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METHOD AND APPARATUS FOR BOUNDED TIME DELAY ESTIMATION

BACKGROUND

Field of the Invention

The present invention relates generally to the field of wireless communications and,

more particularly, to wireless devices having self-locating capability.

Discussion of Related Art

Many radios have self localization capabilities, sometimes using global positioning
satellite (GPS) systems. However, any radio may be denied access to GPS service due to the
environment of usage at a give time. For example, radios used in densely built-up areas or in
areas that are in the shadow of buildings, may be unable to receive a GPS signal due to
blocking by the buildings or natural terrain.

Some radios also self-locate using radio frequency (RF) signaling to determine their
range relative to other radios having known locations. This is done by measuring the time
delay of a signal received by one radio from another radio at a known location. Methods of
triangulation can be used to determine the location of the radio based on its range to at least
three other radios with known locations. However, radios that use RF signaling to deduce
range between one another may be susceptible to errors in the range calculation that arise
when the radios are in a multi-path environment. Various processing techniques have been
applied to the time delay calculation procedure in attempts to smooth motion of the radio
through the occasional erroneous range calculation due to multi-path errors. These techniques
include, for example, setting minimum thresholds for the received signal power, seeking the

earliest arrival signal, and averaging or filtering sequential estimates.

SUMMARY OF INVENTION
As discussed above, although there have been various processing techniques applied
to time delay estimation procedures to attempt to compensate for multi-path errors, these yield
often unsatisfactory results. Accordingly, aspects and embodiments are directed to systems

and methods to provide more robust and accurate self-localization capability for wireless
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devices operating in a multi-path environment. A time delay estimation process may be used
to estimate the range between wireless devices, at least some of which have known locations.
Changing positions or motion of at least some of the wireless devices may be tracked or
estimated and used to reduce multi-path errors in the time delay estimation process, as
discussed below. According to one embodiment, motion/position tracking of the wireless
device is linked through feedback to the time delay estimation process, which may limit the
improper selection of non-direct path signal estimates, as discussed further below.

One embodiment is directed towards a method of estimating a position of a device.
The method may comprises acts of estimating a first time delay of a first reference signal
received at the device that was transmitted from a reference device at a first time period, and
determining a limited range of values for a second time delay for a second reference signal to
be received at the device from the same reference device at a second time period based on at
least one known characteristic between the device and the reference device. The method may
further comprise receiving the second reference signal, estimating the second time delay by
analyzing the second reference signal to determine a delay of the second reference signal
falling within the limited range of values for the second time delay, and based on the second
time delay, estimating a distance between the device and the reference device.

According to another embodiment, a method of estimating a position of a device
comprises receiving a reference signal at the device transmitted from a reference device,
determining a range of values for a time delay of the reference signal based on a known
relative mobility of the device and the reference device, estimating the time delay by
analyzing the reference signal to detect a peak of the reference signal falling within the range
of values for the time delay, and based on the estimated time delay, estimating a distance
between the device and the reference device. In one example, determining the range of values
for the time delay includes calculating the range of values for the time delay based on a
known maximum velocity of at least one of the device and the reference device. The method
may further comprise receiving at least one additional reference signal from a corresponding
at least one additional reference device. For each additional reference signal, the method may
include determining an expected range of time delay values, estimating a time delay by

analyzing the additional reference signal to detect a peak of the additional reference signal
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falling with the expected range of time delay values, and based on the estimated time delay,
estimating a distance between the device and the corresponding additional reference device.
The method may further comprise filtering each of the estimated distances to produce a
composite estimate of the position of the device. In one example, determining the range of
values of the time delay includes determining the range of values of the time delay based on a
prior known position of the device and the known relative mobility of the device and
reference device. In another example, determining the range of values of the time delay
includes determining the range of values of the time delay based on a known maximum
relative displacement between the device and the reference device.

According to another embodiment, a method of estimating a position of a device
comprises acts of receiving a plurality of reference signals from a corresponding plurality of
reference devices, for each reference signal, determining a range of expected time delay
values for the reference signal transmitted by the corresponding reference device, for each
reference signal, estimating a range between the device and the corresponding reference
device based on a measured time delay of the reference signal falling within the range of
expected time delay values to produce a plurality of range estimates, and filtering the plurality
of range estimates to generate a composite estimate of the position of the device.

In one example, determining the range of expected time delay values includes
determining the range of expected time delay values based on a known maximum
displacement of the device relative to the corresponding reference device. This may be
obtained through a maximum relative velocity between the device and the reference device
and a known time period between successive transmissions of the reference signal from the
corresponding reference device. In another example, determining the range of expected time
delay values includes determining a minimum expected time delay value and a maximum
expected time delay value. The method may further comprise iteratively repeating the
method to produce updated composite estimates of the position of the device after each time
period. In another example, estimating a range between the device and the corresponding
reference device includes analyzing the reference signal to detect a peak in delay of the

reference signal falling within the range of expected time delay values.
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Another embodiment is directed to computer-readable media having computer-
readable signals stored thereon that define instructions that, as a result of being executed by a
computer, instruct the computer to perform a method for estimating a position of a device.
The computer-readable media may include separate computer-readable media with signals
stored thereon for performing each individual element of the methods described above, and/or
computer-readable media for performing any or all of the method elements described above in
combination.

According to another embodiment, a position estimation apparatus for a mobile device
comprises an antenna to receive a plurality of reference signals, each reference signal of the
plurality of reference signals being transmitted to the mobile device from one of a
corresponding plurality of reference devices, and a range estimation device coupled to the
antenna to receive the plurality of reference signals and to estimate a range between the
mobile device and each of the corresponding reference devices based on a measured time
delay of each of the plurality of reference signals to produce a plurality of range estimates.
The apparatus further comprises a filter coupled to the range estimation circuitry and
configured to receive and filter the plurality of range estimates and to generate a composite
estimate of the position of the device, and a feedback device coupled to the filter and to the
range estimation circuitry and configured to receive the composite estimate of the position of
the device and to calculate a range of expected time delay values for each of the plurality of
reference signals. The range estimation circuitry is further configured to receive the range of
expected time delay values from the feedback device and to estimate the range between the
device and the corresponding reference device based on the measured time delay of the
reference signal falling within the corresponding range of expected time delay values
calculated by the feedback device.

The mobile device may be, for example, a radio. In one example, the position
estimation apparatus further comprises signal processing apparatus coupled to the antenna that
receives and processes the plurality of reference signals to produce a corresponding plurality
of processed signals. In this example, the range estimation device is coupled to the signal
processing apparatus and receives the plurality of processed signals from the signal

processing apparatus. The signal processing circuitry may comprise a digital sampler
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configured to receive and digitally sample the plurality of reference signals to produce a
corresponding plurality of digital signals, and a real or complex correlator coupled to the
digital sampler and configured to receive and filter the plurality of digital signals to produce
the plurality of processed signals. In one example, the digital sampler comprises an analog-
to-digital converter. In another example, the correlator comprises a complex digital filter.
The feedback device may be further configured to calculate the range of expected time delay
values based on a known time period between successive transmissions of the plurality
reference signals by the corresponding plurality of reference devices, and a known mobility of
the device relative to each of the plurality of reference devices. The range estimation device
may be further configured to analyze the plurality of processed signals and, for each
processed signal, to detect a peak of the processed signal and calculate, based on the detected
peak, a time delay of the reference signal falling within the corresponding range of expected
time delay values calculated by the feedback device.

Still other aspects, embodiments, and advantages of these exemplary aspects and
embodiments, are discussed in detail below. Moreover, it is to be understood that both the
foregoing information and the following detailed description are merely illustrative examples
of various aspects and embodiments, and are intended to provide an overview or framework
for understanding the nature and character of the claimed aspects and embodiments. Any
embodiment disclosed herein may be combined with any other embodiment in any manner

consistent with at least one of the objects, aims, and needs disclosed herein, and references to
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“an embodiment,” “some embodiments,” “an alternate embodiment,” “various embodiments,”
“one embodiment” or the like are not necessarily mutually exclusive and are intended to
indicate that a particular feature, structure, or characteristic described in connection with the
embodiment may be included in at least one embodiment. The appearances of such terms

herein are not necessarily all referring to the same embodiment.

BRIEF DESCRIPTION OF THE DRAWINGS
Various aspects of at least one embodiment are discussed below with reference to the
accompanying figures, which are not intended to be drawn to scale. The figures are included

to provide illustration and a further understanding of the various aspects and embodiments,
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and are incorporated in and constitute a part of this specification, but are not intended as a
definition of the limits of the invention. Where technical features in the figures, detailed
description or any claim are followed by references signs, the reference signs have been
included for the sole purpose of increasing the intelligibility of the figures, detailed
description, and/or claims. Accordingly, neither the reference signs nor their absence are
intended to have any limiting effect on the scope of any claim elements. In the figures, each
identical or nearly identical component that is illustrated in various figures is represented by a
like numeral. For purposes of clarity, not every component may be labeled in every figure.
In the figures:

FIG. 1 is a functional block diagram of one example of a position estimation process;

FIG. 2 is a diagram illustrating a multi-path environment;

FIG. 3 is a graph illustrating one example of a signal that may be transmitted by a
reference radio;

FIG. 4 is a graph illustrating one example of a received signal corresponding to the
transmitted signal of FIG. 3 in a multi-path environment;

FIG. 5 is a functional block diagram of one example of radio receiver circuitry
including a correlator;

FIG. 6 is a graph illustrating one example of an output signal from the correlator of
FIG. 5 corresponding to the received signal of FIG. 4;

FIG. 7 is a graph illustrating another example of a received signal corresponding to the
transmitted signal of FIG. 3 in a multi-path environment;

FIG. 8 is a graph illustrating one example of an output signal from the correlator of
FIG. 5 corresponding to the received signal of FIG. 7;

FIG. 9 is a functional block diagram of one example of a position estimation process
including feedback, according to aspects of the invention;

FIG. 10 is a graph illustrating the output signal of FIG. 8 including time delay
boundaries according to aspects of the invention; and

FIG. 11 is a flow diagram illustrating one example of a method of estimating the

position of a mobile device according to aspects of the invention.
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DETAILED DESCRIPTION

Aspects and embodiments are directed to a bounded time delay estimation concept
which can be used to provide improved self-localization and tracking for wireless devices.
For example, radios that need to continue to self locate in the intermittent absence of GPS
service may embodiments of the methods and apparatus discussed herein improve their ability
to self-locate. Conventional self-location processes generally use a time of arrival estimation
process to estimate range to a known reference point, followed by a tracker algorithm to
monitor changes in position. By contrast, aspects and embodiments use a tracker to affect the
time of arrival range estimation process, thus linking these previously separate sequential
processes in a unique way to limit the possibility of an incorrect decision being made, as
discussed further below.

It is to be appreciated that embodiments of the methods and apparatus discussed herein
are not limited in application to the details of construction and the arrangement of components
set forth in the following description or illustrated in the accompanying figures. The methods
and apparatus are capable of implementation in other embodiments and of being practiced or
of being carried out in various ways. Examples of specific implementations are provided
herein for illustrative purposes only and are not intended to be limiting. In particular, acts,
elements and features discussed in connection with any one or more embodiments are not
intended to be excluded from a similar role in any other embodiments.

Also, the phraseology and terminology used herein is for the purpose of description
and should not be regarded as limiting. Any references to embodiments or elements or acts of
the systems and methods herein referred to in the singular may also embrace embodiments
including a plurality of these elements, and any references in plural to any embodiment or
element or act herein may also embrace embodiments including only a single element.
References in the singular or plural form are not intended to limit the presently disclosed

systems or methods, their components, acts, or elements. The use herein of “including,”

L N4 29 Ll

“comprising,” “having,” “containing,” “involving,” and variations thereof is meant to
encompass the items listed thereafter and equivalents thereof as well as additional items.
References to “or” may be construed as inclusive so that any terms described using “or” may

indicate any of a single, more than one, and all of the described terms. Any references to
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front and back, left and right, top and bottom, and upper and lower are intended for
convenience of description, not to limit the present systems and methods or their components
to any one positional or spatial orientation.

Radios can localize one another by measuring the time delay of a known signal sent
between the radios. For example, assuming a free space environment, if radio 2 sends a
known signal at a known time to radio 1, radio 1 may estimate the propagation time of the that
signal, t4, as the time of arrival of the signal, t;, minus the known departure time of the signal,
to. Assume further that radio 1 and radio 2 have established an arbitrary but common time
reference. In one example, by prior arrangement, radio 2 sends an agreed upon known signal
at:

to =1.538593 s
The signal arrives at radio 1 at:

t; =1.538595 s
The time of travel (propagation time) of the signal between the two radios may be calculated
at radio 1 as:

tg=t; —to=2x 10"
Accordingly, assuming a free space environment in which the signal travels at the speed of
light, c =2.998 x 108 m/s, then the distance between radio 1 and radio 2, r;,, can be calculated
by radio 1 as:

r=cxtg=599.585m
If the location of radio 2 is known, for example, through GPS information, survey, or because
radio 2 is at a fixed known location, then radio 1 knows it is a distance r;, away from the
known location of radio 2, which defines a sphere of possible locations of radio 1 in free
space.

Radio 1 may repeat this procedure with one or more additional radios. For example,
radio 1 may estimate its range to radio 3 which is at its own known location, which would
define a second sphere of possible locations of radio 1. Radio 2 and radio 3 are referred to as
reference radios, or reference nodes, since their locations are known. Knowing the range
from radio 1 to each of these two reference nodes would generally define a circle (the

intersection of two spheres), any point of which may be the location of radio 1. The range to
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an additional reference radio, e.g., radio 4, isolates the location of radio 1 to a point. Those
skilled in the art will recognize that there are slight errors in this procedure, largely induced
by perturbations in the time of arrival estimation step(s), such that the calculation of the
position of radio 1 is typically not perfect.

Thus, radio 1 may establish its position by estimating the time of arrival of signals sent
from reference radios. In the example discussed above, the reference radios send known
signals to radio 1 at predetermined times. In another example, radio 1 may estimate its
position by transmitting known signals to reference radios, receiving return signals, and
determining the time taken for the signal to make the round trip. The time delay estimation
process may be repeated because the radio positions are not fixed, but instead vary as the user
of the radio moves. Therefore, the position estimation procedure is repeated, for example,
periodically, in order to generate updates of the estimated position of radio 1. Rather than
using only the most recent estimated position of radio 1, better results (e.g., more accurate
position estimates) may be achieved by filtering. The motion of radio 1 can generally be
assumed to be smooth and methodical, provided that the time interval between successive
position estimates is sufficiently small. In other words, the most recent position of radio 1 is a
generally smooth function of its position at the previous time the estimation process was
performed and its (relatively smooth) motion until the current time of performing the
estimate. Accordingly, the estimate of the current position, p;, can be improved by filtering
based on the set of previous estimates, pj, p2, P3....Pi-1. 1n one example, the filter is a filter
that minimizes the mean square error between the actual position and the estimated position.
If the motion of radio 1 is assumed to be smooth, as discussed above, then the filter may be a
Kalman filter.

Referring to FIG. 1, there is illustrated a block diagram of one example of this type of
position estimation process. Radio 1 includes an antenna 110 that receives a signal from each
of the reference radios being used. The receiver of radio 1 performs range estimation
processes, based on a time delay estimation using the respective received signal, to estimate
its range to each of the reference radios, as indicated by blocks 120a, 120b and 120c. The
receiver of radio 1 includes processing circuitry that is configured to perform these range

estimation processes to estimate the range from radio 1 to each of the reference radios. The
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processing circuitry may provide the calculated “range to” estimates 125 to the filter 130
which outputs a composite position estimate 140 for radio 1.

The above-described process is subject to error in a multi-path environment because
the signal time of arrival estimation procedure becomes corrupted when multi-path occurs in
the propagation of the RF signal from any of the reference radios (e.g., radios 2, 3 and/or 4)
and the radio with the unknown position (e.g., radio 1). This problem may be compounded by
the filtering process because the assumed relatively smooth motion becomes “jumpy,” that is,
the radio appears to move dramatically between successive estimations.

As discussed above, multi-path occurs because the RF signals are not travelling in free
space between the source and destination and may be encountering reflective barriers, such as
a building or topographic feature. Referring to FIG. 2, there is illustrated a diagram
demonstrating the multi-path effect. A portion of the signal sent by radio 2 will travel on a
direct path, path 1, to radio 1. However, another portion of the signal encounters a barrier
(building 210) which also reflects the signal to radio 2 (path 2). Thus, the signal received at
radio 1 is a combination of two delayed versions of the signal sent by radio 2.

Assume the signal sent by radio 2 is a single cycle sine wave with a frequency, f>,
given in samples, of f> = 100 samples, and defined by the following equation:

s2(x) = sin£27ri] (1)
[
An example of this signal emitted by radio 2 is illustrated graphically in FIG. 3.

In the multi-path environment illustrated in FIG. 2, the signal received by radio 1 is
two copies of the original signal delayed by the propagation of the two signal paths (path 1
and path 2). In one example, the signal with the earlier arrival is the signal that travels the
shortest (i.e., direct) path (path 1) and the signal that arrives later is the signal that traveled the
longer, reflected path (path 2). Mathematically, the two copies of the sent signal combine to
yield the received signal with additive noise according to the following equation:

s1,; = Al- s(min(max(0, jj - d, ). f, ))+ A2- s(min(max(0, ji—d, ), £,))+ N-w,  (2)

In equation (2), A1 and A2 are the amplitudes of the two copies of the signal, d; and d, are the
propagation delays for the two signal paths, w is unit variance normally distributed noise, and

N is the amplitude of the noise.
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Referring to FIG. 4, there is illustrated one example of a received signal 400 defined
by equation (2), in which A1 =20, A2 = 15, d; = 300 samples, d> = 420 samples, and N = 1.
As shown in FIG. 4, each of the two copies of the signal creates a peak 410, 420 in the
received signal. In order to determine the arrival times of the peaks 410, 420 in the received
signal, the receiver in radio 1 may employ a receiver correlator. Referring to FIG. 5, there is
illustrated a functional block diagram of one example of a receiver correlator 500. Radio 1
receives the received signal 400 with its antenna 110. The received signal may be amplified
and filtered by block 510, digitally sampled by block 520 and digitally filtered by block 525
to be equalized or prefiltered. Block 520) may include, for example, an analog-to-digital
converter. The correlator 530, which may include a digital filter, acts on the digital signal
output from block 520. In one example, if the correlator 530 has an impulse response of
s2[100-n], then received signal 400 is processed by the correlator to provide a correlator

output signal 540 defined by:

redjj = Z (Szii Slnﬁn(iiﬂj,rec,zen)) (3)

An example of the correlator output signal 540 is illustrated in FIG. 6. In the illustrated
example, the signal 540 includes two peaks 610, 620 which correspond to the two peaks 410,
420, respectively, present in the received signal 400.

For simplicity, the example signals illustrated and discussed herein are real signals.
However, it is to be appreciated that the invention is not so limited and may be implemented
using complex signals. Thus, the correlator 530 may be a real or complex correlator, and the
signals may be processed in the complex signal (also known as intermediate frequency)
domain.

In a conventional system, processing block 550 would look for the maximum in the
correlator output signal 540. In the illustrated example, the maximum is peak 610, which
corresponds to peak 410 in the received signal. Under these conditions, the receiver of radio
1 may determine that its range from radio 2 is the equivalent of 300 samples (the location of
peak 610), despite the presence of the secondary peak 620 caused by the multipath signal.
The receiver circuitry may then provide this “range to” estimate 125, along with the range to
estimates from each other reference radio being used to the filter 130, as discussed above with

reference to FIG. 1.
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In many circumstances, the earlier arrival peak (e.g., 410 and 610) in the received
signal, which corresponds to the direct path (path 1) in the multipath environment (as
illustrated in FIG. 2), will also correspond to the signal with higher amplitude, as in the
examples shown in FIGS. 4 and 6. This is typically due to the fact that the secondary path is
longer and accordingly represents greater propagation loss. In addition, the reflection of the
signal off the barrier 210 is often not perfect and thus also causes signal attenuation. In this
case, a conventional method of handling multipath by seeking the highest peak in the received
signal may correctly identify the direct-path signal and the range-to estimate may be relatively
accurate. However, in other circumstances, conditions in the multipath environment can
cause the received amplitude of the direct-path signal to be lower than or obscured by noise
relative to that of the signal from the secondary path (path 2). For example, this may occur if
there is some obstruction or attenuation in the direct path. Referring to FIG. 7, there is
illustrated an example of a received signal 700 received by radio 1 under multipath conditions
that cause the signal from the direct path (peak 710) to have a lower amplitude than the signal
from the secondary path (peak 720). In the example illustrated in FIG. 7, the received signal
700 is defined by equation (2), in which A1 =15, A2 =20, d, = 300, d, =420, and N = 2.

Referring to FIG. 8, there is illustrated an example of a correlator output signal 540
corresponding to the received signal 700 illustrated in FIG. 7. As shown, the correlator output
signal includes two peaks 810, 820 corresponding to the two peaks 710, 720 in the received
signal 700. However, in this example, the peak 820 corresponding to the signal received from
the secondary path has higher amplitude than the signal received from the direct path (peak
810). As aresult, an implementation seeking the highest amplitude peak in the received
signal will lead to an incorrect range estimate. For example, using conventional range
estimating processes, the range estimator block 530 may estimate a 420 sample propagation
delay (the location of the second, higher peak 820), rather than the actual 300 sample
propagation delay (the location of peak 810 corresponding to the direct signal path). This
would lead to a significant error in the estimation of the range of the reference radio to radio
1, thereby corrupting the position estimate of radio 1 in the follow-on processing.

According to one embodiment, this problem may be addressed by incorporating into

the range estimation processing a feedback process in which prior position estimates may be
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used to compute time delay boundaries which are fed back into the range estimation process.
As discussed above, the time delay between the known time of transmission of a signal by a
reference radio and the time of arrival of that signal at the radio may directly translate into a
measure of the distance between the radio and the reference radio. Accordingly, knowledge
of the rate of movement of the radio and/or reference radio, or maximum expected/possible
rates of movement, can be used to set a range within which the distance between the radio and
reference radio may vary within the time between successive range-estimation signal
transmissions (i.e., between iterations in the range estimation process). This range of
variation in distance translates into a range of variation in the measured time delay from one
iteration to the next. By setting boundaries on the possible range of time delays, the range-
estimation process can be made resistant to multi-path errors, as discussed further below.

Referring to FIG. 9, there is illustrated a functional block diagram of one example of
radio receiver circuitry configured for range estimation processing including feedback
according to one embodiment. As discussed above, the radio receives the signals from the
reference radio(s) with its antenna 110 and computes “range to” estimates 920 to each
reference radio being used (process blocks 910). The range to estimates 920 are filtered by
the filter block 930 and combined to calculate a composite position of the radio (block 940).
This composite position estimate is provided to the feedback block 950 which computes
boundaries on the change in position of the radio using predefined information, as discussed
below. In one example, the feedback calculation in step 950 seeks to use any change in
position of the radio since the previous estimation of position to limit the possible time delay
for the signal received from a given reference radio. These limits or boundaries on the time
delay for each reference signal are used in the range estimation processes 910 to facilitate
making a more accurate range calculation, as discussed further below.

To illustrate an example of this process, suppose that the previous estimate of the
position of radio 1 was based on a 300 sample delay for the signal from reference radio 2. In
this example, in the next estimate of the position of radio 1, the expected time delay for the
signal from radio 2 would be the 300 sample delay previously calculated, plus or minus some
change or delta resulting from the mobility of radio 1 and/or radio 2. In particular, the time

delay delta should fall within a range defined by any limits of motion of radio 1 and/or radio



10

15

20

25

WO 2010/144681 PCT/US2010/038137

14

2. These limits may be set by, for example, a known maximum relative velocity between the
radios and/or a known maximum displacement between the radios. For example, it may be
known that radio 1 and/or radio 2 are confined within a certain area and thus, the maximum
displacement between the radios may be known to be limited based on the area to which the
radio(s) are confined. Similarly, there may be a known maximum communication range
between the radios and thus the maximum relative displacement may be known based on the
communication limits. Known limits on relative displacement may also be used in
combination with known maximum relative velocity to define the time delay boundaries.
Any known possible relative motion between the reference and objective radio may be used to
define the boundaries on the time delay estimation process. In general, the maximum change
in range between the reference radio and the objective radio within a time period between
successive estimation iterations is converted into a maximum change in time delay between
the radios, thereby defining the boundaries of the time delay estimation.

For example, if the maximum velocities of radio 1 and radio 2 are known, then
assuming a known time period between successive position estimates, limits on the change in
distance (range) between the two radios can be set. These limits may translate to a minimum
time delay delta and a maximum time delay delta. In one example, the minimum time delay
delta can be calculated based on the assumption of the two radios moving directly toward one
another at maximum velocity, and the maximum time delay delta can be calculated based on
the assumption of the two radios moving directly away from one another at maximum
velocity. Any other change in the relative position between the two radios, and thus any other
time delay delta, will fall within the range set by these two limits.

For example, assume as discussed above that the previous estimate of the position of
radio 1 was based on a 300 sample delay for the reference signal from radio 2. If the sample
rate is 100 MHz, then the sample period is:

j :—1'86‘; —1x107%s

1-10
In this case, assuming the reference signal travels at the speed of light, ¢, a 300 sample delay
(di_1) represents a range between radio 1 and radio 2 (Rj»i.1) of:

R, ,=c-d_ T, =899.37Tm
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If the maximum velocity between radios 1 and 2 is vimax = 20 m/s and the range estimation
procedure is performed every 2.5 seconds (7. = 2.5 s), the boundaries on the time delay
estimates for the next range estimate can be established based on the maximum amount of
motion during the time period T Specifically, using the example numbers above, the
minimum time delay estimate (in samples) in the next range estimation iteration is:

R, -v. T
7 =2m Ve e 2083320

min
C

The maximum time delay estimate (in samples) is similarly calculated as:

R, ., + -T
T — 12i-1 vmax est 'To — 316678

max
C

Accordingly, the next range estimate between radios A and B can be calculated as:

R, =c-d,-T, imwhich T, <T,<T_ _
Thus, boundaries on the time delay estimates for each range estimation iteration can be
established based the previous time delay estimates and on known conditions, such as the
maximum velocity and/or displacement between the radio and the reference radios.

The above example discussed a “pairwise” setting of time delay estimation
boundaries, based on a known relative condition (such as maximum relative velocity and/or
displacement) between radio 1 and radio 2. This principle can be extended for any number of
reference radios to define boundaries based on pairwise restrictions between the objective
radio and each reference radio individually. In addition, in examples where more than one
reference radio is used, the maximum mobility criterion may be established across the array of
reference devices, rather than pairwise with each radio individually. Thus, the boundaries
may be “tightened” or further restricted based on knowledge of how the relative mobility
between the objective radio and one reference radio affects the relative mobility between the
objective radio and another reference radio. For example, considering relative velocity, the
time delay estimation boundaries can be restricted further since maximum velocity cannot be
achieved in all directions. Thus, if radio 1 is moving toward radio 2 and away from radio 3,
then the upper boundary can be tighter or more restrictive in estimating the time delay of the
signal sent from radio 2 to radio 1, and the lower boundary can be made tighter for estimating

the time delay of the signal sent from radio 3 to radio 1. Similarly, knowledge of various
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restrictions in mobility across the array of reference radios may be used to narrow the region
between the upper and lower boundaries for any or all of the reference signals, thereby further
decreasing the risk of incorrectly estimating the time delay for a given reference signal and
increasing the robustness of the self-location feature of the objective radio.

Referring to F1G. 10, there is illustrated an example of the time delay boundaries, 7,
and 7., calculated above applied to the correlator output signal of FIG. 8. A first boundary
line 1010 corresponds to 7, and a second boundary line 1020 corresponds to 7,,,,,. The area
between the two boundary lines 1010 and 1020 shows the region (in time) to which a search
for a signal peak or maximum is limited, based on the known physical constraints on the
system, namely, the previous known range estimate and the known maximum possible motion
of the radios. As discussed above with reference to FIG. 8, conventional signal processing
techniques that simply search for a signal maximum without implementing any time delay
boundaries, in a multipath environment can select the wrong signal peak 820, causing errors
in the range estimation process. By contrast, according to aspects and embodiments, by
limiting the search for a signal maximum to the area defined by the time delay boundaries
1010 and 1020, the multipath signal 820 from the longer path (see FIG. 2, path 2) is excluded,
as shown in FI1G. 10. Thus, the correlation maximum search may be limited to finding only
those direct path (path 1) signals that are physically possible given the known iteration rate of
the range estimation process and the known possible motion of the radios. Accordingly,
aspects and embodiments may provide a more accurate range estimation technique that is
more robust in multipath environments than conventional range estimation processes.

FIG. 11 illustrates an example of a method of estimating the position of a device, for
example, Radio 1, using aspects of the techniques discussed above. According to one
embodiment, the method includes a step 1110 of receiving one or more reference signals from
corresponding reference devices. For example, in the example shown in FIG. 1, Radio 1
receives reference signals from Radios 2, 3 through N. For each received reference signal, the
method may include a step 1120 of estimating the range between the device (e.g., Radio 1)
and the corresponding reference device that transmitted the reference signal, as indicated by
block 910 in FIG. 9. Estimating the range between the device and each reference device can

include using a time delay estimation process, as discussed above. Thus, step 1120 may
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include generating a plurality of “range to” estimates, as shown in FIG. 9. The method may
then include a step 1130 of filtering the plurality of “range to” estimates (block 930 in F1G. 9)
and, based on this filtering, generating a composite estimate of the position of the device (step
1140). As discussed above, based on known mobility of the device (e.g., Radio 1) and the
reference devices, such as a maximum velocity between Radio 1 and each of the reference
devices being used, boundaries on the time delay estimates for each range estimation iteration
can be established. Thus, the method may include a step 1150 of computing time delay
boundaries and thereby determining a range of expected time delay values for the reference
signal transmitted by each corresponding reference device.

As illustrated in FIG. 11, the ranges of expected time delay values for each reference
signal may be fed back into the range estimation step 1120. Thus, step 1120 may include, for
each reference signal, estimating a range between the device and the corresponding reference
device based on a measured time delay of the reference signal falling within the range of
expected time delay values, to produce the plurality of “range to” estimates. As discussed
above, this step 1120 may include analyzing the signals to {ind a signal peak within the
expected range. The process may be repeated iteratively, as discussed above. It will also be
appreciated that the first time the method is implemented in a given setting, where no
previous “range to” estimates exist, the method may include an initial step 1160 of estimating
the position of the device, or the range to one or more selected reference devices, and that this
initial estimate may be used in the first iteration of the method.

Having thus described several aspects of at least one embodiment, it is to be
appreciated various alterations, modifications, and improvements will readily occur to those
skilled in the art. For example, the above-discussed examples show the time delay boundaries
and calculations in terms of samples; however, it will be readily apparent to those skilled in
the art that the techniques may be implemented using other units. In addition, those skilled in
the art will appreciate that there are many variations on the methods of time delay estimation
discussed above to account for complex signal representations, non-Gaussian noise, or
unknown phase of the received signal. The techniques and processes discussed herein may be
applied to all different methods and different signal types because only the function of

computing an estimate of the signal’s time of propagation is needed. As will be recognized
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by those skilled in the art, estimating the time delay of the arrival of a replica of the known
sent signal, and selecting the maximum of a received filtered signal may be performed on any
signal, provided appropriate signal processing is implemented. Furthermore, although the
above-discussed examples refer to range estimation of radios, the invention is not so limited,
and the range estimation processes may be applied to any type of wireless mobile device,
including, but not limited to, mobile telephones, radios, personal digital devices, computers,
sensors, identification tags, etc. Accordingly, such alterations, modifications, and
improvements are intended to be part of this disclosure and are intended to be within the
scope of the invention. Therefore, the foregoing description and drawings are by way of
example only, and the scope of the invention should be determined from proper construction
of the appended claims, and their equivalents.

What is claimed is:
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CLAIMS

1. A method of estimating a position of a device, the method comprising:

receiving a reference signal at the device transmitted from a reference device;

determining a range of values for a time delay of the reference signal based on a
known relative mobility of the device and the reference device;

analyzing the reference signal to detect a peak of the reference signal;

estimating the time delay of the reference signal by determining from the detected
peak of the reference signal a delay falling within the range of values for the time delay; and

based on the estimated time delay, estimating a distance between the device and the

reference device.

2. The method as claimed in claim 1, wherein determining the range of values for the
time delay includes calculating the range of values for the time delay based on a known

maximum velocity of at least one of the device and the reference device.

3. The method as claimed in claim 1, further comprising receiving at least one additional
reference signal from a corresponding at least one additional reference device; and, for each
additional reference signal:

determining an expected range of time delay values;

estimating a time delay by analyzing the additional reference signal to detect a delay
of the additional reference signal falling with the expected range of time delay values; and

based on the estimated time delay, estimating a distance between the device and the

corresponding additional reference device.

4. The method as claimed in claim 3, further comprising filtering each of the estimated

distances to produce a composite estimate of the position of the device.

5. The method as claimed in claim 1, wherein determining the range of values of the time
delay includes determining the range of values of the time delay based on a prior known

position of the device and the known relative mobility of the device and reference device.
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6. The method as claimed in claim 1, wherein determining the range of values of the time
delay includes determining the range of values of the time delay based on a known maximum

relative displacement between the device and the reference device.

7. A method of estimating a position of a device, the method comprising:

receiving a plurality of reference signals from a corresponding plurality of reference
devices;

for each reference signal, determining a range of expected time delay values for the
reference signal transmitted by the corresponding reference device;

for each reference signal, estimating a range between the device and the corresponding
reference device based on a measured time delay of the reference signal falling within the
range of expected time delay values to produce a plurality of range estimates; and

filtering the plurality of range estimates to generate a composite estimate of the

position of the device.

8. The method as claimed in claim 7, wherein determining the range of expected time
delay values includes determining the range of expected time delay values based on a known

relative mobility between the device and the corresponding reference device.

9. The method as claimed in claim §, wherein determining the range of expected time
delay values includes determining the range of expected time delay values based on a known
maximum velocity of the device relative to the corresponding reference device and a known
time period between successive transmissions of the reference signal from the corresponding

reference device.

10. The method as claimed in claim §, wherein determining the range of expected time
delay values includes determining the range of expected time delay values based on a known

maximum displacement of the device relative to the corresponding reference device and a
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known time period between successive transmissions of the reference signal from the

corresponding reference device.

11. The method as claimed in claim 7, wherein determining the range of expected time
delay values includes determining the range of expected time delay values based on a known

relative mobility between the device and at least one of the plurality of reference devices.

12. The method as claimed in claim 7, wherein determining the range of expected time
delay values includes determining a minimum expected time delay value and a maximum

expected time delay value.

13. The method as claimed in claim 7, further comprising iteratively repeating the method
to produce updated composite estimates of the position of the device after each time period
between successive transmissions of the reference signals by the corresponding plurality of

reference devices.

14. The method as claimed in claim 7, wherein estimating a range between the device and
the corresponding reference device includes analyzing the reference signal to detect a peak of

the reference signal falling within the range of expected time delay values.

15. A position estimation apparatus for a mobile device comprising:

an antenna to receive a plurality of reference signals, each reference signal of the
plurality of reference signals being transmitted to the mobile device from one of a
corresponding plurality of reference devices;

a range estimation device coupled to the antenna to receive the plurality of reference
signals and to estimate a range between the mobile device and each of the corresponding
reference devices based on a measured time delay of each of the plurality of reference signals

to produce a plurality of range estimates;
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a filter coupled to the range estimation circuitry and configured to receive and filter
the plurality of range estimates and to generate a composite estimate of the position of the
device; and

a feedback device coupled to the filter and to the range estimation circuitry and
configured to receive the composite estimate of the position of the device and to calculate a
range of expected time delay values for each reference signal;

wherein the range estimation circuitry is further configured to receive the range of
expected time delay values for each reference signal from the feedback device and to estimate
the range between the device and the corresponding reference device based on a measured
time delay of the reference signal falling within the corresponding range of expected time

delay values calculated by the feedback device.

16. The position estimation apparatus as claimed in claim 15, wherein the mobile device is
a radio.
17. The position estimation apparatus as claimed in claim 15, further comprising:

signal processing apparatus coupled to the antenna that receives and processes the
plurality of reference signals and to produce a corresponding plurality of processed signals;
wherein the range estimation device is coupled to the signal processing apparatus and
receives the plurality of processed signals from the signal processing apparatus;
wherein the signal processing circuitry comprises:
a digital sampler configured to receive and digitally sample the plurality of
reference signals to produce a corresponding plurality of digital signals; and
a correlator coupled to the digital sampler and configured to receive and filter

the plurality of digital signals to produce the plurality of processed signals.

18. The position estimation apparatus as claimed in claim 17, wherein the digital sampler

comprises an analog-to-digital converter.
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19. The position estimation apparatus as claimed in claim 17, wherein the position
estimation apparatus is configured to analyze the reference signals in the complex signal
domain; and

wherein the digital sample comprises a plurality of complex correlators.

20. The position estimation apparatus as claimed in claim 17, wherein the correlator

comprises a complex digital filter.

21. The position estimation apparatus as claimed in claim 17, wherein the range
estimation device is further configured to analyze the plurality of processed signals and, for
each processed signal, to detect a peak of the processed signal and based on the detected peak,
calculate a time delay of the processed signal falling within the corresponding range of

expected time delay values calculated by the feedback device.

22. The position estimation apparatus as claimed in claim 15, wherein the feedback device
is configured to calculate the range of expected time delay values based on a known time
period between successive transmissions of the plurality of reference signals by the
corresponding plurality of reference devices, and a known mobility of the device relative to at

least one of the plurality of reference devices during the time period.



WO 2010/144681

Antenna of
Radio 1

~110

P 120a

Radio 2 -
Range
Estimation
Process

1/9

120b
e

""Range to
Estimates”

PCT/US2010/038137

/ 130

Radic 3 -
Range
Estimation
Process

120c
/

Radio N -
Range
Estimation
Process

Position ( Kalman )

Filter Estimate

FIG. 1

SUBSTITUTE SHEET (RULE 26)

Composite

L= Position

Estimate

140 /



WO 2010/144681 PCT/US2010/038137

2/9

N 20

Path 2

Radio 1

FIG. 2

SUBSTITUTE SHEET (RULE 26)



WO 2010/144681 PCT/US2010/038137

100

FIG. 3

30 1 | | |
410

20 420 / 400

10 |

slij o

-10

-20

_30 1 ] ] ]
0 200 400 _ 600 800 1x103

FIG. 4

SUBSTITUTE SHEET (RULE 26)




PCT/US2010/038137

WO 2010/144681

4/9

gci
/

sjewns3

g O

055 oes 29 0cs ols

.0) abuey,

$S920.1d asuodsay Buuayi4
uoienoen asindw Buideyg Buueyi4
abuey pue [u-001L]zS yum [enoads jo Buydwes Bojeuy
uonews3 1914 [eN6IQ uonezijenb3 rentig Jeydury
Kelag iojeleLo) |enbia

| olpey

J0Indino
lojejalon

0rs $832014 uonewnsy abuey

0zZ! \

0il

G

| OlpeY Jo
BUUBUY

SUBSTITUTE SHEET (RULE 26)



WO 2010/144681 PCT/US2010/038137

5/9
1.5x103
610
1x103 | -
620
/540
yZ
500 | -
rec1jj
0 Pre—e——— [\-—-/‘-—-—\\/\_/\.’/\
500 | -
-1x103 3
0 100 200 300 400 500 600 700 800 900 1x10

i

FIG. 6

SUBSTITUTE SHEET (RULE 26)



WO 2010/1

40

20

1.5x103

1x103

500

rect:

-500

“1x10°3

44681 PCT/US2010/038137

6,/9

720 /700

0 200 w0 600 800 1x103
FIG. 7
820
: 810 #////_540 :
S f\z—'-"'\/\/\,/\

0 100 200 300 400 500 600 700 800 900 1x103

FIG. 8

SUBSTITUTE SHEET (RULE 26)



WO 2010/144681

Antenna of
Radio 1

~110

7/9

PCT/US2010/038137

Position Change
Bound Computation

/910
Radio 2 - /

Range

Estimation

Process
910
/ /

Radio 3 -
Range

Estimation

"Range to'
Estimates

\ 950

/ 920
~

930

Position (Kalman )

Process

/

/910
Radio N - /

Range

Estimation

Filter Estimate

Process

e

FIG. 9

SUBSTITUTE SHEET (RULE 26)

Composite

L = Position

Estimate

940 /



WO 2010/144681 PCT/US2010/038137

8,/9

1x103
rect;:

J)

min max;;
— 1

-1x10°3

0 100 200 300 400 500 600 700 800 900 1x103
i

FIG. 10

SUBSTITUTE SHEET (RULE 26)



WO 2010/144681

————
-  —

~ 1160
g Estimating Position

7
\
of Mobile Device

( )
\\ 7

Receiving Reference
Signals from One or
More Reference Devices

Estimating the Range
Between the Mobile

Device and Each of
the Reference Devices

PCTIUS010/038137
9/9
/ 1110
/ 1120
/ 1150

/1130

Filtering the Plurality
of Range Estimates

Determining a Range of Expected
Time Delay Values for the Reference
Signal Transmitted by Each
Corresponding Reference Device

1140
L

Generating a Composite
Estimate of the Position
of the Mobile Device

FlG.

SUBSTITUTE SHEET

11

(RULE 26)



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2010/038137

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - HO4W 64/00 (2010.01)
USPC - 455/456.1

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

B.  FIELDS SEARCHED

IPC(8) - HO4W 64/00; H04Q 9/00 (2010.01)
USPC - 455/456.1, 342/357.01, 464

Minimum documentation searched (classification system followed by classification symbols)

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

Patbase

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

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 2003/0008669 A1 (STEIN et al) 09 January 2003 (09.01.2003) entire document 1-22
Y US 7,400,890 B2 (LEE) 15 July 2008 (15.07.2008) entire document 1-22
A US 6,636,744 B1 (DA) 21 October 2003 (21.10.2003) entire document 1-22

D Further documents are listed in the continuation of Box C.

[l

* 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 application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“0” document referring to an oral disclosure, use, exhibition or other
means

“P” document published prior to the international filing date but later than
the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying tﬁe invention

“X” 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

“Y” 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 documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

27 July 2010

Date of mailing of the intemational search report

19 AUG 2010

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.0O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-3201

Authorized officer:
Blaine R. Copenheaver

PCT Helpdesk: §71-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (July 2009)




	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 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - wo-search-report

