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METHODS FOR LOCATING TRANSMITTERS USING

BACKWARD RAY TRACING

GOVERNMENT CONTRACT

The U.S. Government has a paid-up license in this invention
and the right in limited circumstances to require the patent owner to
license others on reasonable terms as provided for by the terms of

Government Contract No. SB134105W1363.

BACKGROUND

Localization of a transmitter is important in many applications.
For example, in an émergency situation (e.g., a fire within a large
building), having the ability to monitor the location of emergency
personnel, such as police, fire-fighters etc., at an external monitoring
unit may enable better coordination and/or safety.

In outdoor scenarios, transmitters may be localized by attaching
GPS devices to the transmitters. However, the reception of GPS
signals is unreliable in most structures and buildings, and thus,
localizing transmitters inside structures and buildings using GPS
devices is difficult, and in some cases, impossible.

Conventional methods for localizing transmitters within
structures or buildings are classified into three categories: time of

arrival (TOA), angle of arrival (AOA) and signal strength based
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technologies. Each method is implemented within existing networks
using technologies such as, GSM, 802.11b, Bayesian based
localization or ultra-wideband (UWB) techniques. However, these
conventional methods generaﬂy require more than one receiver to
provide accurate localization of a transmitter, or are unable to locate
transmitters within structures or buildings, as is the case with GPS
signals because these signals are often corrupted by delay spreading
and attenuation experienced on building penetration and scattering.

Because of these limitations, other technologies have been
developed to locate and track users or objects in an in-building
environment. One such system uses tags placed on the items that are
to be tracked. The tags can be either active or passive. An active tag
contains power circuitry, which can communicate with base stations.
A passive tag contains no internal power, rather it is charged either
inductively or electromagnetically as it passes within the range of a
base station. Using this derived power, the passive tag communicates
with the station. The base stations are physically linked together
through a wired or wireless network. Each tag transmits a code
uniquely identifying itself. Thus, the location of the tag is determined
to be in the vicinity of the base station with which the tag last
communicated.

Such tag-based tracking and location systems, while being

useful in an in-building environment, require a significant installation
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of specialized base stations. A tag-based system can only determine
the location of the tags as being "near" a particular base station,
consequently, to achieve a sufficiently high resolution, a large number
of base stations must be installed. Obtrusive tags have to be placed on
every item that is to be tracked or located, and in the case of infra-red
tags, the system operates only when there is a "line-of-sight" between
the tag and a base station. For all these reasons location-

determination technology based on tags has had very limited success.

SUMMARY OF THE INVENTION

Example embodiments provide methods, apparatuses and
systems for localizing transmitters. At least some example
embodiments use backward ray tracing indoor transmitter location
prediction. At least some methods combine time of arrival (TOA), angle
of arrival (AOA) and signal strength based techniques with backward
ray tracing into a single framework.

According to at least one example embodiment, a transmitter
may be located based on signals received by one or more receivers.
The receivers measure received power as a function of AOA as well as
TOA.

At least one example embodiment provides a method for locating
a transmitter. According to at least this example embodiment, at a

receiver, a plurality of candidate locations for the transmitter may be
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generated based on signal ray characteristics of a plurality of signal
rays. The candidate locations may be points along an estimated path
traversed by the plurality of signal rays from the transmitter to the
receiver. The receiver may locate the transmitter based on at least one
metric associated with each candidate location. The at least one
metric may be generated based on the signal ray characteristics and
virtual signal ray characteristics at each candidate location.

At least one other example embodiment provides a transceiver
for locating a transmitter. The transceiver may include location
estimation unit configured to generate a plurality of candidate
locations for the transmitter based on signal ray characteristics of a
plurality of signal rays. The candidate locations may be points along
an estimated path traversed by the plurality of signal rays from the
transmitter to the receiver. The location estimation unit may be
further configured to locate the transmitter based on at least one
metric associated with each candidate location. The at least one
metric may be generated based on the signal ray characteristics and

virtual signal ray characteristics at each candidate location.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will become more fully understood from
the detailed description given herein below and the accompanying

drawings, wherein like elements are represented by like reference

PCT/US2007/023473



10

15

20

WO 2008/153548 PCT/US2007/023473

numerals, which are given by way of illustration only and thus are not
limiting of the present invention and wherein:

FIG. 1 illustrates a transmitter localization system according to
an example embodiment;

FIG. 2 illustrates a receiver according to an example
embodiment;

FIG. 3 is a flow chart illustrating a method for localizing a
transmitter according to an example embodiment;

FIG. 4 illustrates a simple example of backward ray tracing
according to an example embodiment;

FIG. 5 illustrates a transmitter localization system according to
another example embodiment; and

FIGS. 6A - 6D show example intersections between a virtual ray

and a wall, when the virtual ray and the wall lie in the same plane.

DETAILED DESCRIPTION OF THE EXAMPLE EMBODIMENTS

Example embodiments provide methods and algorithms for
localizing emitters and/or transmitters, at a receiver, using a
backward ray tracing algorithm referred to as Emitter Localization and
Visualization (ELVIS). According to at least one example embodiment,
backward ray tracing is used to predict locations of transmitters
within a structure, such as, a building. Localization methods,

according to at least some example embodiments, combine time of
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arrival (TOA), angle of arrival (AOA) and signal-strength based
techniques with backward ray tracing into a single framework.

At least one example embodiment enables localization of a
transmitter inside a building based on characteristics of signals
received, from the transmitter, by one or more receivers located
outside of the structure or building. Example embodiments enable
more accurate determining of the position of the transmitter within a
building or other structure, regardless of whether the transmitter or
receiver is stationary, mobile (e.g., being carried by a first responder,
such as a firefighter) or whether a line-of-sight exists between the
transmitter and receiver.

In the drawings, like reference numerals refer to like elements.

Example embodiments are illustrated as being implemented in a
suitable computing environment. Although not required, example
embodiments will be described in the general context of computer-
executable instructions, such as program modules, being executed by
a computer processor or CPU. Generally, program modules include
routines, programs, objects, components, data structures, etc. that
perform particular tasks or implement particular abstract data types.
Moreover, those skilled in the art will appreciate that example
embodiments may be practiced with other computer system
configurations, including mobile or cellular phones, hand-held devices,

multi-processor systems, microprocessor based or programmable
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consumer electronics, network PCs, minicomputers, mainframe
computers, and the like. Example embodiments may also be practiced
in distributed computing environments where tasks are performed by
remote processing devices that are linked through a communications
network. In a distributed computing environment, program modules
may be located in both local and remote memory storage devices.

In the following description, example embodiments will be
described with reference to acts and symbolic representations of
operations that are performed by one or more processors, unless
indicated otherwise. As such, it will be understood that such acts and
operations, which are at times referred to as being computer-executed,
include the manipulation by the processor of electrical signals
representing data in a structured form. This manipulation transforms
the data or maintains it at locations in the memory system of the
computer, which reconfigures or otherwise alters the operation of the
computer in a manner well understood by those skilled in the art. The
data structures where data is maintained are physical locations of the
memory that have particular properties defined by the format of the
data. However, while example embodiments are described in the
foregoing context, it is not meant to be limiting as those of skill in the
art will appreciate that various acts and operations described

hereinafter may also be implemented in hardware.
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Example embodiments will be discussed with regard to a
transmitter located within a building, however, example embodiments
may also be used in locating transmitters within other structures,
such as tunnels, and/or in crowded or mountainous areas. According
to at least one example embodiment, the location of a transmitter may
be estimated based on received signal characteristics using a
backward ray tracing algorithm.

FIG. 1 illustrates a transmitter localization system according to
an example embodiment.

Referring to FIG. 1, a receiver 204R located outside of a building
200 may localize (or locate) a transmitter 202E within building 200
using a localization method, according to an example embodiment,
which will be discussed in more detail below with regard to FIG. 3.

According to at least this example embodiment, the transmitter
202E transmits (or emits) wireless signals, which may be received at
the receiver 204R via a plurality of propagation paths. The
transmitter 202E may be any type of transmitter, transceiver or
communications equipment capable of emitting omni-directional,
electromagnetic radiation signals (e.g., radiofrequency (RF) signals).
For example, the transmitter 202E may transmit wireless signals,
such as well-known wireless communication signals (e.g., GSM,

CDMA, TDMA, etc.) or any other suitable radio-frequency (RF) signal,
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capable of penetrating and/or being reflected by walls and/or
structures of the buﬂdmg 200.

The signals emitted by the transmitter 202E may have known
signal characteristics such as transmission power Pr, etc.

FIG. 2 illustrates receiver 204R in more detail. As shown, the
receiver 204R may include a receiving unit 204R-2 for transmitting,
receiving and processing wireless signals, such as, the above-
described wireless communication signals (e.g., GSM, CDMA, TDMA,
etc.). The receiving unit 204R-2 may include an antenna array having
one or more antennas, each of which may be capable of transmitting
and receiving the above-described wireless signals transmitted by the
transmitter 202E of FIG. 1.

The receiving unit 204R-2 may include a well-known antenna
array, and may be capable of determining signal characteristics, such
as, receiving power, angle of arrival (AOA), time of arrival (TOA), etc.
for each received signal or "ray.” The receiving unit 204R-2 may
measure the received power of a ray as a function of elevation angle,
azimuth angle, TOA, etc. Because antennas, antenna arrays and
receiving units such as this are well-known in the art, a detailed
discussion thereof will be omitted for the sake of brevity.

Rays are described by a starting point and a direction vector,
and may be of infinite length. If a ray hits a wall, the ray becomes a

ray segment. Ray segments are described by a starting point and an
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end point, where the end point is known as the point of incidence
(POI). Methods for determining the above-described signal
characteristics are well-known and thus will only be discussed briefly
herein for the sake of brevity.

Still referring to FIG. 2, the receiver 204R may also include a
location estimation unit (LEU) (or back ray tracer) 204R-6 and a
memory 204R-8. The signal characteristics for each ray determined
by the receiving unit 204R-2 may be output to a LEU 204R-6, and
concurrently storéd in the memory 204R-8. A method of operation of
the LEU 204R-6 will be described in more detail with regard to FIG. 3

FIG. 3 illustrates a method for localizing a transmitter,
according to an example embodiment. As discussed above, the
method of FIG. 3 may be performed at the LEU 204R-6 shown in FIG.
2. |

Referring to FIGS. 2 and 3, upon receiving signal ray
characteristics for each ray from the receiving unit 204R-2, at step
S102, the LEU 204R-6 may determine the N strongest rays. That is,
for example, the LEU 204R-6 may compare the receiving power of
each received ray to determine the N rays having the strongest
receiving power.

Alternatively, the LEU 204R-6 may determine the N strongest
rays by filtering. That is, for example, the LEU 204R-6 may compare

the receiving power associated with each received ray to a

10
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predetermined or given threshold. Each ray having an associated
receiving power greater than or equal to the threshold may be chosen
as one of the N strongest rays. In this example, the threshold may be
determined, for example, by a human operator using, for example,
empirical data regarding the structure of the building, the known
transmission power of the transmitter, etc.

According to example embodiments, the receiver 204R may have
knowledge of a blueprint of the building in which the transmitter
202E is located and information regarding the structural composition
of the building (e.g., material compositions of the walls, etc.)

After determining the N strongest received rays, at step S104,
the LEU 204R-6 may éstimate the path of the received ray from
transmitter 202E to receiver 204R using a backward ray tracing
algorithm. That is, for example, the receiver 204R may trace back, via
a simulation within the LEU 204R-6, each of the N rays to sequential
points of incidence until a stopping condition is met. In tracing back
the received ray, the LEU 204R-6 may simulate the reverse path of the
actual ray using a simulated virtual ray, which follows an estimated
path of the received ray.

Virtual rays are simulated rays also described by a starting
point and a direction vector, and may be of infinite length. If a virtual
ray hits a wall, the virtual ray becomes a virtual ray segment. Virtual

ray segments are described by a starting point and an end point,

11
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where the end point is known as the point of incidence (POI). In other
words, a virtual ray segment is a portion of a virtual ray.
According to at least some example embodiments, a stopping
condition is met at a particular point of incidence if:
5 (a) The predicted power P of a virtual ray at the point
of incidence is greater than or equal to the expected
power Pr, where the expect power Pris the known
transmit power of the transmitter;
(b) The number of points of incidence on the path
10 traversed by the virtual ray exceeds a threshold
limit; or
(c) The virtual ray has left the building.
When a stopping condition is met, the trace back may be
terminated. The location of each point of incidence (or point)

15 encountered during trace back may be recorded (e.g., in the form of
coordinates determined using, for example, the blueprint of the
building) within the memory 204R-8. Within the memory 204R-8, the
points of incidence may be stored in association with the received ray
being traced back. Characteristics for all backward-traced rays (e.g.,

20 ray power, propagation delays, etc.) and the building blueprint for the
building 200 may also be stored at memory 204R-8.

The tracing back of each of the N rays may be performed

sequentially or in parallel, and methods for doing so will be discussed

12
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in more detail below with regard to FIG. 4. As noted above, backward
ray tracing may be performed as a simulation at the LEU 204R-6.

Referring again to FIG. 3, after tracing back the N strongest rays
at step S104, the LEU 204R-6 may determine candidate locations
based on the points of incidence stored in the memory 204R-8 at step
S106. The determined candidate locations may represent possible
locations of the transmitter 202E.

Candidate locations are pair-wise intersections (or, alternatively,
approximate intersections within a range specified by a user or
human operator) of the back-traced rays. That is, for example, a
candidate location may be a point of incidence common to at least two
back-traced rays. According to at least one example embodiment, if
more than two virtual rays intersect at the same point of incidence,
the point may have multiple candidate locations.

Under ideal conditions, an actual location of the transmitter
202F is characterized by having multiple virtual ray intersections with
the predicted power P of all virtual rays equal to the transmit power Pr,
and the estimated propagation times for each virtual ray from receiver
204R to transmitter 202E also being equal.

As noted above, to generate candidate locations, the LEU 204R-
6 may determine points of incidence at which at least two virtual rays
intersect. A point of incidence is a point at which a virtual ray strikes

or impinges a wall or structure.

13
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According to at least one example embodiment, the LEU 204R-6
may determine candidate locations by parsing the points of incidence
stored in the memory 204R-8. Because the points of incidence are
stored in association with each received ray being traced back, the
LEU 204R-6 may compare the location of each point of incidence
associated with each back-traced ray to determine those points
common to at least two back-traced rays. The points common to at
least two back-traced rays may be identiﬁed as candidate locations.

Alternatively, the points of incidence may be stored in
association with each virtual ray. In this example, the LEU 204R-6
may compare the location of each point of incidence associated with
each virtual ray to determine those points common to at least two
virtual rays. The points common to at least two virtual rays may be
identified as candidate locations.

Referring still to FIG. 3, at step S108, the LEU204R-6 may
determine the actual location of the transmitter 202E based on
characteristics (e.g., estimated and/or predicted signal characteristics)
associated with each candidate location. According to at least one
example embodiment, the characteristics (e.g., estimated and/or
predicted signal charaéteristics) may be associated with virtual rays
intersecting at each candidate location.

In one example, the LEU 204R-6 may select a candidate location

as the actual location of the transmitter 202E based on at least one

14
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metric associated with each of the candidate locations. The at least
one metﬁc may be a weighted sum of a plurality of location metrics
determined for each of the candidate locations. Although example
embodiments will be described with regard to a plurality of location
metrics associated with each candidate location, each candidate
location may have one or more associated location metrics, and the
actual location of the transmitter 202E may be determined based on
one or more location metrics associated with each candidate location.

The LEU 204R-6 may determine a weighted metric associated
with each stored candidate location, and select the actual location of
the transmitter 202E based on the weighted metric associated with
each stored candidate location. In selecting a candidate location as
the actual location of the transmitter 202E, the LEU 204R-6 may
compare the weighted metric associated with each stored candidate
location to determine the candidate location with the highest
associated weighted metric. The candidate location having the highest
weighted metric may be selected or identified as the actual location of
the transmitter 202E.

A weighted metric may be a sum of a plurality of location
metrics associated with a particular candidate location. Location
metrics associated with each candidate location may include a
neighboring candidate location metric, a power difference metric, an

expected-predicted power metric and/or a delay metric. Each of the

15
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location metrics may be determined based on additional measured
parameters.

The neighboring candidate location metric may be determined
based on the number of intersections or candidate locations in the
vicinity of (e.g., nearby or within a given range of) a candidate location.
Regions with multiple candidate locations may be more likely to
contain the actual location of the transmitter 202E. An example
method for calculating the neighboring candidate location metric for a
particular candidate location will be described in more detail below.
For the purposes of this explanation, n; denotes the number of
possible neighboring candidate locations in the vicinity of or nearby
the i-th candidate location.

The neighboring candidate location metric may be generated
based on the number of possible neighboring candidate locations in
the vicinity of or nearby the i-th candidate location and the number of
possible neighboring candidate locations in the vicinity of the k-th
candidate location. The k-th candidate location refers to the
candidate location with the largest number of possible neighboring
candidate locations. According to at least this example embodiment,
the neighboring candidate location metric my,; for the i-th candidate
location, may be given by equation (1) below, and may produce a

numerical value (e.g., a decimal value). As discussed herein, the
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subscript number (e.g., '1' in my ) distinguishes between the plurality
of location metrics.

n,
m; =— (1)
maxr,

The power difference metric may be determined based on the
predicted power difference between virtual rays incident at the
candidate location. At the actual location of the transmitter, the
predicted power P of intersecting virtual rays should be equal or
within an acceptable range from one another. For the purposes of this
discussion, p; denotes the absolute power difference between
intersecting virtual rays at an i-th candidate location.

The power difference metric may be generated based on the
predicted power p; ét the i-th candidate location and the predicted
power px at the k-th candidate location. The predicted power at the k-
th candidate location refers to the maximum predicted power
difference for all candidate locations. According to at least this
example embodiment, the predicted power difference metric me,; for
the i-th candidate location may be given by equation (2) below, and

may produce a numerical value (e.g., a decimal value).

my, =1-—E— 2
max p,

The expected-predicted power metric may be determined based
on a difference between the expected transmit power Pr and predicted

power P for each virtual ray incident at the candidate location. At the

17
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actual location of the transmitter, ideally, the predicted power P of the
incident virtual rays is equal to the known transmission power Pr of
the transmitter 202E. However, this is not always the case because of
interference and fading of the signal during propagation between the
transmitter 202E and the receiver 204R. Thus, the difference between
the known transmission power of the transmitter 202E and the
estimated power of the virtual ray incident on the candidate location
may be used to determine the expected-predicted power metric.

For example purposes, two rays intersecting at the i-th
candidate location are conéidered, and it is assumed Api,) denotes a
first ray’s power deviation from the expected power Pr(e.g., Apiy = P1 -
Pp and Ap;2 denotes a second ray’s power deviation from the expected
power Pr(e.g., Apiz = P2 - Pp.

A first expected-predicted power metric ms,; may be determined
based on the first ray's power deviation Ap: at the i-th candidate and
the power deviation from the expected power at the k-th candidate
location Apk.1, where the power deviation at the k-th candidate
location is the maximum power deviation for all candidate locations.
More particularly, the expected-predicted power metric ms,; for the i-th
candidate location may be given by equation (3) below, and may

produce a numerical value (e.g., a decimal value).

Ap;,
max Ap, ,

(3)

my; =1-

18
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Similarly, the second expected-predicted power metric my,: may
be determined based on the second ray's power deviation at the i-th
candidate Ap;z and the power deviation from the expected power at the
k-th candidate location Apk2, where the power deviation at the k-th
candidate location is the maximum power deviation for all candidate
locations. More particularly, the second expected-predicted power
metric my,; for the i-th candidate location may be given by equation (4)

below, and may produce a numerical value (e.g., a decimal value).

Ap;,
max Apy,

my; =1- (4)

Exémple embodiments may not depend on the arrival times of
the rays. However, if the receiver 204R is capable of estimating delay
differences among received rays, these arrival times may be estimated
for any given candidate location. Thus, the set of relative delays
measured by the receiver 204R may be compared against the set of
relative delays computed for any candidate location, and the difference,
known as the delay metric, may be used as another location metric.

For example, assume two rays, g and h, arrive at receiver 204R
at times ty and ty, respectively. If virtual rays g’ and h’ are determined
to intersect at the i-th candidate location, the relative delay between
arrivals of the virtual rays g’ and h’ may be determined by the LEU
204R-6. For example, because the corresponding path from the

receiver 204R to a candidate location is stored in the memory 204R-8,
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the unwrapped distance dr and dy from the receiver 204R to the
candidate location may be determined. The unwrapped distance dn
and dgy is the distance traveled by each of virtual rays h' and g,
respectively, from receiver 204R to a candidate location. In other

5 words, the unwrapped distance dr' and dg may be an estimate of the
distance traveled by rays h and g, from the candidate location to the
receiver 204R. The predicted propagation delays for each of virtual
rays g’ and h’ may then be determined by the LEU 204R-6 using

equations (5) and (6).

10
d.
At, =% (5)
C
At = (6)
C

In each of equations (5) and (6), c is speed of light. Using the
15 results of equations (5) and (6), an arrival time difference metric z; may

be computed for the i-th candidate location using equation (7).

z, =|(t, —t,)-(as, —Atg.) (7)
20
After having computed the arrival time difference metric z;, a

time difference location metric may be given by equation (8) below,

and may produce a numerical value (e.g., a decimal value).

20
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z

: (8)

ms; =1-
’ max z,
K

As shown in equation (8), the time difference location metric ms,;
may be determined based on the difference in arrival times for virtual
rays g’ and h’ arriving at the i-th candidate location, and the
difference in the predicted propagation delays for each of rays g and h.
The above-described weighted metric for each candidate location may
be calculated using one or more of the above-discussed location
metrics. In calculating the weighted metric, each location metric may
be weighted differently depending on the reliability of the
measurement. According to at least one example embodiment, a
weighted metric for a particular candidate location may be calculated
by adding together all location metrics associated with the particular
candidate location.

As noted above, after calculating the weighted metric for each
candidate location, the weighted metrics may be compared, and the
candidate location associated with the highest weighted metric may be
selected or chosen as the actual location of the transmitter 202E.

According to at least one example embodiment, the location of
the transmitter 202E may be displayed to a user via a display screen,
for example, m the form of a building diagram with an identification of

the actual location of the transmitter 202E. Such displays are well-
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known in the art, and as such, a detailed discussion will be omitted
for the sake of brevity.

As discussed above, the LEU 204R-6 may identify points of
incidence and candidate locations by tracing back each received ray
along the path from transmitter 202E to receiver 204R, in reverse
order, until a stopping condition is met.

FIG. 4 illustrates a simple example of backward ray tracing
according to an example embodiment.

Referring to FIG. 4, the LEU 204R-6 may predict a path
traversed by a ray received at receiver 204R from transmitter 202E
using the signal characteristics of the received ray and the blueprint
of the building stored in the memory 204R-8.

As shown, prior to being received at the receiver 204R, the ray
from the transmitter 202E is transmitted and exits the building 200
through point B. Using characteristics of the received ray (e.g., the
angle of arrival, receiving power, etc.), the LEU 204R-6 may determine
the direction from which the ray was received. Using this directional
vector, the LEU 204R-6, via simulation, launches a virtual ray ryg
towards point B in the direction from which the ray was received. The
virtual ray ry backward ray traces the final ray segment of the ray
transmitted from the transmitter 202E to the receiver 204R. Such

backward ray tracing may be performed in the following manner.
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In a 3D case, the rectangular wall on which point B lies may be
given by equation (9).
Ax+By+ Cz+ D=0;
Xmin € X € Xmax;
5 Vmin £ Y £ Ymax;
Zmin € Z < Zmax (9)
In equation (9), n = (4;B;C)T is the normal to the plane of the
wall. The line on which the virtual ray ry lies may be represented in

parametric form as:

10
x X, X,
V1= Yo [+ Y4 (10)
z z, z,

For example purposes, this example embodiment will be
described with regard to (xo; yo; z0)T as the origin position vector of the
15 virtual ray ry (e.g., the point from which the virtual ray ry emanates, in
this case receiver 204R). Here, v = (xg; ya; za)T is the unit vector in the
direction of the virtual ray ry and the length parameter ¢t (t > O)
corresponds to the distance between the virtual ray origin (xo; yo; zo)T
and any other point on the virtual ray ry. To find the intersection point
20 of virtual ray rg and the wall on which point B lies, equation (10) may

be substituted into equation (9) obtaining equation (11).
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Axp + Byo + Czo + {Axa + Bya + Cza) + D=0 (11)

The intersection point B may be determined by solving equation
(11) for t. In this example, a valid intersection point occurs if t 2 0 and
the constraints discussed above with regard to equation (9) are
satisfied. If these constraints are satisfied, the value of t may be used
in equation (10) to determine the location of point B (or, more
generally, the point of incidence for virtual ray rg. Two new variables

may also be introduced:

F= Axp + Byo + Czo (12); and

E = Axq + Bya + Cza (13).

Given equation (12) and (13), equation (11) can be re-written as

equation (14).

F+tE+D=0 (14)

In equation (14), Fis the scalar product of the normal of the
plane with the position vector of the origin (xo; yo; 20)7, and E is the
scalar product of the normal of the plane with the direction vector of

the line (xg; Ya; zd)T.
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If F = 0, the position vector of the origin (xo; yo; zo)T is orthogonal
to the normal of the plane. If E = 0, the vector of the line (xa; ya; 2d)T is
orthogonal to the normal of the plane. Equations (9) and (10} may be
used to determine whether the virtual ray rg intersects the wall as
follows.

If E=0 and F + D = 0, the transmitter 202E and the virtual ray
rg are in the same plane as the wall on which point B lies. In this case,
to determine if the virtual ray ry intersects the wall, the nearest point
on the virtual ray ry from each comner point of the wall may be located.
If at least one of the located points lies on the wall, the virtual ray rg is
determined to intersect the wall.

FIGS. 6A - 6D show example possibilities, which need be
distinguished if the virtual ray ry and the wall lie in the same plane.
FIG. 6A shows an example in which the virtual ray rg and the wall lie
on the same plane, and the ray intersects the wall only at a corner
point. FIG. 6B shows an example in which only one point on the
virtual ray ry closest to a corner of the wall lies on the wall. In this
case, the virtual ray ry is determined to intersect the wall. FIG. 6C
shows an example in which the virtual ray rg does not intersect the
wall. In this case, none of the points on the virtual ray ry closest to a
corner of the wall lies on the wall. FIG. 6D shows an example in which

two of the points on the virtual ray ry closest to a corner of the wall lie
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on the wall. In this case, the virtual ray ry is determined to intersect
the wall.

If E=0 and F+ D # 0, the virtual ray rq is parallel to the plane of
the wall, but not in the same plane as the wall, and the virtual ray rg
does not intersect the wall.

If E# 0 and F + D = 0, the origin (xo0; yo; zo)T is in the same plane
as the wall, but the virtual ray rg is not parallel to the plane of the wall.
If the coordinates of the origin (xo; yo; 20T fulfill the conditions in
equation (9), the origin (xo; yo; zo)T lies on the wall.

IfE#0and F+ D# 0, the line intersects the plane of the wall,
but the origin (xo; yo; zo)T and the virtual ray rq are not on the same
plane as the wall. In this example, a non-zero t value is given by

equation (15):

_(D+F)
E

t= (15)

According to at least some example embodiments, the virtual
ray rg may intersect the plane of the wall if t > 0. The point of
incidencé (or point B in this example) for the virtual ray rg and the wall
may be determined using equation (10), and whether the intersection
point lies on the wall may be determined by examining whether the

conditions of equation (9) are satisfied.
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Returning to FIG. 4, the virtual ray rg impinges a wall at point B.
LEU 204R-6 may then determine whether a stopping condition has
been met at point B.
As noted above, a stopping condition is met at point B if:
5 (a) The predicted power P of the virtual ray is greater
than or equal to the expected power Pr, where the
expected power Pris the known transmit power of
the transmitter;
(b) The number of points of incidence on the path
_10 traversed by the virtual ray exceeds a threshold
limit; or
(c) The virtual ray leaves the building.
Referring back to FIG. 2, according to at least one example
embodiment, receiving unit 204R-2 may calculate the receiving power

15  Prof a received ray using equation (16).

ﬂ, 2 M K
PR =GTGR[%j HthrkPT (16)

In equation (16), d is the unwrapped distance traveled by the
20 ray, Gris the transmit antenna gain, Gr is the received antenna gain,
Pris the transmit power, Pr is the received power, and A is the
wavelength. Equation (16) assumes that the ray undergoes M

transmissions and K reflections before reaching the receiver. Variable
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tn denotes the transmission coefficient for the m-th transmission; and
rc denotes the reflection coefficient for the k-th reflection. All of M, K
m and k are integers.
Given equation (16), the LEU 204R-6 may predict the power at
5 any point along the back-traced ray path by inverting equation (16)
discussed above. Assuming the ray has undergone M transmissions
and K reflections through its path from the transmitter 202E to the
receiver 204R, the product of the M transmission and K reflection
coefficients is S, which is represented by equation (17) below.

10

S=[T]]x (17)

Because the reflection and transmission coefficients range
between O and 1, S decreases as the number of reflections and/or
15 trarismissions increases. Using S to represent equation (17) and
inverting equation (16), the LEU 204R-6 may calculate the predicted

power P at any point on a backward traced ray using equation (18).

2 12
P= 18)
TR

20

In equation (18), Gris the transmit antenna gain, Gr is the

received antenna gain, A is the wavelength, Pr is the received power
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and d is the total path the ray traveled between the point at which the
predicted power P is being determined and the receiver 204R. Each of
these values may be known or calculated at the LEU 204R-6.
Parameters Gr, Gr, and A are known system parameters, and
coefficients rr and tx are known properties of walls and structures
within the building. The coefficients rk and t may be computed based
on properties of materials used to construct the building. The
distance d is the total travel distance computed by the location
estimation unit 204R-6 during simulation. The transmit power Pris a
known system property.

Because the ray is being backward traced, the predicted power
of the virtual ray P increases with increasing distance from the
receiver 204R, and an increasing number of reflections and/or
transmissions. Accordingly, a received ray having a smaller power Pr
may need to be backward traced a further distance, reflected and/or
transmitted a greater number of times before reaching a value greater
than or equal to the expected power Pr.

Returning to FIG. 4, to determine if stopping condition (a) is met
at point B, the LEU 204R-6 may compare the predicted power P and
the expected or known transmit power Prof the transmitter 202E. If
the predicted power Pris greater than or equal to the expected power
Prof the transmitter 202E, then stopping condition (a) is met, and

backward ray tracing of the ray may be terminated.
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If the predicted power P is less than the expected power Pr,
stopping condition (a) is not met, and the LEU 204R-6 may determine
if the number of points of incidence on the path of the virtual ray rg is
greater than a threshold value. When backward ray tracing a ray, the
LEU 204R-6 may track the number of points of incidence (e.g.,
reflections and/or transmissions) along the path of the virtual ray.
That is, for example, the LEU 204R-6 may increment a counter (not
shown) each time the virtual ray impinges on a wall or structure of a
building.

An example threshold number of points of incidence for a virtual
ray may be about 5, although any threshold may be used. If the
number of points of incidence including the current point of incidence
(point B in this case) has been reached, stopping condition (b) has
been met and backward ray tracing of the ray including the ray
segment originating at point B may terminate.

Regardless of whether a stopping condition is met, at point B,
the coordinates of this point may be determined, and the location may
be stored in the memory 204R-8 as a possible candidate location.

Returning to FIG. 4, if none of the above stopping conditions are
met, point B becomes an effective transmitter (or emitter) from which
transmitted virtual ray segment rx and reflected virtual ray segment rn

emanate. Because the reflected ray segment rx exits the building,
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stopping condition (c) has been met for virtual ray segment r, and
thus, backward tracing of virtual ray segment rnis terminated.

Backward tracing of virtual ray segment rx continues, however,
because the transmitted virtual ray segment rx does not exit the
building, but impinges another wall at point C. At point C, the LEU
204R-6 may determine if stopping conditions (a) or (b} have been met
in the same manner as described above with regard to point B. As
also described above, regardless of whether stopping conditions are
met at point C, the coordinates of this point may be determined, and
the location may be stored in the memory 204R-8 as a possible
candidate location.

If stopping conditions are met at point C, the backward ray
tracing may terminate. If stopping conditions are not met at poiht C,
point C becomes another effective transmitter (or emitter) from which
the reflected virtual ray segment r; and transmitted virtual ray
segment rm emanate. Because the transmitted virtual ray segment rm
exits the building, stopping condition (c) has been met for virtual ray
segment rn, and thus, backward tracing of fhis virtual ray segment is
terminated.

Reflected virtual ray segment r; does not exit the building, but
instead impinges at point E. At point E, LEU 204R-6 may determine if
stopping conditions (a) or (b} have been met in the same manner as

described above with regard to points B and C. As also described
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above, regardless of whether stopping conditions are met at point E,
the coordinates of this point may be determined, and the location may
be stored in the memory 204R-8 as a possible candidate location.

Because point E is the location of the transmitter 202E, the
predicted power P of the virtual ray at point E may be greater than or
equal to the expected power Pr, and thus, stopping condition (a) is met
for the virtual ray. After a stopping condition is met for each
backward traced ray, the LEU 204R-6 may determine the actual
location of the transmitter as discussed above.

According to example embodiments, a single receiver may be
used to localize a transmitter. However, multiple receivers may also or
alternatively be used to decrease prediction error associated with the
localization of the transmitter.

If the location of the transmitter does not change over the
duration of sensing and subsequent processing (e.g., the transmitter
is stationary), the location of the antenna setup at the recéiver may be
changed and multiple measurements may be taken instead of using
multiple receivers.

FIG. 5 illustrates a transmitter localization system, according to
another example embodiment. As shown, the system may include
multiple receivers 204R, 206R and 208R, each of which may receive
signals transmitted from the transmitter 202E. According to this

example embodiment, each receiver 204R, 206R and 208R sends to a
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central processing unit (e.g., LEU 204R-6 at receiver 204R)
characteristics of the received signals. At least receiver 206R and
208R may be transceivers capable of receiving signals transmitted
from the transmitter 202E and transmitting information in the form of
wireless signals to the receiver 204R. For example, the signal
characteristics may include the AOA, the TOA, and the received power
of each incoming ray and the coordinates of the receiver itself.

In this example embodiment, each receiver may operate in a
manner similar to the receiver 204R of FIG. 2, except for the ray
selection procedure. In this example embodiment, the N strongest
rays received among all antennas may be selected for tracing back.

For example, assuming there are total of K receivers and the k-

th receiver reports nxrays. Out of the k’; n, rays, the N rays with the

highest received power may be selected. Thus, a receiver which is
closer to the transmitter may be more likely to contribute with more
rays, whereas receivers farther away may contribute fewer rays.
Selecting the rays having the highest associated power among all rays
received at that receiver may decrease computational time because the
number of the walls, which the ray impinges using backward ray
tracing may be less than those for a weaker ray.

According to example embodiments, increasing the number of
receivers may decrease the predictidn error, but may not increase the

computation time because a fixed number of rays is chosen
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independent of the number of receivers. In at least some example
embodiments, increasing the number of receivers may decrease
computational time because stronger rays may be generated.
Backward ray tracing rays from different receivers results in fewer
intersections; thus, there are fewer candidate locations, which may
further decrease computation time.

Example embodiments provide a backward ray tracing-based
localization tool for indoor environments. Backward ray tracing may
be effective even with degradations, especially if multiple receivers are
used. If the angular resolution is relatively high, example
embodiments provide more reliable results with a single receiver than
the conventional localization methods. At lower angular resolution,
multiple receivers may be needed to localize with sufficient accuracy.
According to example embodiments, LOS is not required between the
emitter and receiver.

The invention being thus described, it will be obvious that the
same may be varied in many ways. Such variations are not to be
regarded as a departure from the invention, and all such
modifications are intended to be included within the scope of the

invention.
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We claim:
1. A method for locating a transmitter, the method comprising:
generating, at a receiver, a plurality of candidate locations for
the transmitter based on signal ray characteristics of a plurality of
signal rays, the candidate locations being points along an estimated
path traversed by the plurality of signal rays from the transmitter to
the receiver; and
locating the transmitter based on at least one metric associated
with each candidate location, the at least one metric being generated
based on the signal ray characteristics and virtual signal ray

characteristics at each candidate location.

2.  The method of claim 1, wherein the generating step further
comprises:
tracing back, from the receiver, each of the plurality of signal
rays received from the transmitter until a stopping condition is met;
identifying points of incidence traversed during the tracing back
step, the points of incidence being points at which the plurality of
signal rays impinge with a structure or wall of a building; and
selecting at least one point of intersection as a candidate

location based on locations of the points of incidence.
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3.  The method of claim 2, wherein the selecting step further
comprises:

comparing the locations of each point of incidence to identify the
points of intersection common to at least two back-traced signal rays;
and ,

selecting the points of incidence common to at least two back-

traced rays as candidate locations.

4.  The method of claim 2, wherein the tracing back step further
comprises:

launching a simulated virtual ray toward a first point of
incidence on the reverse path of a received signal ray, the first point
being a last point traversed by a received signal ray; and

simulating a reverse path of the received signal ray until a
stopping condition is met; wherein

during the simulating step, each point of incidence on the

reverse path is recorded in.a memory at the receiver.

5. The method of claim 4, wherein the simulating step further
comprises:

determining whether a stopping condition has been met at the
first point of incidence based on known system parameters and

predicted characteristics of the simulated virtual ray; and
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deciding whether to terminate simulation of the reverse path of

the received signal ray based on the determining step.

6. The method of claim 5, wherein the determining step further
comprises:
determining whether the simulated virtual ray exits a structure
in which the transmitter is located at the first point of incidence; and
wherein
the stopping condition is met if the first simulated virtual

ray segment is determined to have left the structure.

7. The method of claim 5, wherein the determining step further
comprises:

counting a number of points of incidence traversed by the
simulated virtual ray prior to and including the first point of
incidence;

comparing the number of points of incidence with a threshold
value; and wherein

the stopping condition is met if the number of points of

incidence is greater than or equal to the threshold value.

8. The method of claim 5, wherein the determining step further

comprises:
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calculating a predicted power for the simulated virtual ray at the
first point of incidence; wherein
the stopping condition is met if the predicted power is greater

than or equal to a transmission power of the received signal ray.

9. The method of claim 1, wherein the generating step further
comprises:

estimating signal ray characteristics associated with a signal ray
at each candidate location traversed by the signal ray based on known
system parameters and predicted signal ray characteristics of the
signal ray at each traversed candidate location; and

generating the at least one metric based on the estimated signal

ray characteristics.

10. A transceiver for locating a transmitter, the transceiver
comprising;

a location estimation unit configured to generate a plurality of
candidate locations for the transmitter based on signal ray
characteristics of a plurality of signal rays, the candidate locations
being points along an estimated path traversed by the plurality of
signal rays from the transmitter to the receiver, and the location
estimation unit being further configured to locate the transmitter

based on at least one metric associated with each candidate location,
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the at least one metric being generated based on the signal ray
characteristics and virtual signal ray characteristics at each candidate

location.

39



WO 2008/153548 PCT/US2007/023473

1/5
FIG. 1
_ @
-0
- 7 \— 200
v Y’V Building
204R
FIG. 2
204R-6 /1/
/( 204R-8 j Y Y Y
Lo_catiqn Receiving |
Memory t=—{ Estimation = Unit — 204R-2
Unit




WO 2008/153548 PCT/US2007/023473

2/5

FIG. 3

Start

&
Determine N Strongest Rays |~

5102

{

Traceback Each of N Rays 104

Until Stopping Conditionis |~
Met

|
Determine Candidate Location

5106

|

Determine Actual Emitter }~—
Location

5108

End



WO 2008/153548 PCT/US2007/023473

3/5

FIG. 4

200

204R



PCT/US2007/023473

WO 2008/153548

4/5

00Z

Buipiing

- ba |44

(— d80¢

G Old



WO 2008/153548

5/5

FIG. 6A

FIG. 6B

FIG. 6C

FIG. 6D

PCT/US2007/023473



lNTERNAﬂONALSEARCHhEPORT'

international application No

PCT/US2007/023473

A_CLASSIFICATION OF SUBJECT MATTER
INV. G01S5/02

According 10 international Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

GO1S

Minimum documentation searched  (classification system followed by classnflcahon symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, INSPEC, WPI Data

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriéte, of the relevant passages Relevant to ctaim No.
X CA 2 558 626 Al (TENXC WIRELESS INC [CA]) R 1-3,5-8,
10 December 2006 (2006 -12-10) - 10
figure 1
- figure 11
Y abstract 4,9
' page 5, Tine 9 - line 15
page 7, line 11 - 1ine 14 N
page 7, line 19 - line 21
page 7, line 23 - page 8, line 2
page 18, line 25 - 1line 30
~page 22, line 1
Y EP O 664 619 A (AT & T CORP [US]) 4,9
26 July 1995 (1995—07—26) '
figure 1
figure 2
claims 1,3
-/

m Further documents are tisted In the continuation of Box C.

m See patent family annex.

* Special categories of cited documents :

*A* document defining the general state of the art which is not
considered to be of particular relevance

"E* earlier document but publlshed on or aﬂerthe international
filing date -

*L* document which may throw doubts on priotity claim(s) or

* which is cited to establish the publication date of another

citation or other special reason (as specified)

*(C* documént referring to an oral dtsclosure use, exhibition or
other means

‘P* document publlshed pnor to the international filing date but
later than the priority date claimed

&

"T* later document published after the internationat filing date
or priority date and not in conflict with the application but
cited to understand the principle or theory underlying the

invention

* document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
involve an inventive step when the document is taken alone

* document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such docu—
|rnems such combination being obvious to a person skilled -
n the art.

document member of the same patent family

Date of the actual completion of the international search

10 November 2008

Date of mailing of the intemational search repornt

17/11/2008

Name and mailing address of the ISA/

NL - 2280 HV Rijswijk
Tel. (+31-70) 340-2040,
Fax: (+31-70) 340~3016

-

European Patent Office, P.B. 5818 Patentlaan 2 -

Authorized officer

Alberga, Vito

Form PCT/ISA/210 (second shest) (April 2005)




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2007/023473

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Retevant to claim No.

A

KIMPE M ET AL: ""Ray tracing for indoor
radio channel estimation"

UNIVERSAL PERSONAL COMMUNICATIONS, 1993.
PERSONAL COMMUNICATIONS: GATE WAY TO THE
21ST CENTURY. CONFERENCE RECORD., 2ND

INTERNATIONAL CONFERE NCE ON OTTAWA, ONT.;

CANADA 12-15 OCT. 1993, NEW YORK, NY,
USA, IEEE, - : S
vol. 1, 12 October 1993 (1993-10-12),
pages 64-68, XP010198167

ISBN: 978-0-7803-1396~5

figure 4

1,10

Form PCT/ISA/210 (continuaticn of second shest) {April 2005)




'INTERNATIONAL SEARCH REPORT

International application'No

irformatlon on petent fmily members PCT/US2007/023473
Patent document Publication. - Patent family Publication.

~ cited in search report date member(s) da;e
~-CA 2558626 Al 10-12-2006 US 2008106468 Al 08-05-2008
EP 0664619 ‘A 26407—1995 AU 681459 B2 28-08-1997
' AU 8045094 A 29-06-1995
CA 2135326 Al 23-06-1995
JP - 7212322 A 11-08-1995
us 12-09-1995

5450615 A

‘ Form PCT/ISA/210 (patent tamily annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - claims
	Page 38 - claims
	Page 39 - claims
	Page 40 - claims
	Page 41 - claims
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - wo-search-report
	Page 48 - wo-search-report
	Page 49 - wo-search-report

