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FIG. 1

(57) Abstract: A system for localization of a radio frequency source in a re-
gion includes a first plurality of antennas disposed about the region, a second
plurality of antennas disposed about the region, a first radio frequency posi-
tioning module in communication with the first plurality of antennas and
configured to determine a plurality of spatially separated candidate locations
in the region for the radio frequency source, a second radio frequency posi-
tioning module in communication with the second plurality of antennas and
configured to determine a sub-region of the region, the sub-region including
the radio frequency source, and a resolution module for identifying a subset
of the candidate locations in the sub-region of the region.
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RADIO FREQUENCY LOCALIZATION

Cross-references to Related Applications

[001] The application claims the benefit of U.S. Provisional Application Serial No.
61/978,160, titled “Radio Frequency Localization,” filed April 10, 2014, the contents of

which are incorporated herein by reference.

Statement as to Federally Sponsored Research

[002] This invention was made with government support under grant no. 7000227558,
project number 021772-001 awarded by MIT Lincoln Laboratories. The government has

certain rights in the invention.

Background

[003] This invention relates to localization of radio frequency sources. The invention

also relates to a virtual touchscreen application for a radio frequency localization system.

[004] Localization of Radio Frequency (RF) sources is an active area of research
interest. The majority of RF source localization systems focus on the problem of

discovering an exact location of an RF source.

[005] Referring to FIG. 1, one example of such a localization system 100 includes two
pairs of antennas, a first antenna pair 102 and a second antenna pair 104, and generally
uses a triangulation approach. For each pair of antennas 102, 104, the individual
antennas of the pair have a spacing which is less than or equal to 4/2 (where A1is the
wavelength). This constraint on the antenna spacing ensures that each of the antenna

pairs 102, 104 forms only a single lobe in the antenna sensitivity pattern.

[006] In the system 100 of FIG. 1, the antenna pairs 102, 104 are positioned such that a
first lobe 106 formed by the first antenna pair 102 can be formed in a unique direction
relative to a second lobe 108 formed by the second antenna pair 104. As an RF source
110 moves through an area in proximity to the antenna pairs 102, 104, the antenna pairs
102 sweep their respective lobes 106, 108 to track the location of the RF source 110.

[007] The resolution of the location of the RF source 110 determined by the system 100
is dependent on a width of the lobes 106, 108. In particular, the location of the RF source
110 is only known to be within the area 112 where the two lobes 106, 108 intersect. In
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general, the location of the RF source 110 can be resolved to a location with a resolution
in the tens of centimeters by the system 100. A standard approach for improving the
location resolution of a system such as the system of FIG. 1 is to increase the number of

antennas used in the system.

Summary

[008] Due to issues related to system cost and system complexity, it is not always
practical to increase the number of antennas in an RF localization system to achieve a
desired localization resolution. Thus, another approach is to leverage a tradeoff between

resolution and unambiguity in the system.

[009] In a general aspect, an RF positioning system employs a multi-resolution
positioning technique that exploits an intrinsic tradeoff between improving a resolution in
the location of an RF source and resolving an ambiguity in the location of the RF source.
The RF positioning system can precisely determine a position of an RF source within less
than 40 centimeters (e.g., 30 centimeters) and can precisely track a trajectory of the RF

source within less than 10 centimeters (e.g., 3.7 centimeters).

[010] In some situations (e.g., gesture-based user interfaces), it may be more important
to obtain a detailed trajectory of an RF source rather than its exact location. In such

applications, an accuracy in the tens of centimeters is unacceptable.

[011] In another general aspect, an RF trajectory tracing system employs a multi-
resolution positioning technique that exploits an intrinsic tradeoff between improving a
resolution in the location of an RF source and resolving an ambiguity in the location of
the RF source. The RF trajectory tracing system can precisely reconstruct small details in
a trajectory shape of a movement of the RF source, even when an absolute portion of the

RF source may be ambiguous.

[012] In another general aspect, a system for localization of a radio frequency source in
a region includes a first plurality of antennas disposed about the region, a second plurality
of antennas disposed about the region. A first radio frequency positioning module is in
communication with the first plurality of antennas and is configured to determine a
plurality of spatially separated candidate locations in the region for the radio frequency
source. A second radio frequency positioning module is in communication with the

second plurality of antennas and is configured to determine a sub-region of the region,
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the sub-region including the radio frequency source. A resolution module identifies a

subset of the candidate locations in the sub-region of the region.
[013] Aspects may include one or more of the following features.

[014] The resolution module may be configured to determine an actual location of the
radio frequency source in the region from the identified subset of the candidate locations
in the sub-region of the region.

[015] The system may include a tracking module for accepting time successive
candidate locations from the resolution module and determining a trajectory of the radio

frequency source based on the time successive candidate locations.

[016] The plurality of spatially separated candidate locations may be spatially disjoint.
The plurality of spatially separated candidate locations may be spatially distributed. The

sub-region of the region may be spatially distributed.

[017] The resolution module is may be configured to apply a voting algorithm to the
spatially separated candidate locations to determine the actual location of the radio
frequency source. The first plurality of antennas may include two or more pairs of
antennas, the antennas of each of the two or more pairs of antennas being separated by a
distance of greater than one half of a wavelength of a radio frequency signal emitted from
the radio frequency source. A receiving antenna pattern of each of the two or more pairs

of antennas may include a number of lobes.

[018] Each spatially separated candidate location of the plurality of spatially separated
candidate locations may be located at an intersection of lobes from two or more of the
two or more pairs of antennas. The first radio frequency positioning module may be
configured to sweep the receiving antenna pattern of each of the two or more pairs of
antennas such that one of the lobes of the antenna pattern of the pair of antennas tracks a

position of the radio frequency source.

[019] The second plurality of antennas may includes two or more pairs of antennas, the
antennas of each of the two or more pairs of antennas being separated by a distance of
less than or equal to one half of a wavelength of a radio frequency signal emitted from
the radio frequency source. A receiving antenna pattern of each of the two or more pairs
of antennas may include a main lobe and a plurality of side lobes, a sensitivity of the
main lobe being greater than a sensitivity of any one of the side lobes. The second radio

frequency positioning module may be configured to sweep the receiving antenna pattern
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of each of the two or more pairs of antennas such that the main lobe of the antenna
pattern pair of antennas tracks a position of the radio frequency source. The first plurality

of antennas may be distinct from the second plurality of antennas.

[020] One or more of the first radio frequency positioning module, the second radio
frequency positioning module, and the resolution module are implemented in a software

controlled processor.

[021] Aspects may use RFID tags as the radio frequency source. Aspects may be
capable of identifying and tracking a position of two or more radio frequency sources. A
motion of the radio frequency source may be used to refine an estimated position of the
radio frequency source. Aspects may be able to function in the presence of multipath
effects. Other radio frequency sources such as devices communicating using Bluetooth,

WiFi, Zigbee, and so on may also be used by the approaches describe above.

[022] The various antennas of the system may all be disposed on a single device or may
be disposed on multiple distinct devices. Aspects may also employ cameras, infrared
sensors, and so on to improve tracking capabilities. Aspects may employ smooth phase
unwrapping techniques. Aspects may employ filtering techniques to eliminate or

mitigate errors due to effects such as human motion.

[023] Phase measurement errors in signals detected at individual antennas may be
eliminated or mitigated by using the signals detected at the other antennas. Aspects may
be used in virtual reality systems. Aspects may be used to trace other parts of a user’s
body, including the user’s entire body. Aspects may be used to track objects other than

the human body.

[024] In another general aspect, a method for two-dimensional and three-dimensional
positioning and trajectory tacking of a radio frequency source in a region to enable a
virtual touch screen in the air using radio frequency signals. The method includes,
determining, at a first radio frequency positioning module, a plurality of spatially
separated candidate locations in the region for the radio frequency source based on
signals received from a first plurality of antennas. The method also includes determining,
at a second radio frequency positioning module, a sub-region of the region based on
signals received from a second plurality of antennas, the sub-region including the radio
frequency source. The method also includes identifying, at a resolution module, a subset
of the candidate locations in the sub-region of the region. The method also includes

tracking, using a tracking module, time successive candidate locations from the
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resolution module and determining a trajectory of the radio frequency source based on
the time successive candidate locations. The method also includes recognizing, using a
gesture recognition module, gestures represented in the determined trajectory of the radio

frequency source.
[025] Aspects may include one or more of the following features.

[026] The gestures may include representations of letters, numbers, or other symbols or
drawings (e.g., a music note). Determining the plurality of spatially separated candidate
locations may include utilizing knowledge of a placement of antennas of the first
plurality of antennas and utilizing measured phases of the signals received from the first
plurality of antennas, and determining the sub-region of the region may include utilizing
knowledge of a placement of antennas of the second plurality of antennas and utilizing

measured phases of the signals received from the second plurality of antennas.

[027] The gesture recognition module may include a handwriting recognition module.
The method may further include providing the recognized gestures as input to a
computing system. The computing system may include a video gaming system. The
computing system may include an appliance control system. The computing system may

include a general purpose computer.

[028] In another general aspect, a system for two-dimensional and three-dimensional
positioning and trajectory tacking of a radio frequency source in a region to enable a
virtual touch screen in the air using radio frequency signals. The system includes a first
plurality of antennas disposed about the region and a second plurality of antennas
disposed about the region. The system includes a first radio frequency positioning
module for determining a plurality of spatially separated candidate locations in the region
for the radio frequency source based on signals received from the first plurality of
antennas. The system includes a second radio frequency positioning module for
determining a sub-region of the region based on signals received from the second
plurality of antennas, the sub-region including the radio frequency source. The system
also includes a resolution module for identifying a subset of the candidate locations in the
sub-region of the region. The system also includes a tracking module for tracking time
successive candidate locations from the resolution module and determining a trajectory of
the radio frequency source based on the time successive candidate locations. The system
also includes a gesture recognition module for recognizing gestures represented in the

determined trajectory of the radio frequency source.
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[029] Aspects may include one or more of the following features.

[030] The gestures may include representations of letters, numbers, or other symbols or
drawings(e.g., a music note), The first radio frequency positioning module may
determine the plurality of spatially separated candidate locations including utilizing
knowledge of a placement of antennas of the first plurality of antennas and utilizing
measured phases of the signals received from the first plurality of antennas, and the
second radio frequency positioning module may determine the sub-region of the region
including utilizing knowledge of a placement of antennas of the second plurality of
antennas and utilizing measured phases of the signals received from the second plurality

of antennas.
[031] Aspects may have one or more of the following advantages.

[032] Among other advantages use of a multi-resolution positioning system enables
highly accurate localization of an RF source without the need for very large number of

antennas.

[033] The multi-resolution positioning system can determine a very fine grained
position of an RF source, thereby enabling the use of the system to accurately track a

trajectory of the RF source as it moves.

[034] The multi-resolution positioning system can be used to provide input to remote

devices or to devices which do not have input devices such as keyboards and mice.
[035] The multi-resolution positioning system does not require line of sight to function.

[036] The grating lobes which the multi-resolution positioning system are highly robust

to noise, thereby increasing the robustness the system as a whole to noise.

[037] Other features and advantages of the invention are apparent from the following

description, and from the claims.

Description of Drawings

[038] FIG. 1 is a schematic diagram of a conventional radio frequency localization

System.

[039] FIG. 2 is a schematic diagram of a multi-resolution radio frequency localization

System.



WO 2016/003516 PCT/US2015/025291

[040] FIG. 3 is a schematic diagram of an antenna configuration that forms a single

main lobe.

[041] FIG. 4 is a schematic diagram of an antenna configuration that forms fine-grained

grating lobes.

[042] FIG. 5 is a schematic diagram of an antenna configuration that forms grating

lobes and a single, coarse-grained lobe.

[043] FIG. 6 is a schematic diagram of a trajectory tracing system.

Description

1  Multi-Resolution Positioning

[044] Referring to FIG. 2, a multi-resolution positioning system 200 includes a plurality
of antennas 214, a high resolution tracking module 216, a low resolution tracking module
218, and an ambiguity resolution module 220. As is described in greater detail below, the
antennas 214 are arranged such that some of the antennas are used by the high resolution
tracking module 216 to track a fine-grained but ambiguous location 222 of an RF source
210 while other of the antennas 214 are used by the low resolution tracking module 218
to track a coarse-grained and unambiguous location 224 of the RF source 210. The
ambiguity resolution module 220 processes the output of the high resolution tracking
module 216 and the output of the low resolution tracking module 218 to generate a fine-

grained and unambiguous location 226 of the RF source 210.

1.1 Principle of Operation

[045] Before describing an exemplary operation of the system of FIG. 2, FIGs. 3-5

provide a brief description of the principle of operation of the system.

[046] In RF-based positioning, the Angle of Arrival (AoA) of an RF source is typically
computed by comparing the phases of the received signals at multiple antennas. In some
examples, the AoA is determined using a widely known principle that the phase of an RF
signal rotates by 27 radians for every A distance that the signal travels, where A is the

wavelength.

[047] For example, referring to FIG. 3, an angle of arrival of a signal from a signal

source at a position, S 640 at a pair of receive antennas, i 642 and j 644 separated by a
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distance, D 646 can be computed based on the phase difference between the signal

received at antenna i 642 and the signal received at antenna j 644.

[048] InFIG. 3, dg; and d S.j denote the distances from S 640 to antenna i 642 and
antenna j 644 respectively. The phase of the signal received at antenna i 642, ¢, is

related to dg; and the wavelength of the signal, A by the following equation:
¢ = —mod[%”d&i,zyzj.

[049] The phase of the signal received at antenna j 644, ¢ ; is related to d S, and the
wavelength of the signal, 4 by the following equation:

¢] = _mOd[%de,zﬂ'j .

[050] It follows that the phase difference between the received signals at the two
antennas 642, 644, Ag ) = @ ) — ¢; which 1s related to the difference in the distances of

the two antennas from the source, Ad; ; =d¢; —d¢ ; by the following equation:
i,j S, s,j oY g ¢q

A 2

Ad. Ad:
+k where k is an integer in the range _D_ P ,2— L .
A 27 A 2xm

[051] When Sis relatively far from the antennas 642, 644, Ad; j //”L can be
approximated as D cos(@) / A where @ is the angle of arrival. Based on this

approximation, the above equation can be rewritten as:

Dcos(8) Ag;; N
A 2

k.

[052] In the case that D is less than or equal to A/2, the value of & in the above
equation has only one possible value which is 0 since cos(@) €[-1,1]. For this reason,

when D < /2, a unique angle of arrival,

A
49:aurccos£i ¢J ’Z]
D

27

can be derived, resulting in a single lobe in the antenna pattern for the pair of antennas by

combining the antenna signals according to the phase difference, Ag; ;.
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[053] Referring to FIG. 4, as a distance, D, between a pair of antennas 302 is increased
to exceed D = 4/2, the number of lobes 328 formed by the pair of antennas 302
increases. At the same time a lobe width of each of the lobes 328 decreases as D
increases. The lobes 328 formed by the separated pair of antennas 302 are referred to as

“grating lobes.”

[054] In particular, as D increases past A/2, the number of possible values of &
increases (i.e., for D=k A/2 the number of possible values for k is K). Hence, there

are K different values of @ that will satisfy

AAD kA
@ = arccos| — +— .
D 2rx D

[055] Of course, only one of the values of € refers to the actual angle of arrival.

[056] The multiple different values of & result in the multiple lobes 328 (i.c., grating
lobes) in the antenna pair's lobe pattern corresponding to multiple spatial angles. The
lobes 328 can be swept as a group to track an RF source 310 by combining the antenna
signals with different phases. However, during the tracking it is only known that the RF
source 310 is present at some point along a length of one of the lobes 328. There is an
ambiguity as to which one of the lobes 328 the RF source 310 is present in.

[057] Referring to FIG. 5, one way of resolving this ambiguity is to include a second
pair of antennas 432 which are separated by a distance, D, that does not exceed D = 4/2 .
The second pair of antennas 432 forms a single, lower resolution lobe 430 which
provides a coarse tracking of the RF source 310. The lower resolution lobe 430 acts as a
coarse spatial filter which resolves or at least reduces the ambiguity as to which of the
lobes 328 is the lobe corresponding to the location of the RF source 310. In FIG. 4, the
lower resolution lobe 430 has tracked the RF source 310 to a coarse-grained area in
which a specific fine-grained lobe 429 of the lobes 328 is also present. This is an
indication that the RF source 310 is present at a location along a length of the specific
lobe 429 and is not located along a length of any of the other lobes 328. In this way, the

above-described ambiguity is resolved.

1.2 High Resolution Tracking

[058] Referring again to FIG. 2, in some examples, the configuration of FIG. 4 may not
provide sufficient information for determining the location of the RF source since it is

only known that the RF source is located at some point along a length of one of the lobes.
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Indeed, there is no way of knowing where along the length of the lobe the RF source is
located. For this reason, in FIG. 2, the set of antennas 214 includes four antennas 214a-d,
each placed at a different corner of a square and separated by a distance greater than 1/2
(e.g., 84x81).

[059] When the high resolution tracking module 216 tracks an RF source 210, the four
antennas 214a-d form a total of 6 pairs, each pair forming its own set of grating lobes (or
lobes). The high resolution tracking module 216 tracks the location of the RF source 210
for each of the six pairs of antennas by sweeping the grating lobes of each pair of
antennas. The high resolution tracking module 216 outputs the fine-grained but
ambiguous tracking result 222 which includes a number of fine-grained candidate
locations 223 for the RF source 210, each candidate location 223 being at an intersection
of two or more different grating lobes. To simplify the figure, only the candidate
locations 223 for the RF source 210 at the intersections of the grating lobes for the 6 pairs
of antennas are shown (as dots) in the fine-grained but ambiguous tracking result 222. In
the fine-grained but ambiguous tracking result 222, it is known that one of the
intersection points 223 matches the actual location of the RF source 210. However,
which of the intersection points 223 matches the actual location of the RF source 210 is

unknown.

[060] In some examples, to track the location of the RF source 201, for each pair of
antennas controlled by the high resolution tracking module 216, the high resolution
tracking module 216 sweeps the grating lobes of the pair of antennas by adapting the
phase difference, Ag; ; between the received signals at the antennas such that a

maximum received magnitude is maintained.

1.3 Low Resolution Tracking

[061] The antenna configuration includes a second set of antenna pairs 214e, 214f and
214g, 214h with the individual antennas of each pair spaced at a distance, D < /2.

Each pair of antennas of the second set of antenna pairs forms a unique low resolution
lobe 236, 238. As the unique low resolution lobes 236,238 track the RF source 210, they
will intersect and define an unambiguous coarse-grained area 234 in which the RF source
210 is present. The unambiguous coarse-grained area 234 is included in the coarse-

grained and unambiguous tracking result 224 generated by the low resolution tracking
module 218.

-10-
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[062] In some examples, to track the location of the RF source 201, for each pair of
antennas controlled by the low resolution tracking module 218, the low resolution
tracking module 218 sweeps the low resolution lobe of the pair of antennas by adapting
the phase difference, Ag; ; between the received signals at the antennas such that a

maximum received magnitude is maintained.

14 Ambiguity Resolution

[063] The coarse grained and unambiguous tracking result 224 and the fine-grained but
ambiguous tracking result 222 are provided to the ambiguity resolution module 220
which combines the two results 222, 224 to determine the fine-grained and unambiguous
location 227 of the RF source 210. In some examples, the ambiguity resolution module
220 determines the fine-grained and unambiguous location 226 of the RF source 210 by
identifying an intersection point (which represents a fine-grained candidate location 223
for the RF source 210) in the fine-grained but ambiguous tracking result 222 which is
within the unambiguous coarse-grained area 234 included in the coarse grained and
unambiguous tracking result 224. That is, the coarse-grained and unambiguous tracking
result 224 is essentially used to spatially filter the fine-grained but ambiguous tracking
results 222.

[064] In this way, high resolution grating lobes and coarse spatial filtering can be used

to determine a highly accurate location of an RF source.

[065] In some examples, the ambiguity resolution module uses a two-stage voting
algorithm to identify the position of the RF source. For example, in a first stage, each
antenna pair with a small separation casts one vote on each point in space, based on its
belief that the RF source is at that position. The points with high scores after the first
stage form a candidate region for use in a second stage. In the second stage, each antenna
pair with a large separation casts one vote on each point within the candidate region,
based on its belief that the RF source is at that position. The higher the number of votes
received for a given point, the greater the likelihood that the given point is the actual
position of the RF source.

[066] In some examples, in the first stage, each vote cast by an antenna pair with a small
separation is assigned a value that is less than or equal to 0. When the RF source is
located in the center of the lobe of the antenna pair, the value of the vote is 0 and as the

location of the RF source moves away from the center of the lobe of the antenna pair, the

-11-
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value of the vote becomes more negative. In some examples the value of a vote for an

antenna pair with a small separation (i.e., D < 1/2) is expressed as:

2

Ad iJ _ A¢j,i
A 2r

V;,j(P):_

[067] In the second stage, each vote cast by an antenna pair with is also assigned a value
that is less than or equal to 0. However, in this case, instead of voting based on how far
the RF source is from the center of a single lobe, the vote is based on how far the RF
source is from the center of the grating lobe closest to the RF source. In some examples,
the value of a vote for an antenna pair with a large separation (i.e., D> A/2) is expressed

as:

2
Aaii,j _ A¢j,i —k
A 2r

V,;(P)=—min

I, k

where the minimization over captures the distance to the closest grating lobe among all &

grating lobes.

[068] With the votes from all of the antenna pairs cast, all of the votes for at each

position, P are summed as follows:
V(P)=), Vi, (P).

[069] The position with the highest total vote, V' (P) is the most likely position of the

RF source.

2 Trajectory Tracing Using Multi-Resolution Positioning

[070] For some applications, rather than simply determining a location of a static device
as is described above, it is desirable to track a trajectory (e.g., relative motion through
space) of an RF source as it moves to determine its shape. Some examples of

applications where trajectory tracking is useful are gaming, smart phones, and healthcare.

[071] Referring to FIG. 6, a system 500 for reconstructing a trajectory of a moving RF
source includes a multi-resolution positioning system 502 such as the system described
above and a trajectory tracing module 504. Very generally, the multi-resolution
positioning system 502 generates a time series 503 of sets of candidate fine-grained

locations of an RF source. In some examples, each of the candidate fine-grained

-12-
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locations of the RF source in the time series 503 includes a single candidate location
which is associated with the highest total vote, V'(P). In other examples, each of the
candidate fine-grained locations of the RF source in the time series 503 includes a
number, N of fine-grained locations which are associated with the N locations with the
highest total votes, V(P).

[072] The time series 503 is provided to the trajectory-tracing module 504 which
identifies the grating lobes associated with each of the candidate fine-grained locations of
the RF source. Throughout the progression of the time series 503, the trajectory-tracing
module 504 estimates the trajectories of the grating lobes for each of the candidate fine-
grained locations of the RF source. At the end of the time series 503 the estimated
trajectories for each of the candidate fine-grained locations of the RF source are
compared and the best trajectory (as determined by some measure such as the voting

scheme described above) is selected as the final output trajectory 505.

[073] In some examples, the final output trajectory shape can be provided to a
handwriting recognition algorithm which recognizes characters represented by the
trajectory. In other examples, the trajectory can be provided to a gesture recognition
algorithm which recognizes gestures represented by the trajectory. In some examples, the
final output trajectory can be interpreted as commands which can be used as input to a

computing device.

[074] In some examples, the approaches described above can be used to implement a
computer input device such as a virtual touch screen. In such a virtual touch screen

application, any spatial plane or surface can be used as a touch screen.

[075] In other examples, the approaches described above can be used to control
appliances and devices (e.g., televisions) in settings such as the home, the car, or in an
enterprise setting. In some examples, the approaches described above can be used in
business analytics applications for stores and supply chains to track humans, robots, or
other objects of interest. In some examples, the approaches described above can be used

to track seniors for safety purposes.

[076] In some examples, the approaches described above can be used to track motion
for use in video game applications, healthcare applications, film production applications,
manufacturing process applications, entertainment applications, energy applications, and

smart home applications.
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[077] In some examples, the approaches described above can be used in a localized
heating system for energy conservation purposes. For example, recent developments in
heating technology allow for heat to be delivered toward a particular location in space by
focusing heating lenses toward that location. In this way, rather than heating an entire
environment, heat is efficiently focused on where humans are in the environment. The
approaches described above can be used by such a heating system to track humans in the

environment in real time with high accuracy and high reliability.

[078] The approaches described above can be used to locate and track any type of radio
frequency signal, including but not limited to signals from RFIDs, WiFi signals,

Bluetooth signals, and so on.

[079] It is noted that, while the above examples generally describe localization and
tracking in a two-dimensional plane, the approaches described can readily be extended to
a three-dimensional system. For example, the antennas are disposed in non-planar

configurations.

3  Implementations

[080] Various implementations of the approaches described above can be used. For
example, systems that implement the techniques described above can be implemented in
software, in firmware, in digital electronic circuitry, or in computer hardware, or in
combinations of them. The system can include a computer program product tangibly
embodied in a machine-readable storage device for execution by a programmable
processor, and method steps can be performed by a programmable processor executing a
program of instructions to perform functions by operating on input data and generating
output. The system can be implemented 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. Each
computer program can be implemented in a high-level procedural or object-oriented
programming language, or in assembly or machine language if desired; and in any case,
the language can be a compiled or interpreted language. Suitable processors include, by
way of example, both general and special purpose microprocessors. Generally, a
processor will receive instructions and data from a read-only memory and/or a random
access memory. Generally, a computer will include one or more mass storage devices for

storing data files; such devices include magnetic disks, such as internal hard disks and
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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 disks. Any of the
foregoing can be supplemented by, or incorporated in, ASICs (application-specific
integrated circuits). One or more modules may be implemented using one or more

programmed or software controlled processors or using electronic circuitry.

[081] It is to be understood that the foregoing description is intended to illustrate and
not to limit the scope of the invention, which is defined by the scope of the appended

claims. Other embodiments are within the scope of the following claims.
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What is claimed is:

1. A system for localization of a radio frequency source in a region

comprising:
a first plurality of antennas disposed about the region;
a second plurality of antennas disposed about the region;

a first radio frequency positioning module in communication with the first
plurality of antennas and configured to determine a plurality of spatially

separated candidate locations in the region for the radio frequency source;

a second radio frequency positioning module in communication with the second
plurality of antennas and configured to determine a sub-region of the

region, the sub-region including the radio frequency source; and

a resolution module for receiving the determined plurality of spatially separated
candidate locations and the determined sub-region and for identifying a

subset of the candidate locations in the sub-region of the region.

2. The system of claim 1 wherein the resolution module is configured to determine
an actual location of the radio frequency source in the region from the identified subset of

the candidate locations in the sub-region of the region.

3. The system of claim 2 wherein the resolution module is configured to apply a
voting algorithm to the plurality of spatially separated candidate locations to determine

the actual location of the radio frequency source.

4. The system of claim 1 further comprising a tracking module for accepting time
successive candidate locations from the resolution module and determining a trajectory of

the radio frequency source based on the time successive candidate locations.

5. The system of claim 1 wherein the first plurality of antennas includes two or more
pairs of antennas, the antennas of each of the two or more pairs of antennas being
separated by a distance of greater than one half of a wavelength of a radio frequency

signal emitted from the radio frequency source.
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6. The system of claim 5 wherein a receiving antenna pattern of each of the two or

more pairs of antennas includes a plurality of lobes.

7. The system of claim 6 wherein each spatially separated candidate location of the
plurality of spatially separated candidate locations is located at an intersection of lobes

from two or more of the two or more pairs of antennas.

8. The system of claim 7 wherein the first radio frequency positioning module is
configured to sweep the receiving antenna pattern of each of the two or more pairs of
antennas such that one of the lobes of the antenna pattern of the pair of antennas tracks a

position of the radio frequency source.

9. The system of claim 1 wherein the second plurality of antennas includes two or
more pairs of antennas, the antennas of each of the two or more pairs of antennas being
separated by a distance of less than or equal to one half of a wavelength of a radio

frequency signal emitted from the radio frequency source.

10.  The system of claim 9 wherein a receiving antenna pattern of each of the two or
more pairs of antennas includes a main lobe and a plurality of side lobes, a sensitivity of

the main lobe being greater than a sensitivity of any one of the side lobes.

11.  The system of claim 10 wherein the second radio frequency positioning module is
configured to sweep the receiving antenna pattern of each of the two or more pairs of
antennas such that the main lobe of the antenna pattern pair of antennas tracks a position

of the radio frequency source.

12.  The system of claim 1 wherein the first plurality of antennas is distinct from the

second plurality of antennas.

13.  The system of claim 1 wherein one or more of the first radio frequency
positioning module, the second radio frequency positioning module, and the resolution

module are implemented in a software controlled processor.
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14. A method for two-dimensional and three-dimensional positioning and trajectory
tacking of a radio frequency source in a region to enable a virtual touch screen in the air

using radio frequency signals, the method comprising:

determining, at a first radio frequency positioning module, a plurality of spatially
separated candidate locations in the region for the radio frequency source
based on signals received from a first plurality of antennas disposed about
the region;

determining, at a second radio frequency positioning module, a sub-region of the
region based on signals received from a second plurality of antennas
disposed about the region, the sub-region including the radio frequency

source;

identifying, at a resolution module, a subset of the candidate locations in the sub-

region of the region;

tracking, using a tracking module, time successive candidate locations from the
resolution module and determining a trajectory of the radio frequency

source based on the time successive candidate locations; and

recognizing, using a gesture recognition module, gestures represented in the

determined trajectory of the radio frequency source.

15.  The method of claim 14 wherein the gestures include representations of letters,

numbers, or other symbols.

16.  The method of claim 14 wherein the gesture recognition module includes a

handwriting recognition module.

17.  The method of claim 14 further comprising providing the recognized gestures as

input to a computing system.

18.  The method of claim 17 wherein the computing system includes a video gaming

System.
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19.  The method of claim 17 wherein the computing system includes an appliance

control system.

20.  The method of claim 17 wherein the computing system includes a general purpose

computer.

21.  The method of claim 14 wherein determining the plurality of spatially separated
candidate locations includes utilizing knowledge of a placement of antennas of the first
plurality of antennas and utilizing measured phases of the signals received from the first
plurality of antennas, and determining the sub-region of the region includes utilizing
knowledge of a placement of antennas of the second plurality of antennas and utilizing

measured phases of the signals received from the second plurality of antennas.

22. A system for two-dimensional and three-dimensional positioning and trajectory
tacking of a radio frequency source in a region to enable a virtual touch screen in the air

using radio frequency signals, the system comprising:
a first plurality of antennas disposed about the region;
a second plurality of antennas disposed about the region;

a first radio frequency positioning module for determining a plurality of spatially
separated candidate locations in the region for the radio frequency source

based on signals received from the first plurality of antennas;

a second radio frequency positioning module for determining a sub-region of the
region based on signals received from the second plurality of antennas, the

sub-region including the radio frequency source;

a resolution module for identifying a subset of the candidate locations in the sub-

region of the region;

tracking module for tracking time successive candidate locations from the
resolution module and determining a trajectory of the radio frequency

source based on the time successive candidate locations; and

a gesture recognition module for recognizing gestures represented in the

determined trajectory of the radio frequency source.
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23. The system of claim 22 wherein the gestures include representations of letters,

numbers, or other symbols.

24.  The system of claim 22 wherein the first radio frequency positioning module
determines the plurality of spatially separated candidate locations including utilizing
knowledge of a placement of antennas of the first plurality of antennas and utilizing
measured phases of the signals received from the first plurality of antennas, and the
second radio frequency positioning module determines the sub-region of the region
including utilizing knowledge of a placement of antennas of the second plurality of
antennas and utilizing measured phases of the signals received from the second plurality

of antennas.
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