel response, it may be determined that the door is open. In contrast, if the
third channel response is sufficiently similar to the second channel response, it may be
determined that the door is closed. If the third channel response is sufficiently similar to
some other channel response, it may be determined that an environmental condition
associated with the other channel response was present when the third channel response was
obtained. In embodiments, an object may be considered to be in the vicinity if a change in
that object’s position, orientation, pose, presence, state, and the like changes a channel

response associated with the venue or vicinity.

[00335] In embodiments, there may be more than one door in the vicinity, and the
system may be calibrated to determine other positions for any of the various doors. For
example, the database of channel responses may include entries associated with a door being
opened halfway and/or for a door forming an angle of 10 degrees, 20 degrees, 30 degrees,
and the like with the door frame. In addition to doors, the database may include channels
responses for windows being up or down or partially open, shades being up or down or
positioned somewhere in between, drawers being opened or closed or positioned somewhere
in between. In embodiments, the doors that are monitored may be room doors, closet doors,

cabinet doors, garage doors, and the like.

[00336] In embodiments, an object (e.g., a macroscopic object) in an arrangement of
objects can be monitored by such positioning systems. For example, a movement within
and/or removal of objects from a venue may be detected by the positioning system. In some
embodiments, such objects may comprise a pinger and/or a device capable of sending a

channel probe signal to a locator. Changes in the channel response may be detected when the
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object is moved. In some embodiments, a device remote from the object may be capable of
sending a channel probe signal. Changes in a channel response between the object (which,
e.g., includes a pinger) and the device may be detected, and the change in the channel
response may be associated with the movement of an object. In embodiments, a channel
response database may include previously measured channel responses of the venue with and
without certain objects and/or combinations of objects. A particular change in the channel
response may indicate a certain object has been moved or removed, or that a certain

combination of objects may be moved or removed.

[00337] In embodiments, venues such as museums, homes, offices, public buildings
and the like, may use positioning systems to monitor the position and/or presence of pieces of
art and/or other valuable items within the venue. Stores and or warchouses may use a
positioning system to monitor the positions of inventory. The position and/or movement of a
person within a space may be monitored to keep the person safe, to determine if a person has
left a certain area, and the like. In embodiments, a positioning system may include additional
capabilities to send alerts and/or to activate alarms when certain movements of objects and/or
people are determined. In this way, such positioning systems can be useful for security

applications.

[00338] In embodiments, a positioning system may be part of a security system. For
example, upon determining that a door has been opened, a positioning system may initiate an
action such as sounding an alarm, sending a communication to a user, sending a
communication to a security company, sending a communication to a law enforcement
agency, and the like. In embodiments, the positioning system may comprise alarms and or

communication equipment for initiating such actions.

[00339] In some implementations, the degree of similarity between channel responses
(e.g., estimated channel responses) can be determined using the time-reversal resonating
strength techniques described above. For example, just as a high resonating strength between
a newly determined estimated channel response and an estimated channel response stored in
a database may be used to determine the location of a device, changes in the resonating
strength between two estimated channel responses may be used to determine that something

has changed in the environment. For example, referring to the three channel responses of the
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door example above, if the time-reversal resonating strength of the first channel response and
the third channel response is higher than that of the second channel response and the third

channel response, the system may determine that the door is open.

[00340] Changes in the environment are sometimes referred to as events. A time-
reversal positioning system can be used to detect such events. Examples of events that can
be detected include, but are not limited to, detecting that a door and/or window has opened or
closed, a person has entered a room, a person is carrying something metal into a room, a
person with a gun has just walked through the airport lobby, window shades are up, window
shades are down, a car has left the garage, a retail item has left a store, a piece of inventory
has been moved from its normal position in the warchouse, and the like. A positioning
system (e.g., an event recognition system) may indicate the movement of objects and may be
able to identify the objects themselves. For example, the system may be configured to

determine whether a person is carrying a cell phone or a firearm.

Gesture Recognition Systems

[00341] In addition to event recognition, positioning systems may also be able to
recognize gestures. Gestures that can be detected may include, e.g., a person raising a hand,
swiping his or her arms, kicking a foot, and bending over. In embodiments, gesture
recognition may include recognizing that a person has fallen or has not moved in a certain
amount of time. In some implementations, such gesture recognition may be incorporated into
a home surveillance system. In embodiments, such systems may be used in hospitals,
rehabilitation, skilled nursing environments, and assisted living environments. In
embodiments, such systems may be installed to monitor elderly people and/or people with
limited mobility or special needs who desire to live independently, but who may be fragile or
at risk. In embodiments, emergency response personal may be contacted and/or notified by
the recognition system or by an alert system coupled to the recognition system if a person
falls or does not move for a certain period of time. Such gesture recognition systems may be
applied to gaming systems, indoor surveillance systems, and the like. For the reasons
described throughout this disclosure pertaining to multipath propagation, such gesture
recognition systems do not necessarily require a line of sight with users in order to recognize

gestures that are being made. For example, a person may lift an arm in one room and a
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locator in another room may associate this gesture with the user’s desire to increase the

volume on a stereo system (which, e.g., may be in yet another room).

[00342] FIG. 54 shows example gestures 5402a-h that may be recognized using a
positioning system (e.g., a gesture recognition system). Using the systems described herein,
changes in the estimated channel response between a terminal device and a locator can be
detected. Such changes can include the gestures depicted in FIG. 54. By way of example
only, the gesture 5402a may cause a screen presented by a display (e.g., a display of a device
that is in communication with the positioning system) to swipe to the left. The gesture 5402b
may cause the screen to swipe to the right. The gesture 5402¢ may cause the screen to rotate
clockwise. The gesture 5402d may cause the screen to swipe up. The gesture 5402¢ may
cause the screen to swipe down. The gesture 5402f may cause the screen to rotate
counterclockwise. The gesture 5402g may cause the screen to zoom out. The gesture 5402h
may cause the screen to zoom in. The positioning system can be configured to recognize a
number of additional gestures. These additional gestures (as well as the gestures depicted in

FIG. 54) can be used to indicate a variety of actions for a variety of devices.

[00343] Apart from detecting gestures, in some embodiments, the positioning system
can be configured to monitor and/or detect one or more characteristics of a living being (e.g.,
a person). Some characteristics of a person may result in a unique channel response (e.g., a
unique signature). For example, when a person enters a venue that is monitored by a
positioning system, the system may detect that something in the venue has changed. By
processing received waveforms and/or estimated channel responses and/or estimated time-
reversed channel responses, the system may be able to identify not only that a living being
has entered the room, but also a characteristic of the living being. For example, the system
may be able to identify the particular living being in the room (e.g., whether the living being
1S a person, a cat, or a dog). In some implementations, the system may be able to identify a
particular person based on physical characteristics of the person (e.g., including the person’s
physical geometry). In embodiments, reference channel responses may be determined that
differentiate children from adults, dogs from cats, monkeys from humans, and the like. In
embodiments, reference channel responses may be used to identify individual living beings,

including individual human beings.
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[00344] In an exemplary demonstration, the positioning system described above can
be used to identify people. In this demonstration, a terminal device and a locator are
positioned approximately three meters (3 m) apart from each other in a conference room.
The system is calibrated by positioning different people between the locator and the terminal
device and recording the channel response for each person. Additional channel responses are
collected for individuals facing the locator and then turned 180 degrees to face the terminal
device. In addition, channel responses are collected for each person positioned sideways
(e.g., turned &+ 90 degrees from the “facing the locator” position). The channel responses for
cach person in each of these positions was stored in a database. At a later time, when any of
the various individuals stood between the locator and the terminal device, the locator was
able to measure the received probe waveform from the terminal device, estimate a channel
response, and calculate a time-reversal resonating strength between the newly measured
channel response and the stored channel responses. If the resonating strength exceeded a
threshold, the individual and his/her position relative to the locator associated with the stored
channel response that yiclded the highest time-reversal resonating strength was identified. In
embodiments, the system can accurately identify each individual and determine whether the
individual is facing the locator, the terminal device, or is rotated by 90 degrees. In
embodiments, the system can distinguish between a person rotated by +90 degrees and -90

degrees relative to the locator or terminal device.

[00345] The event recognition systems and the gesture recognition systems described
above are examples of positioning systems, and they can utilize the various techniques
described herein with respect to positioning systems. For example, in some embodiments, the
event recognition system and/or the gesture recognition system can utilize a collective
bandwidth B that is greater than 50 MHz. The system can include one or more wireless
transmitters that are each at different spatial locations and that are each configured to
transmit one or more wireless signals, and one or more wireless receivers that are each at
different spatial locations and that are each configured to receive at least one of the one or
more wireless signals transmitted from each wireless transmitter. Each of the transmitted
wireless signals has a bandwidth and a center frequency. In this example, each of the
transmitted wireless signals has a different center frequency. The collective bandwidth B can

be defined as follows:
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B=3M T SK_ Dk (Equ. 17)

where the number of the one or more transmitters is M, the number of the one or more
wireless signals for the m transmitter is Nm, the number of the one or more wireless
receivers is K, and the bandwidth of the n't wireless signal from the m™ transmitter that is
received by the k™ wireless receiver is bmnk. In implementations in which the same
transmitter sends multiple wireless signals to the same wireless receiver, the multiple

wireless signals may occupy non-overlapping frequency bands.

[00346] The positioning system also includes an electronic processor that is coupled to
at least the one or more wireless receivers. The processor is configured to compare
information derived from the received one or more wireless signals to information (e.g.,
location information) in a database, determine information about the arrangement of
macroscopic objects based on the comparison, and generate an output based on the
determined information. In some implementations, the output is a signal that causes another
device (e.g., an alarm, a communication device, etc.) to perform an action (e.g., emit an alert,

initiate a communication, etc.).

[00347] As described in detail above, the information derived from the received one or
more wireless signals that is compared to the information in the database spans the collective
bandwidth B. In other words, the entirety of the collective bandwidth B is utilized to express
the derived information. A variety of techniques can be used that give the system the
collective bandwidth B of greater than 50 MHz, including using multiple relatively narrow
wireless signals, wireless signals with various center frequencies, wireless signals with
various channel bandwidths, wireless signals in various frequency bands, wireless signals
transmitted from and/or received from various locations, among others. Irrespective of the
particular technique that is utilized by the system to have a collective bandwidth B of greater
than 50 MHz, the information derived from the received one or more wireless signals spans
the collective bandwidth B. That is, the derived information is derived from one or more
received wireless signals that have bandwidths that aggregate to the collective bandwidth B

that is greater than 50 MHz.
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Unique Location-Specific Signatures

[00348] As described above, location-specific signatures (e.g., channel responses,
received probe waveforms) may be unique to each location. FIGS. 58-60 show examples of
location specific signatures at various locations and various signal bandwidths. For example.
FIG. 58 shows location-specific signatures at various locations for a 125 MHz bandwidth
signal. A first location-specific signature 5802 that includes amplitude and phase components
is for a wireless device positioned at a first location. A second location-specific signature
5804 that includes amplitude and phase components is for a wireless device positioned at a
second location that is 5 mm away from the first location. A third location-specific signature
5806 that includes amplitude and phase components is for a wireless device positioned at a
third location that is 5 cm away from the first location. A fourth location-specific signature
5808 that includes amplitude and phase components is for a wireless device positioned at a
fourth location that is 1 m away from the first location. The first location-specific signature
5802 and the second location-specific signature 5804 are similar, yet have noticeable
differences despite having been acquired only 5 mm away from each other. The first
location-specific signature 5802 and the fourth location-specific signature 5808 are more-

noticeably different given that they were acquired 1 m away from each other.

[00349] FIG. 59 shows location-specific signatures at various locations for a 62.5
MHz bandwidth signal. A first location-specific signature 5902 that includes amplitude and
phase components is for a wireless device positioned at a first location. A second location-
specific signature 5904 that includes amplitude and phase components is for a wireless
device positioned at a second location that is 5 mm away from the first location. A third
location-specific signature 5906 that includes amplitude and phase components is for a
wireless device positioned at a third location that is 5 cm away from the first location. A
fourth location-specific signature 5908 that includes amplitude and phase components is for a
wireless device positioned at a fourth location that is 1 m away from the first location. The
first location-specific signature 5902 and the second location-specific signature 5904 are
similar, yet have noticeable differences despite having been acquired only 5 mm away from

cach other. The first location-specific signature 5902 and the fourth location-specific
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signature 5908 are more-noticeably different given that they were acquired 1m away from

each other.

[00350] FIG. 60 shows location-specific signatures at various locations for a 31.25
MHz bandwidth signal. A first location-specific signature 6002 that includes amplitude and
phase components is for a wireless device positioned at a first location. A second location-
specific signature 6004 that includes amplitude and phase components is for a wireless
device positioned at a second location that is 5 mm away from the first location. A third
location-specific signature 6006 that includes amplitude and phase components is for a
wireless device positioned at a third location that is 5 cm away from the first location. A
fourth location-specific signature 6008 that includes amplitude and phase components is for a
wireless device positioned at a fourth location that is 1 m away from the first location. The
first location-specific signature 6002 and the second location-specific signature 6004 are
similar, yet have noticeable differences despite having been acquired only 5 mm away from
cach other. The first location-specific signature 6002 and the fourth location-specific
signature 6008 are more-noticeably different given that they were acquired 1 m away from

each other.

[00351] It can be seen that the resolution of the various location-specific signatures
shown in FIGS. 58-60 vary according to the bandwidth of the signal. For example, the
resolutions of the signals at 125 MHz is higher than the resolutions of the signals at 62.5
MHz, and even higher than the resolutions of the signals at 31.25 MHz. Thus, the figures
represent how the resolution and/or accuracy of the positioning systems described herein can

vary based on the bandwidth (among other parameters).

Handshaking Methods

[00352] The following describes two examples of handshaking methods for the
channel probing phase. The first method uses pulse position modulation, whereas the second
method calculates the correlation of a pseudorandom sequence. Other handshaking methods

can also be used in order to obtain channel information.

Least Square (LS) Based Channel Probing Handshaking

131



WO 2016/011433 PCT/US2015/041037

[00353] The following describes a least square (LS) based handshaking method for the
channel probing phase. In this method, the receiver sends the handshaking signal to the
transmitter. The transmitter synchronizes with the received signal and estimates the channel

response based on the received signal.

[00354] Referring to FIG. 61, in some implementations, a frame of a channel probing
signal 6100 transmitted by the receiver includes four consecutive parts: a preamble 6102, a
barker code 6104, a payload 6106, and a training sequence 6108. The length of each frame is
fixed in this method and known by both the transmitter and the receiver. In some examples,
the receiver may send two or more frames of channel probing signals to the transmitter
during the channel probing phase to allow the transmitter to obtain more accurate channel
and timing information. In some implementations, the accuracy of timing can be improved
by increasing the length of the preamble 6102 and Barker code 6104, and the accuracy of

channel information can be improved by increasing the length of the training sequence 6108.

[00355] In some implementations, the preamble 6102 is modulated using pulse
position modulation (PPM). The pulse position modulation symbols ‘0’ and ‘1’ are shown in

FIG. 62. The preamble 6102 includes consecutive pulse position modulation symbol ‘0’s in

which L is the length of the multipath channel that is defined by L = ? where 7, is the delay
t

spread and &; is the sampling period of the system. In practice, even though the channel
length is not exactly known, the transmitter can estimate the channel length based on the
typical delay spread of the environment and the sampling rate of the system. In this method,
the performance will not be affected if the estimated channel length is longer than the actual
channel length. Therefore, the transmitter can overestimate the channel length and set L to be

greater than the actual channel length without generating an error.

[00356] The barker code 6104 transmitted by the receiver is a code known by both the

transmitter and the receiver. The length of the barker code 6104 is L.

[00357] The payload 6106 transmitted by the receiver can be encoded information that
is modulated using pulse position modulation. The information may contain the index of the

training sequence 6108. The length of the payload 6106 is L.

132



WO 2016/011433 PCT/US2015/041037

[00358] Referring to FIG. 63, the training sequence 6108 has three consecutive parts,
including a guard interval A 6300, an effective training sequence (ETS) 6302, and a guard
interval B 6304. In some examples, the guard interval A 6300 is a sequence of ‘0’ bits having
a length L, the effective training sequence 6302 is a sequence of ‘0’ and ‘1’ bits having a
length L., and the guard interval B 6304 is a sequence of ‘0’ bits having a length Lz in which
Lp> L.

[00359] The channel probing signal transmitted from the receiver passes through the
multipath channel and reaches the transmitter. The received signal is a convolution of the
channel probing signal and the channel response, contaminated by noise. The transmitter will

use the received signal to estimate the channel response.

[00360] Referring to FIG. 64, upon receiving the channel probing signal, the
transmitter determines a synchronization index using sliding window energy detection on the
preamble 6102 of the channel probing signal. A graph 6410 shows an example signal
received at the transmitter. The sliding window energy detection method uses a moving
window 6412 having a window size L, = 1, + L, in which 1, is the length of a PPM symbol.
We define E; as the average energy accumulated by the window starting from the i —

th, (i+Ly,) —th, (i + 2L,,) — th,---,and (i + (y — 1)L,,) — th sample, in which y is the
number of averaging windows, i € {0,1, 2, ---, L,, — 1}. The synchronization index i is the
index i that maximizes the E;, which can be written as follows: iy = argmax; E;. Here, the
index 1 corresponds to the i-th sample in the received signal. After the synchronization index
is is determined, the other indices are determined using the synchronization index is as

reference.

[00361] Referring to FIG. 65, after obtaining the synchronization index ig, the
transmitter starts to detect the barker code 6104 to confirm the synchronization. The
transmitter demodulates a portion of the received signal from the index i + mL,, to the
index iy + mL, + L, — 1, and compares the demodulated signal portion with a pre-stored
barker code sequence, in which Ly, is the length of the barker code 6104, m € {0,1, --- N} with
N being a search range set by the user. In some examples, N is set to be greater than the

number of pulse position modulation symbols in the preamble. Once the demodulated signal
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matches the pre-stored barker code, the transmitter is assured that the receiver is in the
channel probing phase, and the payload and the training sequence will follow the barker code
in the received signal. Moreover, the transmitter knows that the matching index ig + mL,, is
the position in the received signal where the barker code 6104 begins, and the index ig +
mL,, + Ly — 1 is the position where the barker code 6104 ends. This information enables the

transmitter to obtain information for estimating the channel response.

[00362] Because the payload 6106 follows the barker code 6104, the transmitter
assumes that the payload 6106 begins at the index iy + mL,, + Ly. Because the payload has
a fixed length Lg, the transmitter demodulates the portion of the received channel probing
signal from index ig + mL,, + Ly to index iy + mL,, + Ly + Lg — 1, and decodes the
demodulated portion to obtain the index q of the training sequence. Here, the index q does
not refer to the q-th sample in the received signal. Rather, there is a set of two or more
training sequences that is known to both the receiver and the transmitter, and the receiver can
choose from any training sequence in the set. The index q indicates which one in the set of

training sequences is selected by the receiver.

[00363] The transmitter assumes that the training sequence starts at index ig + mL,, +
Ly + Lq of the received signal, and will use the portion of the received signal from index ig +
mL,, + Ly + Lg to index ig + mLy, + Ly + Lg + Ly — 1 to estimate the channel response, in
which L; = L, + L. Let u denote the fraction of the received signal from index iy + mL,, +
Ly + Lg to index ig + mL,, + Ly + Lg + L; — 1. The transmitter converts u to the estimated
channel response using a conversion matrix Cq that corresponds to the index q obtained from

the payload. This conversion can be written as:

CR = Cqu.
(Equ. 18)
where CR is the estimated channel response.
[00364] The conversion matrix Cq can be constructed by the training sequence sq used

by the receiver as follows:
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Cq = (T'T)'T
(Equ. 19)

where T is the Toeplitz matrix generated by sq , which is the effective training sequence used
by the receiver. The first column of the matrix T is sqe = [Sq; 0] , in which 0 is the vector
composed of L zeros. Referring to FIG. 66, the first row of the Toeplitz matrix T 6600 is
composed of all zeros except for the first element taken from sge. The matrix T 6600 has
dimensions ¢, X ¢, in which ¢;; = Le + L and ¢, = L, + T + L. The parameter t is a
compensation factor that needs to be greater than the maximum of synchronization mismatch
in the previous step, i.¢., the difference between the index in the received signal where the
training sequence starts and index ig + mL,, + L}, + Lg, which is the beginning of the

training sequence 6108 detected by the transmitter.

[00365] FIG. 67 shows an example synchronization mismatch histogram for 1000
realizations with SNR = 0dB and channel length L = 200. The mismatch amount is small
compared with the channel length and can be bounded by some specific value. Since larger t
takes up more system resource, the value of T can be chosen as small as possible that can still

bound the synchronization error.

[00366] It can be seen from CR = Cqu and the dimension of the conversion matrix Cq

that the estimated channel response has a size larger than L, which is the size of the actual
channel response. The reason why a longer channel response is estimated is that, due to the
synchronization error, the estimated channel response is a shifted version of the real channel
response. Estimating a longer channel response ensures that the effective channel response
will be included in the estimation such that no significant tap is lost, which is important to the
time reversal system that uses the multi-path channel as a matched filter to focus transmitted

waveforms at the receiving device.

[00367] When the effective training sequence is specifically chosen, the channel
response can be estimated more easily without using the conversion matrix Cq. For example,
if the effective training sequence is a train of impulses separated by D in which D > L, then
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the channel response can be simply estimated by averaging the windows of size D in the
received signal. Let v; denote the fraction of the received signal from index ig + mL,, +
Ly + Lgq +iD to index ig + mL, + Ly, + Lg + iD + D — 1, then the estimated channel

response can be written as

K
L K+1

0
(Equ. 20)

where K = (Le + L)/D is the number of windows. In some examples, if L, + L is large
enough, K is large enough to provide sufficient accuracy for the estimated channel response

CR.

Correlation Based Channel Probing Handshaking

The following describes a correlation based handshaking method for the channel probing
phase. In this method, a single sequence is used for the purpose of both time synchronization

and channel response estimation.

[00368] The receiver transmits a pseudo random (PN) sequence x to the transmitter
through the multipath channel. The sequence x can be, e.g., a train of discrete random

variables having probability mass function (pmf) shown in the equation below:

~ _ (1 withprobality 0.5 |
X(®) = {—1 with probality 0.5 i=12..N

(Equ. 21)

The autocorrelation function of the pseudo random sequence x is defined in the following

equation:

N-1

r (m) = Z x(D)x(i + m)

i=0
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(Equ. 22)

[00369] One important feature of a pseudo random code used here is that the
autocorrelation function of a long pseudo random code tends to be a delta function. For
example, referring to FIG. 68, considering the autocorrelation function of a pseudo random
code having a length of 1000, the autocorrelation function has a very high value at m = 0

while being significantly suppressed at other places.

[00370] In the following description, several notations are used. L: the length of
channel response; N: the length of pseudo random code; and a: the parameter related to the

threshold for channel probing.

[00371] The received signal y is the convolution result of the pseudo random code x

and channel h, as shown in the following equation

L
y() = > h(ix(n - 0.

(Equ. 23)

[00372] The cross correlation function ryx<(m) defined in the equation below is
equivalent to the convolution of autocorrelation of the pseudo random code x and the channel

h.

N

L
() = ) x@y(+m) = > hDry(n —D

i=0

(Equ. 24)
[00373] The following describes an algorithm for synchronization by correlation. The
transmitter computes the cross correlation ryx(m), and finds its maximum amplitude
COITax = max|ryx(m)|
(Equ. 25)
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Based on corry, .4, the transmitter finds the synchronization index ig of the received signal y

as follows
is =1;
WHILE |ryx(is)| < o X COITppax
e ig+1
(Equ. 26)
[00374] The parameter o can be selected by experiments, and range from 0 to 1. For

example, according to an ultra wide band channel model used in the simulation, the
parameter o is chosen to be around 0.2. After obtaining the index iy, the estimated channel

response h can be determined by truncating the cross correlation function ryx(m) as follows:
h =rp,(sis+L—1)
(Equ. 27)

Numerical Results

[00375] Referring to FIGS. 69 to 71, three instances of the estimated channel response
determined using the least square based method are compared with the actual channel
response. The length of the guard interval A (L,) and the parameter t are both chosen to be

L.

[00376] FIG. 69 shows an example in which there is no synchronization error, i.¢., the
transmitter uses the received signal just from the beginning of the training sequence. An
arrow 6900 indicates the location where the transmitter is synchronized (i.e., the location
where the transmitter considers to be the beginning of the training sequence). A graph 6902
shows the actual channel response. A graph 6904 shows the estimated channel response. In

this case, the effective channel response is at the center of the estimated channel response.

[00377] FIG. 70 shows an example in which the transmitter is synchronized ahead of

the training sequence. The arrow 7000 indicates the location where the transmitter is
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synchronized (i.e., the location where the transmitter considers to be the beginning of the
training sequence). A graph 7002 shows the actual channel response. A graph 7004 shows
the estimated channel response. In this case, the effective channel response is shifted to the

rear of the estimated channel response.

[00378] FIG. 71 shows an example in which the transmitter is synchronized after the
training sequence. The arrow 7100 indicates the location where the transmitter is
synchronized (i.e., the location where the transmitter considers to be the beginning of the
training sequence). In this case, the effective channel response is shifted to the front of the
estimated channel response. In the three examples shown in FIGS. 69 to 71, the effective

channel response is preserved in the estimated channel response.

[00379] Referring to FIG. 72, a graph 7200 shows a waveform for a real part of an
actual channel response, and a graph 7202 shows a waveform for an imaginary part of the
actual channel response. A graph 7204 shows a waveform for a real part of an estimated
channel response, and a graph 7202 shows a waveform for an imaginary part of the estimated
channel response. The estimated channel response is determined using the correlation method
described above. A comparison of the real part waveforms in graphs 7200 and 7204, and a
comparison of the imaginary part waveforms in graphs 7202 and 7206 indicate that the
estimated channel response determined using the correlation method preserves the

information of the actual channel response.

K-means Clustering

[00380] As described above with respect to FIG. 27, K-means clustering is performed
on the CSIs. For each link in the system (e.g., a MIMO system), an ensemble of CSlIs can be
obtained. In this example, the collection of CSIs on link i can be denoted as H; which is a
matrix with dimension N;x 30. For the V; realizations, a set of representative CSls can be
identified that have a smaller cardinality U; such that U; < N, in order to reduce the burden

of post processing as well as storage into the database.

[00381] A K-means clustering algorithm can be used to identify the representative

CSIs. The K-means clustering algorithm is an unsupervised machine learning algorithm that
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classifies the N: rows of H: into K clusters such that: 1) the distance between any two CSls in
the same cluster is small, and 11) the distance between any two CSIs in two different clusters
is large. The distance metric may be Euclidean distance, and the Euclidean distance,

correlation, and cosine functions may be used to measure the similarity between two CSIs.

[00382] The K-means clustering algorithm starts with K randomly chosen vectors
(e.g., rows) in the matrix H;. The remaining N; — K CSIs can be labeled according to their
distances to the K centroids. A new centroid can then be computed for each of the K clusters.
The process can repeat iteratively until the labels remain unchanged between two iterations

or the number of iterations exceeds a predefined value.

[00383] Using K-means clustering, each specific location on each link can be
associated with a set of representative CSls. If the ensemble of CSls is directly averaged
(e.g., which is equivalent to using K=1 in K-means clustering), the CSIs may be combined in

a destructive way, which can significantly undermine the accuracy of CSI measurements.

[00384] FIGS. 74, 76, and 78, show the results of performing K-means clustering on
CSI ensembles of the link between a transmitting antenna and a receiving antenna using
various numbers of clusters: K=1 (FIG. 74), K=5 (FIG. 75), and K=10 (FIG. 76). CSIs
belonging to different clusters are labeled using different markers. In some implementations,
higher K values lead to more robust classification on the unknown data set with a higher

diversity.

[00385] FIGS. 75, 77, and 79 show centroids of the K-means clustering on the same
link shown in FIGS. 74, 76, and 78, respectively. The centroids are the averages of the CSIs
that are in the same clusters. Averaging the CSIs to obtain centroid information can alleviate
the effect of noise inherent in the CSlIs. The centroids can be recorded into the database as

representative features for specific locations on the particular link.

[00386] K-means clustering can be performed for each of the M links. Assuming that
the same K value is used for each link, and denoting the representative CFRs (e.g., as the

centroids of the K clusters) belonging to link 1 as G; which is a K X 30 matrix, the
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correlation between the matrix G; in the mapping phase and the G;'in the localization phase

can be calculated using the following equation:
C(i) = Corr|[G;,G;'] = max(D;G,)(D;'G;")"
(Equ. 28)

where H represents Hermitian transpose, and D; represents a diagonal matrix with diagonal

(Diln = |—
ilnn Zlgi’klz

and gix represents the element on the i row and j™® column of the matrix G:.

entries given as:

(Equ. 29)

[00387] The computations are repeated for all the M links, and the fused correlation
between the CSIs acquired in the mapping phase and that in the localization phase is

calculated as:

1
Cfusion = MZ C (i)
(Equ. 30)

[00388] Chusion can be calculated for all locations in the mapping phase. The location
with the largest Crusion indicates the estimated location of the device, given that the largest

Crusion 18 larger than the threshold value.
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WHAT IS CLAIMED IS:

1. A method comprising:

at a first device, receiving a probe signal sent from a second device through a
multipath channel, the probe signal received at the first device having a waveform that is
different from the waveform sent by the second device due to influence of the multipath
channel,

estimating a channel impulse response based on the probe signal received at the first
device;

determining a time-reversed signal based on the estimated channel impulse response;
and

determining a position of the second device based on the time-reversed signal and

stored channel impulse responses that are stored in a storage device.

2. The method of claim 1 in which the stored channel impulse responses are derived

from probe signals sent from a plurality of positions, each stored channel impulse response
derived from a corresponding probe signal sent from a corresponding position, cach stored
channel impulse response being associated with the position from which the corresponding

probe signal was sent.

3. The method of claim 1 or 2, comprising:

for each of a plurality of positions, determining a feature value based on a
function of the time-reversed signal and the stored channel impulse response associated with
the position, and

determining the position of the second device based on the position associated

with a largest feature value among the feature values.

4. The method of claim 3 in which the feature value associated with a position is also a
function of the stored channel impulse response or responses associated with one or more

neighboring positions.
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5. The method of claim 3 in which the feature value associated with a position is a
function of the stored channel impulse responses derived from probe signals sent from the

position at a plurality of time periods.

6. The method of claim 3 in which determining the feature value associated with a
position comprises calculating a convolution of the time-reversed signal and the stored

channel impulse response associated with the position.

7. The method of any of claims 1-6 in which the probe signal is modulated by a carrier
wave, and determining a position of the second device comprises determining a position of

the second device with an accuracy within one wavelength of the carrier wave.

8. The method of any of claims 1-7 in which determining a position of the second
device comprises determining a position of the second device with an accuracy within one-

half of a wavelength of the carrier wave.

9. The method of any of claims 1-8 in which determining a position of the second
device comprises determining a position of the second device with an accuracy within one-

tenth of a wavelength of the carrier wave.

10.  The method of any of claims 1-9 in which the probe signal comprises one or more

pulse signals.

11.  The method of any of claims 1-10 in which the probe signal comprises one or more

pseudorandom codes.

12.  The method of any of claims 1-11 in which the probe signal comprises one or more

Golay sequences.

13.  The method of any of claims 1-12, comprising transmitting information about the

position of the second device to the second device.
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14.  The method of claim 13, comprising transmitting the information about the position

of the second device to the second device using time-reversal wireless communication.

15.  The method of any of claims 1-14, comprising receiving coarse positioning data from
the second device, selecting a subset of stored channel impulse responses based on the coarse
positioning data, and determining the position of the second device based on the time-

reversed signal and the subset of stored channel impulse responses.

16.  An apparatus comprising:
a storage storing first data representing channel impulse responses derived from probe
signals sent from a plurality of positions and second data representing coordinates of the

positions.

17.  The apparatus of claim 16, comprising a data processor configured to determine a
position of a terminal device based on the stored channel impulse responses and a time-
reversed signal determined based on a time-reversed version of a channel impulse response

that is estimated based on a channel probing signal sent from the terminal device.

18.  An apparatus comprising:

a circuit to receive a probe signal sent from a second device through a multipath
channel, the probe signal received at the apparatus having a waveform that is different from
the waveform sent by the second device due to influence of the multipath channel; and

a data processor configured to:

estimate a channel impulse response based on the received probe signal;
determine a time-reversed signal based on the estimated channel impulse
response; and
determine a position of the second device based on the time-reversed signal

and stored channel impulse responses that are stored in a storage device.
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19.  The apparatus of claim 18 in which the stored channel impulse responses are derived
from probe signals sent from a plurality of positions, each stored channel impulse response
derived from a corresponding probe signal sent from a corresponding position, each stored
channel impulse response being associated with the position from which the corresponding

probe signal was sent.

20.  The apparatus of claim 19 in which the data processor is configured to:

for each of a plurality of positions, determine a feature value based on a function
of the time-reversed signal and the stored channel impulse response associated with the
position, and

determine the position of the second device based on the position associated with

a largest feature value among the feature values.

21. The apparatus of claim 19 or 20 in which the feature value associated with a position
is also a function of the stored channel impulse response or responses associated with one or

more neighboring positions.

22. The apparatus of any of claims 19-21 in which the feature value associated with a
position is a function of the stored channel impulse responses derived from probe signals sent

from the position at a plurality of time periods.
23.  The apparatus of any of claims 19-22 in which determine the feature value associated
with a position comprises calculating a convolution of the time-reversed signal and the stored

channel impulse response associated with the position.

24.  The apparatus of any of claims 18-23 in which the probe signal comprises one or

more pulse signals.

25.  The apparatus of any of claims 18-24 in which the probe signal comprises one or

more pseudorandom codes.
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26.  The apparatus of any of claims 18-25 in which the probe signal comprises one or

more Golay sequences.

27.  The apparatus of any of claims 18-26, comprising a transmit circuit to transmit

information about the position of the second device to the second device.

28. A system for monitoring at least one macroscopic object in an arrangement of
macroscopic objects, the system comprising:

a. one or more wireless transmitters each at a different spatial location and each
configured to transmit one or more wireless signals, each wireless signal having a bandwidth
and a center frequency;

b. one or more wireless receivers each at a different spatial location and each
configured to receive at least one of the one or more wireless signals transmitted from each
wireless transmitter;

c. an electronic processor coupled to at least the one or more wireless receivers
and configured to:

L. compare information derived from the received one or more wireless
signals to information in a database;
1l. determine information about the arrangement of macroscopic objects
based on the comparison; and
1il. generate an output based on the determined information,

d. wherein the number of the one or more transmitters is M, the number of the
one or more wireless signals for the m™ transmitter is Nm, the number of the one or more
wireless receivers is K, and the bandwidth of the n't wireless signal from the m™ transmitter
that is received by the k™ wireless receiver is bmnk, and wherein the system has a collective

bandwidth B greater than 50 MHz, wherein:
: N
L B = Z%:l an:nl ZII?:l bmni, and
e. wherein the derived information that is compared to the information in the

database spans the collective bandwidth.

29.  The system of claim 28, wherein the one or more wireless receivers receive two or

more wireless signals that are transmitted from the one or more wireless transmitters through
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one or more wireless channels, and comparing information derived from the received one or

more wireless signals to information in a database comprises comparing a composite channel
response derived from the received two or more wireless signals, or information derived from
the composite channel response derived from the received two or more wireless signals, with

information stored in the database.

30.  The system of claim 28 or 29, wherein the one or more wireless receivers receive two

or more wireless signals having different center frequencies.

31. The system of claim 29 or 30 in which the information stored in the database
comprises composite channel responses each derived from previously received two or more
wireless signals, or information derived from composite channel responses each derived from

previously received two or more wireless signals.

32. The system of any of claims 28-31 in which the information stored in the database
comprises wideband channel responses, and the method comprises processing a wideband

channel response to simulate a narrower band channel response.

33.  The system of claim 31 in which comparing the composite channel response with
information in the database comprises determining a plurality of time-reversal resonating
strengths between the composite channel response derived from the received two or more

wireless signals and the composite channel responses stored in the database.

34.  The system of claim 31 or 33, comprising identifying the stored composite channel

response that results in a maximum time-reversal resonating strength.

35.  The system of claim 34, wherein the stored composite channel response resulting in
the maximum time-reversal resonating strength is associated with a particular location, and
determining information about the arrangement of macroscopic objects based on the

comparison comprises determining that the one or more wireless receivers that receive the
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two or more wireless signals are at the particular location or in a vicinity of the particular

location.

36.  The system of claim 34 or 35, wherein the stored composite channel response
resulting in the maximum time-reversal resonating strength is associated with a particular
arrangement of macroscopic objects, and determining information about the arrangement of
macroscopic objects based on the comparison comprises determining that the macroscopic

objects have the particular arrangement.

37. The system of any of claims 28-36, wherein the information about the arrangement of
macroscopic objects comprises an indication of a change in the arrangement of macroscopic

objects.

38.  The system of any of claims 28-37, wherein the macroscopic objects exclude the one

or more wireless transmitters and the one or more wireless receivers.

39.  The system of any of claims 28-38, wherein the one or more wireless receivers are

stationary relative to the one or more wireless transmitters.

40.  The system of any of claims 28-37 or 39, wherein the macroscopic objects include at
least one of the one or more wireless transmitters and receivers, and wherein the change in
the arrangement of macroscopic objects is a change in location of one of the one or more

wireless transmitters and receivers relative to the other macroscopic objects.

41.  The system of any of claims 28-40, wherein the arrangement of macroscopic objects

are located in a rich multipath venue.

42.  The system of claim 41 in which the venue comprises at least one of an enclosed

structure or a partially enclosed structure.

43.  The system of claim 42 in which the enclosed structure comprises a building.
44.  The system of claim 43 in which the building comprises at least one of walls, doors,
or windows.
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45.  The system of claim 44 in which determining information about the arrangement of
macroscopic objects comprises determining information about the arrangement of at least

one of doors or windows.

46. The system of claim 44 or 45 in which the one or more wireless transmitters and the
one or more wireless receivers are located at one side of a wall, and determining information
about the arrangement of macroscopic objects comprises determining information about the

arrangement of macroscopic objects that are located on another side of the wall.

47. The system of any of claims 28-46, wherein the collective bandwidth B is greater
than 60 MHz.

48. The system of any of claims 28-47, wherein the collective bandwidth B is greater
than 80 MHz.

49. The system of any of claims 28-48, wherein the collective bandwidth B is greater
than 100 MHz.

50.  The system of any of claims 28-49, wherein the collective bandwidth B is greater
than 125 MHz.

51. The system of any of claims 28-50, wherein the collective bandwidth B is greater

than 500 MHz.

52. The system of any of claims 28-51, wherein the collective bandwidth B is greater

than 1 GHz.

53. The system of any of claims 28-52, wherein the one or more wireless transmitters are

housed 1in a first wireless device.

54, The system of any of claims 28-53, wherein the one or more wireless transmitters

have different antennas but share a common encoder.

55.  The system of any of claims 28-54, wherein the one or more wireless receivers are

housed in a second wireless device.
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56.  The system of any of claims 28-55, wherein the one or more wireless receivers have

different antennas but share a common decoder.

57.  The system of any of claims 28-56, wherein the information derived from the

received wireless signals comprises channel state information.

58.  The system of any of claims 28-57, wherein the one or more transmitters transmit two
or more wireless signals on two or more channels, the derived information comprises
portions of information derived from signals transmitted through two or more channels, each
channel has a bandwidth less than 50 MHz, each portion of derived information includes
channel response information of the respective channel, and the bandwidths of the two or
more channels associated with the portions of information collectively span more than 50

MHz.

59.  The system of any of claims 28-58, wherein the one or more transmitters transmit two
or more wireless signals on two or more channels in compliance with IEEE 802.11 standard,

and each channel has a bandwidth of about 20MHz, 22MHz, or 40MHz.

60.  The system of any of claims 28-59, wherein the derived information comprises
portions of information derived from signals transmitted through two or more channels that

have different center frequencies.

61.  The system of claim 60, wherein the two or more channels have overlapping

frequency bands.

62.  The system of claim 60, wherein the two or more channels have non-overlapping

frequency bands.

63. The system of claim 28 in which M =1, K =1, N; =1, and bi11 > 50 MHz.

64. The system of claim 28 in which M =1,K=1,N1>2,and B = Zf{;l bn > 50 MHz.
65.  The system of claim 28 in which M =1, and K > 2.

66.  The system of claim 65 in which N; = 1.
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67.  The system of claim 28 in which M > 2, and K =1.

68.  The system of claim 67 in which Nm = 1, for each m.

69.  The system of claim 28 in which M > 2, and K > 2.
70. The system of claim 69 in which Nm = 1, for each m.

71. The system of any of claims 28-70 in which the information in the database
comprises information derived from previously received one or more wireless signals when

the macroscopic objects have a first arrangement.

72.  The system of claim 71 in which the information in the database comprises channel

state information derived from the previously received one or more wireless signals.

73.  The system of claim 71 or 72 in which determining information about the
arrangement of macroscopic objects comprises determining whether a current arrangement of

the macroscopic objects is different from the first arrangement.

74.  The system of claim 73 in which determining whether the current arrangement of the
macroscopic objects is different from the first arrangement comprises determining whether a
current arrangement of one or more doors or windows is different from the arrangement of

the one or more doors or windows at an earlier time.

75. A system for monitoring a venue, the system comprising:

a storage device configured to store a combination of first channel state information
derived from a first wireless signal transmitted through a first channel that uses a first
plurality of subcarriers and second channel state information derived from a second wireless
signal transmitted through a second channel that uses a second plurality of subcarriers, or
first information derived from the combination of the first and second channel state
information;

a receiver configured to receive a third wireless signal transmitted through the first
channel and a fourth wireless signal transmitted through the second channel;

a data processor configured to
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determine third channel state information based on the received third wireless
signal,

determine fourth channel state information based on the received fourth wireless
signal,

perform at least one of (i) compare a combination of the third and fourth channel
state information with the stored combination of the first and second channel state
information, or (ii) compare second information derived from a combination of the third and
fourth channel state information with the stored first information,

determine information about an arrangement of objects in the venue based on the
comparison, and

generate an output based on the determined information about the arrangement of

the objects.

76.  The system of claim 75 in which the first and second channels occupy different

frequency bands that do not overlap.

77.  The system of claim 75 or 76 in which each of the first and second channels has a
bandwidth of less than 50 MHz, and a sum of the bandwidths of the first and second channels
is larger than 50 MHz.

78.  The system of claim 75 in which the first and second channels have frequency bands
that overlap, each of the first and second channels has a bandwidth less than 50 MHz, and the

first and second channels in combination span more than 50 MHz.

79. The system of any of claims 75-78 in which the first, second, third, and fourth
wireless signals comply with IEEE 802.11 standard.

80.  The system of any of claims 75-79 in which the system comprises at least one of a

mobile phone, a network router, a network access point, a smoke detector, a notebook

computer, a desktop computer, a tablet computer, a lighting device, an electric appliance, a
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robot, a television, a radio, an audio device, a video device, a camera, a camcorder, or a

projector.

81.  The system of any of claims 75-80, further comprising a transmitter to transmit the
first and second wireless signals, and the transmitter and the receiver share one or more

antennas for transmitting and receiving the first and second wireless signals.

82. The system of any of claims 75-81 in which the first and second wireless signals are
transmitted from a first set of one or more antennas, the first and second wireless signals are
received at a second set of one or more antennas that are different from the first set of one or

more antennas.

83.  The system of any of claims 75-82 in which the system is configured to detect a

change in position of at least one of a door or a window.

84.  The system of any of claims 75-83 in which the storage device is configured to store
records of channel state information, each record including at least one of (i) N1 channel
state information derived from N1 wireless signals transmitted through N1 channels, each
channel using a plurality of subcarriers, or (ii) information derived from the N1 channel state
information, in which N1 is equal to or greater than 3,
the receiver is configured to receive N1 wireless signals transmitted through the N1
channels, and
the data processor is configured to

determine N1 channel state information based on the received N1
wireless signals,

perform at least one of (i) compare a combination of the determined N1
channel state information with the stored records, or (ii) compare information derived from
the determined N1 channel state information with the stored records, and

determine information about an arrangement of objects in the venue

based on the comparison.
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85.  The system of claim 84 in which the combination of N1 channels span more than 50
MHz.
86. A system comprising:

a receiver configured to receive a first wireless signal that includes one or more
frames having a format that complies with IEEE 802.11 standard, each of the one or more
frames having at least one preamble; and

a data processor configured to:

determine first channel state information based on the at least one preamble in
the wireless signal,

associating the first channel state information with a first location or a first
arrangement of objects, and

storing the first channel state information and information about the first location
or the first arrangement of objects in a local storage device, or providing the first channel
state information and information about the first location or the first arrangement of objects

for storage in a remote storage device.

87.  The system of claim 86 in which the receiver is configured to receive a second
wireless signal after the first channel state information and information about the first
location or the first arrangement of objects have been stored in the local or remote storage
device, the second wireless signal includes one or more frames having a format that complies
with the IEEE 802.11 standard, each of the one or more frames having at least one preamble,
and
the data processor is configured to:

determine second channel state information based on the at least one preamble
in the second wireless signal,

retrieve the first channel state information from the local or remote storage
device,

compare the second channel state information with the first channel state

information, and
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generate an output when the second channel state information matches the

first channel state information.

88.  The system of claim 87 in which the at least one preamble of the second wireless

signal comprises a long preamble.

89.  The system of claim 87 or 88 in which each of the one or more frames of the second

wireless signal includes multiple preambles.

90.  The system of any of claims 87-89 in which the data processor is further configured
to classify one or both of the first channel state information and the second channel state

information into one or more clusters.

91.  The system of claim 90 in which the data processor is further configured to average

the one or more clusters.

92.  The system of any of claims 87-91 in which comparing the second channel state
information with the first channel state information comprises determining a time-reversal

resonating strength based on the first and second channel state information.

93. The system of any of claims 86-92 in which the first wireless signal is sent from at

least one of a wireless network router or a wireless network access point.

94.  The system of claim 93 in which the receiver receives the first wireless signal without

joining a network provided by the network router or access point.
95.  The system of any of claims 86-94 in which the data processor is configured to

provide a user interface to enable a user to provide information about the first location or the

first arrangement of objects.
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96.  The system of claim 95 in which the user interface displays a map and enables the
user to indicate a location on the map, and the data processor is configured to associate the

location indicated by the user with the first channel state information.

97.  The system of any of claims 86-96, comprising determining a first identifier of a
device that transmits the first wireless signal, associating the first channel state information
with the first identifier, and storing the first identifier along with the first channel state

information in the local or remote storage device.

98. A system comprising:

a receiver configured to receive a first wireless signal that includes one or more
frames having a format that complies with IEEE 802.11 standard, each of the one or more
frames having at least one preamble; and

a data processor configured to:

determine first channel state information based on the at least one preamble in
the wireless signal,

compare the first channel state information with pre-stored channel state
information, and

determine information about a location or an arrangement of objects based on the

comparison.

99.  The system of claim 98 in which comparing the first channel state information with
pre-stored channel state information comprises determining a time-reversal resonating

strength based on the first channel state information and pre-stored channel state information.

100. The system of claim 98 or 99 in which the pre-stored channel state information is

stored in at least one of a local storage device or a remote storage device.

101.  The system of any of claims 98-100, comprising determining an identifier of a
transmitter that transmits the first wireless signal, and retrieving pre-stored channel state

information associated with the identifier, and wherein
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comparing the first channel state information with pre-stored channel state
information comprises comparing the first channel state information with the pre-stored

channel state information associated with the identifier of the transmitter.

102.  The system of claim 101 in which the transmitter comprises at least one of a wireless
network router or a wireless network access point, and the identifier comprises a service set

identifier (SSID).

103. A system comprising:
a receiver configured to receive a first set of at least two wireless signals transmitted
through at least one wireless channel that collectively span more than 50 MHz; and
a data processor configured to:
determine a first composite channel response based on the first set of at least two
wireless signals,
associating the first composite channel response with a first location or a first
arrangement of objects, and
storing the first composite channel response and information about the first
location or the first arrangement of objects in a local storage device, or providing the first
composite channel response and information about the first location or the first arrangement

of objects for storage in a remote storage device.

104.  The system of claim 103 in which the receiver is configured to receive a second set of
at least two wireless signals transmitted through at least one wireless channel that
collectively span more than 50 MHz, and the data processor is configured to:

determine a second composite channel response based on the second set of at least
two wireless signals,

retrieve the first composite channel response from the local or remote storage device,

compare the second composite channel response with the first composite channel
response, and

generate an output when the second composite channel response matches the first

composite channel response.
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105.  The system of claim 104 in which the data processor is further configured to generate
an output when the second composite channel response does not match the first composite

channel response.

106.  The system of claim 105, comprising determining a particular location associated
with a composite channel response that best matches the second composite channel response,
in which the output causes a message to be generated, the message indicating that the

receiver is near the particular location.

107.  The system of claim 105 or 106 in which the output causes a message to be
generated, the message indicating that a resolution of the positioning system should be

adjusted.

108.  The system of any of claims 105-107 in which the output causes a message to be
generated, the message indicating that a received signal strength of the second set of at least
two wireless signals is being used by the system to determine a location of the source of the

second set of at least two wireless signals.

109. The system of any of claims 104-108 in which comparing the second composite
channel response with the first composite channel response comprises determining a time-

reversal resonating strength based on the first and second composite channel responses.

110.  The system of any of claims 103-109 in which the first set of at least two wireless
signals is sent from at least one of a wireless network router or a wireless network access

point.
111.  The system of claim 110 in which the receiver receives the first set of at least two

wireless signals without joining a wireless network provided by the network router or access

point.
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112.  The system of any of claims 103-111 in which the data processor is configured to
provide a user interface to enable a user to provide information about the first location or the

first arrangement of objects.

113.  The system of claim 112 in which the user interface displays a map and enables the
user to indicate a location on the map, and the data processor is configured to associate the

location indicated by the user with the first composite channel response.

114.  The system of any of claims 103-113, comprising determining a first identifier of a
device that transmits the first wireless signal, associating the first composite channel
response with the first identifier, and storing the first identifier along with the first composite

channel response in the local or remote storage device.

115. A system comprising:
a receiver configured to receive a first set of two or more wireless signals transmitted
through at least one wireless channel that collectively span more than 50 MHz; and
a data processor configured to:
determine a first composite channel response based on the first set of at least two
wireless signals,
compare the first composite channel response with at least one pre-stored
composite channel response, and
determine information about a location or an arrangement of objects based on the

comparison.

116.  The system of claim 115 in which comparing the first composite channel response
with pre-stored composite channel response comprises determining a time-reversal
resonating strength based on the first composite channel response and pre-stored composite

channel response.

117.  The system of claim 115 or 116 in which the pre-stored composite channel response

is stored in at least one of a local storage device or a remote storage device.
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118.  The system of any of claims 115-117, comprising determining an identifier of a
transmitter that transmits the first set of at least two wireless signals, and retrieving at least
one pre-stored composite channel response associated with the identifier, and wherein

comparing the first composite channel response with the at least one pre-stored
composite channel response comprises comparing the first composite channel response with
the at least one pre-stored channel state information associated with the identifier of the

transmitter.

119. The system of claim 118 in which the transmitter comprises at least one of a wireless
network router or a wireless network access point, and the identifier comprises a service set

identifier (SSID).

120. A system for monitoring a venue, the system comprising:

a storage device to store sets of state information, each set of state information being
derived from channel state information for a first channel and channel state information for a
second channel, the first channel using a first plurality of subcarriers, the second channel
using a second plurality of subcarriers, the first and second channels having different center
frequencies, each set of state information being associated with a state of a venue, at least
some of the different sets of state information being associated with different states of the
venue, at least some of the different states representing different arrangements of objects in
the venue;

a receiver configured to receive a first wireless signal transmitted through the first
channel that uses the first plurality of subcarriers, and a second wireless signal transmitted
through the second channel that uses the second plurality of subcarriers;

a data processor configured to

determine first channel state information based on the received first wireless
signal,
determine second channel state information based on the received second

wireless signal,

160



WO 2016/011433 PCT/US2015/041037

determine a current set of state information based on a combination of the first
and second channel state information,

compare the current set of state information with the sets of state information
stored in the storage device,

determine information about a current arrangement of objects in the venue based
on the comparison, and

generate an output based on the determined information about the current

arrangement of objects in the venue.

121.  The system of claim 120 in which the first and second channels occupy different

frequency bands that do not overlap.

122.  The system of claim 120 or 121 in which each of the first and second channels has a
bandwidth of less than 50 MHz, and a sum of the bandwidths of the first and second channels
is larger than 50 MHz.

123.  The system of claim 120 in which the first and second channels having frequency
bands that overlap, each of the first and second channels has a bandwidth less than 50 MHz,

and the first and second channels in combination span more than 50 MHz.

124.  The system of any of claims 120-123 in which the first and second wireless signals

comply with IEEE 802.11 standard.

125.  The system of any of claims 120-124, further comprising a transmitter configured to

transmit the first and second wireless signals.

126.  The system of claim 125 in which the transmitter and the receiver share one or more

antennas for transmitting and receiving the first and second wireless signals.

127.  The system of any of claims 120-126 in which the first and second wireless signals

are transmitted from a first set of one or more antennas, and the first and second wireless
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signals are received at a second set of one or more antennas that are different from the first

set of one or more antennas.

128.  The system of any of claims 120-127 in which the system comprises at least one of a
mobile phone, a network router, a network access point, a smoke detector, a notebook
computer, a desktop computer, a tablet computer, a lighting device, an electric appliance, a
robot, a television, a radio, an audio device, a video device, a camera, a camcorder, or a

projector.

129.  The system of any of claims 120-128 in which the data processor is configured to
determine whether at least one of a door or a window in the venue has moved relative to a

past position of the door or the window.

130. The system of any of claims 120-129 in which the stored sets of state information are
associated with positions in the venue, and the data processor is configured to determine a
position of the receiver in the venue based on a result of the comparison of the current set of

state information with the sets of state information stored in the storage device.

131.  The system of any of claims 120-130 in which each set of state information is derived
from channel state information for N1 channels, each channel uses a plurality of subcarriers,
different channels have different center frequencies, in which N1 is equal to or greater than 3,
the receiver is configured to receive N1 wireless signals transmitted through the N1
channels, and
the data processor is configured to
determine a current set of state information based on a combination of the N1
channel state information,
compare the current set of state information with the sets of state information
stored in the storage device,
determine information about a current arrangement of objects in the venue

based on the comparison.
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132.  The system of claim 131 in which the combination of N1 channels span more than 50

MHz.

133. A system comprising:

a receiver configured to receive a first wireless signal transmitted through a first
channel that uses a first plurality of subcarriers, and receive a second wireless signal
transmitted through a second channel that uses a second plurality of subcarriers, the first and
second channels having different center frequencies; and

a data processor configured to determine a condition in a venue based on first channel
state information derived from the first wireless signal and second channel state information
derived from the second wireless signal, including

compare at least one of (i) a combination of the first channel state information
and the second channel state information, or (ii) first information derived from the
combination of the first channel state information and the second channel state information,
with stored records that include information derived from wireless signals previously

transmitted through the first and second channels.

134.  The system of claim 133 in which the condition comprises at least one of a location of
the receiver, a configuration of an object in the venue, or a characteristic of a person in the

venue.

135.  The system of claim 133 or 134 in which the venue comprises a room or a building in

which the receiver is located.

136.  The system of any of claims 133-135 in which the condition in the venue comprises a

configuration of at least one of a door or a window.
137.  The system of claim 136 in which the condition in the venue comprises at least one of

(1) a closed state of the door, (ii) an open state of the door, (iii) a closed state of the window,

or (iv) an open state of the window.
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138.  The system of any of claims 133-137 in which the condition in the venue comprises a

presence of a particular person at a particular location in the venue.

139.  The system of any of claims 133-138 in which the data processor is configured to
determine at least one of (i) whether a door in the venue is open or closed, (ii) whether a
window in the venue is open or closed, or (iii) whether an object has moved relative to a

position at an earlier time.

140.  The system of any of claims 133-139 in which the data processor is configured to

identify a particular person selected from a predetermined group of people.

141.  The system of any of claims 133-140 in which the first and second wireless signals

comply with IEEE 802.11 standard.

142.  The system of claim 141 in which the IEEE 802.11 standard comprises at least one of
IEEE 802.11a, IEEE 802.11b, IEEE 802.11g, IEEE 802.11n, IEEE 802.11ac, or IEEE
802.11ad standard.

143.  The system of any of claims 133-142 in which the first and second channels are

separated by at least one guard band.

144.  The system of any of claims 133-143 in which the first channel state information

comprises an amplitude and a phase of a channel response.

145.  The system of any of claims 133-144 in which each of the stored records comprises
concatenated channel state information derived from a wireless signal previously transmitted
through the first channel and channel state information derived from another wireless signal

previously transmitted through the second channel.

146.  The system of any of claims 133-145 in which each of the stored records comprises

information derived from channel state information derived from a wireless signal previously
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transmitted through the first channel and channel state information derived from another

wireless signal previously transmitted through the second channel.

147.  The system of any of claims 133-146 in which each of the stored records comprises
information derived from channel state information derived from wireless signals previously
transmitted through the first and second channels from a device at a particular location in the
venue, and at least some of the stored records are associated with different locations of the

venue.

148.  The system of claim 147 in which a match between the combination of the first
channel state information and the second channel state information, or first information
derived from the combination of the first channel state information and the second channel
state information, with information in one of the stored records indicates that the receiver is

at the location, or in a vicinity of the location, associated with the matched record.

149.  The system of any of claims 133-148 in which receiver is part of a first device, the
data processor is part of a second device, the first device wirelessly sends the first and second
channel state information, or the first information derived from the first and second channel
state information, to the second device to enable the data processor to determine the

condition in the venue.

150.  The system of any of claims 133-149 in which the first and second channels occupy
different frequency bands that do not overlap.

151.  The system of any of claims 133-150 in which each of the first and second channels
has a bandwidth of less than 60 MHz, and a sum of the bandwidths of the first and second

channels is larger than 60 MHz.

152.  The system of any of claims 133-149 and 151 in which the first and second channels
have frequency bands that overlap, each of the first and second channels has a bandwidth less

than 60 MHz, and the first and second channels in combination span more than 60 MHz.
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153. The system of any of claims 133-152 in which the stored records comprise entries in

at least one of a table or a database.

154.  The system of any of claims 133-153 in which the receiver is configured to receive
N1 wireless signals transmitted through N1 channels, each channel uses a plurality of
subcarriers, different channels have different center frequencies, and

the data processor is configured to determine a condition in the venue based on N1
channel state information derived from the N1 wireless signals, including

compare at least one of (i) a combination of the N1 channel state information, or

(i1) information derived from the combination of the N1 channel state information, with
stored records that include information derived from wireless signals previously transmitted

through the N1 channels.

155.  The system of claim 154 in which the combination of N1 channels span more than 60

MHz.

156. A system comprising:

a storage device configured to store records having information derived from wireless
signals previously transmitted through at least a first channel and a second channel, in which
the first channel uses a first plurality of subcarriers, the second channel uses a second
plurality of subcarriers, the first and second channels have different center frequencies, and
the at least first and second channels in combination span more than 60 MHz;

a data processor configured to determine a condition of at least one of a door or a
window based on first channel state information derived from a first wireless signal
transmitted through a first channel and second channel state information derived from a
second wireless signal transmitted through a second channel,

including comparing the first channel state information and the second channel
state information, or information derived from the first channel state information and the
second channel state information, with stored records having information derived from

wireless signals previously transmitted through the first and second channels; and
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generating an output based on the comparison.

157.  The system of claim 156, comprising determining that at least one of the door or

window has moved.

158.  The system of claim 156 or 157 in which a first one of the stored records has
information associated with a condition in which the door or window is closed, and a second
one of the stored records has information associated with a condition in which the door or

window is open by a predetermined amount.

159. The system of any of claims 156-158 in which the first wireless signal complies with

1EEE 802.11 standard.

160. The system of any of claims 156-159 in which the storage device is configured to
store records of channel state information, each record including at least one of (i) N1
channel state information derived from N1 wireless signals transmitted through N1 channels,
cach channel using a plurality of subcarriers, or (ii) information derived from the N1 channel
state information, N1 is equal to or greater than 3, and a combination of the N1 channels span
more than 60 MHz,

the receiver is configured to receive N1 wireless signals transmitted through the N1
channels, and

the data processor configured to determine the condition of at least one of the door or
the window based on N1 channel state information derived from the N1 wireless signal
transmitted through the N1 channels,

including comparing the N1 channel state information, or information derived

from the N1 channel state information, with stored records having information derived from

wireless signals previously transmitted through the N1 channels.

161. A method of monitoring an environment, the method comprising;:
receiving a first wireless signal transmitted through a first channel that uses multiple
subcarriers;

determining first channel state information based on the received first wireless signal;
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receiving a second wireless signal transmitted through a second channel that uses
multiple subcarriers, the second channel having a center frequency different from that of the
first channel,

determining second channel state information based on the received second wireless
signal;

storing a combination of the first and second channel state information, or first
information derived from the combination of the first and second channel state information,
in a storage device;

receiving a third wireless signal transmitted through the first channel that uses
multiple subcarriers;

determining third channel state information based on the received third wireless
signal;

receiving a fourth wireless signal transmitted through the second channel that uses
multiple subcarriers;

determining fourth channel state information based on the received fourth wireless
signal;

performing at least one of (i) comparing a combination of the third and fourth channel
state information with the stored combination of the first and second channel state
information, or (ii) comparing the stored first information with second information derived
from a combination of the third and fourth channel state information;

detecting a change in an arrangement of objects in the environment based on the
comparison; and

generating an output indicating the change in the arrangement of objects in the

environment.

162. The method of claim 161 in which the first and second channels occupy different

frequency bands that do not overlap.

163. The method of claim 161 or 162 in which cach of the first and second channels has a
bandwidth of less than 60 MHz, and a sum of the bandwidths of the first and second channels
is larger than 60 MHz.
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164.  The method of claim 161 in which the first and second channels having frequency
bands that overlap, each of the first and second channels has a bandwidth less than 60 MHz,

and the first and second channels in combination span more than 60 MHz.

165. The method of any of claims 161-164 in which the first, second, third, and fourth

wireless signals are transmitted according to IEEE 802.11 standard.

166. The method of any of claims 161-165 in which the first, second, third, and fourth
wireless signals are received using at least one of a mobile phone, a network router, a
network access point, a smoke detector, a notebook computer, a desktop computer, a tablet
computer, a lighting device, an electric appliance, a robot, a television, a radio, an audio

device, a video device, a camera, a camcorder, or a projector.

167. The method of any of claim 161-166, comprising transmitting the first and second

wireless signals using a same device that receives the first and second wireless signals.

168.  The method of any of claims 161-166 in which the first and second wireless signals
are transmitted by a second device that is different from a first device that receives the first

and second wireless signals.

169. The method of any of claims 161-168 in which detecting a change in an arrangement

of objects comprises determining a change in position of at least one of a door or a window.

170. A method of monitoring an environment, the method comprising:

storing sets of state information in a storage device, each set of state information
being derived from channel state information for a first channel and channel state
information for a second channel, the first channel using a first plurality of subcarriers, the
second channel using a second plurality of subcarriers, the first and second channels having
different center frequencies, each set of state information being associated with a state of a

venue, at least some of the different sets of state information being associated with different
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states of the venue, at least some of the different states representing different arrangements of
objects in the venue;

receiving a first wireless signal transmitted through the first channel that uses the first
plurality of subcarriers;

determining first channel state information based on the received first wireless signal;

receiving a second wireless signal transmitted through the second channel that uses
the second plurality of subcarriers;

determining second channel state information based on the received second wireless
signal;

determining a current set of state information based on a combination of the first and
second channel state information,;

comparing the current set of state information with the sets of state information stored
in the storage device;

determining information about a current arrangement of objects in the venue based on
the comparison; and

generating an output based on the determined information about the current

arrangement of objects in the venue.

171.  The method of claim 170 in which the first and second channels occupy different

frequency bands that do not overlap.

172.  The method of claim 170 or 171 in which ecach of the first and second channels has a
bandwidth of less than 60 MHz, and a sum of the bandwidths of the first and second channels
is larger than 60 MHz.

173.  The method of claim 170 in which the first and second channels having frequency
bands that overlap, each of the first and second channels has a bandwidth less than 60 MHz,

and the first and second channels in combination span more than 60 MHz.

174.  The method of any of claims 170-173 in which the first and second wireless signals

are transmitted according to IEEE 802.11 standard.
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175.  The method of any of claims 170-174 in which the device that receives the first and

second signals also transmits the first and second wireless signals.

176.  The method of any of claims 170-175, comprising transmitting the first and second

wireless signals using a same device that receives the first and second wireless signals.

177.  The method of any of claims 170-174 in which the first and second wireless signals
are transmitted by a second device that is different from a first device that receives the first

and second wireless signals.

178.  The method of any of claims 170-177 in which the first and second wireless signals
are received at least one of a mobile phone, a network router, a network access point, a
smoke detector, a notebook computer, a desktop computer, a tablet computer, a lighting
device, an electric appliance, a robot, a television, a radio, an audio device, a video device, a

camera, a camcorder, or a projector.

179.  The method of any of claims 170-178 in which determining information about a
current arrangement of objects in the venue comprises determining whether at least one of a
door or a window in the venue has moved relative to a past position of the door or the

window.

180. The method of any of claims 170-179 in which the stores sets of state information are
associated with positions in the venue, and determining information about the current
arrangement of objects in the venue comprises determining a position of a device that

receives the first and second wireless signals.
181. A method comprising:

receiving a first wireless signal transmitted through a first channel that uses a first

plurality of subcarriers;
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receiving a second wireless signal transmitted through a second channel that uses a
second plurality of subcarriers, the first and second channels having different center
frequencies; and

determining a condition in a venue based on first channel state information derived
from the first wireless signal and second channel state information derived from the second
wireless signal, including

comparing at least one of (i) a combination of the first channel state information
and the second channel state information, or (ii) first information derived from the
combination of the first channel state information and the second channel state information,
with stored records that include information derived from wireless signals previously

transmitted through the first and second channels.

182.  The method of claim 181 in which the condition comprises at least one of a location
of a device that receives the first and second wireless signals, a configuration of an object in

the venue, or a characteristic of a person in the venue.

183.  The method of claim 182 in which the venue comprises a room or a building in which

the device is located.

184.  The method of any of claims 181-183 in which the condition in the venue comprises a

configuration of at least one of a door or a window.

185.  The method of claim 184 in which the condition in the venue comprises at least one
of (1) a closed state of the door, (ii) an open state of the door, (iii) a closed state of the

window, or (iv) an open state of the window.

186. The method of any of claims 181-185 in which the condition in the venue comprises a

presence of a particular person at a particular location in the venue.

187.  The method of any of claims 181-186 in which determining the condition in the

venue comprises determining at least one of (i) whether a door in the venue is open or closed,
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(i1) whether a window in the venue is open or closed, or (iii) whether an object has moved

relative to a position at an earlier time.

188.  The method of any of claims 181-186 in which determining the condition in the
venue comprises identifying a particular person selected from a predetermined group of

people.

189.  The method of any of claims 181-187 in which the first and second wireless signals

are transmitted according to IEEE 802.11 standard.

190. The method of claim 189 in which the IEEE 802.11 standard comprises at least one of
IEEE 802.11a, IEEE 802.11b, IEEE 802.11g, IEEE 802.11n, IEEE 802.11ac, or IEEE
802.11ad standard.

191. The method of any of claims 181-190 in which the first and second channels are

separated by at least one guard band.

192. The method of any of claims 181-191 in which the first channel state information

comprises an amplitude and a phase of a channel response.

193. The method of any of claims 181-192 in which each of the stored records comprises
concatenated channel state information derived from a wireless signal previously transmitted
through the first channel and channel state information derived from another wireless signal

previously transmitted through the second channel.

194.  The method of any of claims 181-193 in which each of the stored records comprises
information derived from channel state information derived from a wireless signal previously
transmitted through the first channel and channel state information derived from another

wireless signal previously transmitted through the second channel.
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195. The method of any of claims 181-194 in which each of the stored records comprises
information derived from channel state information derived from wireless signals previously
transmitted through the first and second channels from a device at a particular location in the
venue, and at least some of the stored records are associated with different locations of the

venue.

196. The method of any of claims 181-195 in which a match between the combination of
the first channel state information and the second channel state information, or first
information derived from the combination of the first channel state information and the
second channel state information, with information in one of the stored records indicates that
a device that receives the first and second wireless signals is at the location associated with

the matched record.

197. The method of any of claims 181-196 in which a first device determines the first and
second channel state information, sends the first and second channel state information to a
second device, and the second device determines the condition in the venue based on the first

and second channel state information.

198. The method of any of claims 181-197 in which a device that determines the first and

second channel state information also determines the condition in the venue.

199. The method of any of claims 181-198 in which the first and second channels occupy
different frequency bands that do not overlap.

200. The method of any of claims 181-199 in which each of the first and second channels
has a bandwidth of less than 60 MHz, and a sum of the bandwidths of the first and second

channels is larger than 60 MHz.

201. The method of any of claims 181-198 in which the first and second channels having
frequency bands that overlap, each of the first and second channels has a bandwidth less than

60 MHz, and the first and second channels in combination span more than 60 MHz.
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202. The method of any of claims 181-201 in which the stored records comprise entries in

at least one of a table or a database.

203. A method comprising:

determining a condition of at least one of a door or a window based on first channel
state information derived from a first wireless signal transmitted through a first channel and
second channel state information derived from a second wireless signal transmitted through a
second channel, in which the first channel uses a first plurality of subcarriers, the second
channel uses a second plurality of subcarriers, the first and second channels have different
center frequencies, and the first and second channels span more than 60 MHz,

including comparing the first channel state information and the second channel

state information, or information derived from the first channel state information and the
second channel state information, with stored records having information derived from
wireless signals previously transmitted through the first and second channels; and

generating an output based on the comparison.

204. The method of claim 203, comprising determining that at least one of the door or

window has moved.

205. The method of claim 203 or 204 in which a first one of the stored records has
information associated with a condition in which the door or window is closed, and a second
one of the stored records has information associated with a condition in which the door or

window is open by a predetermined amount.

206. The method of any of claims 203-205 in which the first wireless signal is a wireless

packet that is transmitted through the first channel according to IEEE 802.11 standard.
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