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Wireless Positioning

Technical Field

This disclosure generally concerns wireless positioning, and in particular, a method,

system and computer program for estimating the location of a transmitter using

multiple pairs of locator nodes. This disclosure also provides a method, system and

computer program for measuring time of arrival of a signal received from a transmitter.

Background

Wireless positioning systems generally refer to systems that track or locate a

transmitter using wireless technologies, including the transmission and measurement of

electromagnetic signals. Tracking is beneficial for many applications, such as to

enhance safety, security or productivity. Knowing the location of people and mobile

equipment may be used to enhance the safety of people on a work site. Knowing the

location of patients may enable assistance to rapidly reach them if they fall or press a

panic button. Tracking the location of people in a building may allow security staff to

be alerted if a person enters an area to which they are not authorised. Determining the

location of access points in a building allows a rogue access point to be rapidly found

and dealt with. Tracking the movement of staff and materials at a work site allows the

operational efficiency to be analysed and possibly improved.

Mobile networks track mobile handsets so that their location for an emergency call can

be estimated (e.g. E911 in the USA). This technique has low accuracy, with a typical

accuracy many tens to hundreds of metres. The location of handsets with WiFi (e.g.

Apple iPhone) can be determined in some areas using the signal strength of multiple

access points. However, this only works in areas where there is a sufficient density of

access points and a database of their signal strength as a function of location is

available.

Summary

According to a first aspect, there is provided a method for estimating the location of a

transmitter using multiple pairs of locator nodes with known locations, the method

being implemented by a processor of a location estimation node and comprising:

(a) determining time difference of arrival values from time of arrival values

measured by each pair of locator nodes based on one or more signals received from the

transmitter;



(b) based on the time difference of arrival values and an error distribution of the

time difference of arrival values, determining likelihood information for multiple

candidate locations of the transmitter; and

(c) estimating the location of the transmitter from the likelihood information.

According to the method of the first aspect, the likelihood information represents a

"likelihood map" of the location of the transmitter. The method is Bayesian in nature

and considers the error distribution of the time difference of arrival values, rather than

restricting the transmitter to lie on a particular hyperbola defined by absolute time

difference of arrival values. Advantageously, the location estimation according to the

method is more robust to outlier measurements. Further, using the error distribution of

the time difference of arrival values results in better location accuracy, compared with

just assuming a general distribution.

Determining the likelihood information may further comprise:

determining, for each pair of locator nodes, individual likelihood information

based on (i) time difference of arrival values determined from time of arrival values

measured by the pair of locator nodes, and (ii) an error distribution of (i); and

combining the individual likelihood information of all pairs of locator nodes to

determine the likelihood information in (c).

The estimated location may be a candidate location associated with a maximum value

derived from the likelihood information. Alternatively, the estimated location may be a

candidate location associated with a mean value derived from the likelihood

information.

The error distribution may follow a predetermined model of error distribution and is a

function of difference between the time difference of arrival values, and expected time

difference of arrival values calculated based on known locations of a pair of locator

nodes when time of arrival values are measured.

One or more locator nodes may be mobile locator node devices having a means to

determine their location when the time of arrival values are measured. In this example,

mobile locator nodes facilitate rapid deployment and tracking of the transmitter. This

is especially useful in applications where fixed infrastructure is not available, including

devices at fixed and known location and connected to a cable to a location processor.



Mobile locator nodes also facilitate more accurate location of the transmitter,

particularly when there are a limited number of locator nodes.

The time of arrival values may be synchronised among the locator nodes using one of

the following:

global positioning system (GPS) timing receiver of one or more locator nodes;

non-GPS synchronisation signal received by the one or more locator nodes; and

high accuracy atomic clock of one or more locator nodes.

The location estimation node may be one of the locator nodes, a central processing

node in wireless communication with the locator nodes, or a node associated with the

transmitter.

According to a second aspect, there is provided computer program comprising

executable instructions which, when executed by a processor of a location estimation

node device, cause the processor to perform the method according to the first aspect.

According to a third aspect, there is provided a location estimation node device for

estimating the location of a transmitter using multiple pairs of locator nodes with

known locations, the device comprises:

a processor to:

(a) determine time difference of arrival values from time of arrival values

measured by each pair of locator nodes based on one or more signals received

from the transmitter;

(b) based on the time difference of arrival values and an error distribution

of the time difference of arrival values, determine likelihood information for

multiple candidate locations of the transmitter; and

(c) estimate the location of the transmitter from the likelihood

information.

According to a fourth aspect, there is provided a method for measuring time of arrival

of a signal received by a locator node from a transmitter, the method being performed

by a processor of a locator node and comprising:

(a) determining an initial time of arrival value for the received signal and

channel impulse response for a radio channel between the transmitter and receiver;



(b) determining a time correction from the channel impulse response, wherein

the determination is based on (i) a first value associated with a first peak of the channel

impulse response, and (i) a second value associated with a leading edge of the first

value; and

(c) from the initial time of arrival value and the time correction, determining

an improved time of arrival value of the received signal.

The method according to the fourth aspect takes into account multipath propagation

environment in which radio signals travel from the transmitter to the locator node. By

determining the time correction from the first and second values of the channel impulse

response, a more accurate time of arrival value is obtained. Improving the time of

arrival estimation not only allows more accurate localisation and tracking of the

transmitter, but also facilitates a more accurate time synchronisation among locator

nodes in the system.

The time correction may be a time delay from the second value, and determining the

time correction comprises:

determining a ratio of the second value to the first value;

determining a location, which corresponds to the ratio, on a leading edge of a

largest peak of an ideal channel impulse response with no multipath present; and

determining the time correction as a time delay from the location to the largest

peak of the ideal channel impulse response.

The first value may be a first peak of the channel impulse response with a magnitude

that exceeds or equals a first threshold multiplied by the largest peak of the channel

impulse response; and the second value may lie on the leading edge of the first value

and corresponds to either a minimum or a second threshold multiplied by the first

value.

The signal received from the transmitter may be a direct sequence spread spectrum

(DSSS) signal, in which case the method further comprises:

performing a frequency offset correction of the received signal to obtained a

frequency-corrected signal; and

determining the channel impulse response by correlating a reconstructed section

of the transmitted signal against the frequency-corrected signal.



The signal received from the transmitter may be an orthogonal frequency division

multiplexing (OFDM) signal, in which case the method further comprises:

determining a channel frequency response of the received signal using, and

averaged over, one or more symbols of the received signal; and

determining the channel impulse response from the channel frequency response.

The method may further comprise performing time synchronisation on the improved

time of arrival value using one of the following;

global positioning system (GPS) timing receiver of the locator node;

non-GPS synchronisation signal received by the locator node; and

high accuracy atomic clock of the locator node.

The locator node may be a mobile device having a means to determine its location

when the signal is received from the transmitter.

The method may further comprise sending the improved time of arrival value to a

location estimation node device to estimate the location of the transmitter according to

the method of the first aspect.

According to a fifth aspect, there is provided computer program comprising executable

instructions which, when executed by a processor of a locator node device, cause the

processor to perform the method measuring time of arrival of a signal received b the

locator node from a transmitter according to the fourth aspect.

According to a sixth aspect, there is provided a locator node device for measuring time

of arrival of a signal received by a locator node from a transmitter, the device

comprises:

a receiver to receive, from the transmitter, the signal; and

a processor to:

(a) determine an initial time of arrival value for the received signal and a

channel impulse response for a radio channel between the transmitter and

receiver;

(b) determine a time correction from the channel impulse response,

wherein the determination is based on (i) a first value associated with a largest

peak of the channel impulse response, and (i) a second value associated with a

leading edge of the first value; and



(c) from the initial time of arrival value and the time correction, determine

an improved time of arrival value of the received signal.

Cooperation with the target transmitter may not be required for the system to locate the

transmitter.

Each locator node may measure time of arrival of wireless signals received from the

transmitter.

Each locator node may have an independent clock.

A method is provided to regularly measure the difference in local clock times between

locator nodes, hence the time difference of arrival values are measured between pairs of

locator nodes.

Locator nodes may be mobile, and a method is provided to determine the location of

each locator node near the time that the time of arrival of a signal is received.

The method may, based on the time difference of arrival values and an error

distribution of the time difference of arrival values, determine likelihood information

for multiple candidate locations of the transmitter; and estimate the location of the

transmitter from the likelihood information.

Reference transmissions from known locations may be received by locator .nodes.

Brief Description of Drawings

Non-limiting example(s) will now be described with reference to the accompanying

drawings, in which:

Fig. 1 is a block diagram of an example system for wireless positioning;

Fig. 2 is a flowchart of an example method for estimating the location of a

transmitter to be tracked;

Fig. 3 is a detailed flowchart of an example of step 210 in Fig. 2;

Fig. 4 is a plot of an example OFDM (orthogonal frequency-division

multiplexing) signal;

Fig. 5 is an example channel impulse response of OFDM signal (a) without

multipath interference and (b) with multipath interference;



Fig. 6(a) is an example structure of DSSS (direct-sequence spread spectrum)

signal;

Fig. 6(b) is an example channel impulse response of the DSSS signal.

Fig. 7 is a detailed flowchart of an example of step 240 in Fig. 2;

Fig. 8(a) is plot of individual likelihood information of locator nodes N and N ;

Fig. 8(b) is plot of individual likelihood information of locator nodes i and N ;

Fig. 9(a) is plot of individual likelihood information of locator nodes N2 and N3;

Fig. 9(b) is plot of the individual likelihood information in Figs. 8(a), 8(b) and

9(a);

Fig. 10 is a plot of combined likelihood information generated from the

individual likelihood information plots in Figs. 8(a), 8(b) and 9(a); and

Fig. 11 is an example structure of a locator node or central processing node in

Fig. 1.

Detailed Description

Fig. 1 shows an example system 100 for wireless positioning, in which multiple pairs

of locator nodes 110 (e.g. Ni, N and N ) are deployed in the vicinity of transmitters

120 (one shown for simplicity) to be tracked, which is assumed to be at an unknown

location χ .

Each locator node 110 is able to receive radio signals 140 transmitted by the transmitter

120 over a radio channel between them, and the unknown location can be estimated

using time difference of arrival (TDOA) values of the received signals. The location of

the locator nodes 110 ( , N and N ) are known (xi, x2 and x respectively) at the time

the signals are received. Locations τ, xi, 2 and x may be two-dimensional (2D) in

which case at least two pairs of locator nodes 110 are required; or three-dimensional

(3D) which requires at least three pairs of locator nodes 10.

The transmitter 120 to be tracked may be part of a mobile node or a tag attached to an

object. The transmitter 120 does not need to be cooperative with the tracking process,

either because they are unwilling (e.g. wireless intruder) or unable (e.g. resource

constrained or locked architecture). Any suitable wireless communication protocols

may be used by the transmitter 120 to transmit the signals 140, including but not

limited to IEEE 802.1 1 OFDM (orthogonal frequency division multiplexing) and IEEE

802.1 1 DSSS (direct sequence spread spectrum).



The locator nodes 110 may be any suitable device with a receiver to receive the signals

140 transmitted by the transmitter 120, and computational resources to perform

necessary processing. The locator nodes 1 0 may be mobile devices having a means to

determine their own location, fixed devices, or a combination of both. Example mobile

devices include mobile phones, tablet computers and laptop computers that are

connected to a cellular mobile communications network (e.g. one of the 3GPP or 4G

standards) or local area network (e.g. one of the 802.1 1 standards), or both. The locator

nodes 1 0 may also be access points and printers that are typically fixed, and others

such as transponders and wireless modems may be attached to fixed or mobile

equipment.

Referring also to Fig. 2, an example method for estimating the location of the

transmitter 120 is shown, in which:

In step 210, locator nodes 110 each receive one or more signals 140 from the

transmitter 120 to be tracked over a radio channel, and measure the time of

arrival (TOA) of the received signals 140. One example method for measuring

the TOA values will also be explained with reference to Fig. 3.

In step 220, time synchronisation is performed where TOA values of a locator

node 0 are synchronised with a clock common to the locator nodes 110. The

time synchronisation may be performed to a high resolution (typically tens of

nanoseconds or better).

In step 230, time difference of arrival (TDOA) values are determined from the

TOA measurements. The TDOA may be for one or more signals transmitted by

the transmitter 120. Rather than using the absolute TOA values, TDOA-based

location estimation examines the time difference at which a signal from the

transmitter 120 arrives at a pair of locator nodes.

In step 240, the location of the transmitter 120 to be tracked is estimated based

on likelihood information generated from the TDOA values and an error

distribution of the TDOA values, an example of which will be explained with

reference to Fig. 7.



Step 210 is performed by each locator node 110 when signals are received from the

transmitter. Time synchronisation according to step 220 may be performed by each

locator node 110 or by a "location estimation node". Using the synchronised TOA

values, the location estimation node estimates the location of the transmitter 120

according to steps 230 and 240.

The TOA values may be sent from the locator nodes 110 to the location estimation

node wirelessly, or using any suitable wired means. For example, the TOA values may

be transported via a physical link between each locator node 110 and transmitter 120,

such as Universal Serial Bus (USB) or Ethernet local area network (LAN).

The location estimation node may be (i) one of the locator nodes 10, (it) the central

processing node 130, or (iii) the transmitter 120. For cases (i) and (ii), the system 100

does not require cooperation of the transmitter 1 0, and therefore can be rapidly setup

to accurately track the transmitter 120 in a wireless network. As such, the system 100

would be beneficial for security services, network security, safety (e.g. tracking

workers and unauthorised personnel on work sites), tracking passengers at airports, and

a range of similar applications. Furthermore, the tracking may be covert in that the

transmitter 1 0 does not know that it is being tracked.

Although the steps in Fig. 2 are shown to be sequential, this is not necessary and some

steps may also be performed concurrently. Prior to performing the steps in Fig. 2, there

might be a setup stage where location devices 110 are deployed, switched on and their

location information determined, for example. Although one transmitter 120 is shown

in Fig. 1, it will be appreciated that the example method in Fig. 2 may be applied to

determine the location of multiple transmitters 120.

The example method in Fig. 2 will now be explained in further detail below.

TOA Measurements 2 0

In step 210, the locator nodes 10 measure the TOA of signals received from the

transmitter 120. The signals may be carrying data, and any other information such a

medium access control (MAC) address to identify the transmitter 120, and packet type

or sequence number to facilitate matching packets between locator nodes 1 0.



For each received signal, the locator nodes 1 0 also have the means to determine their

own location relative to the other location devices or in global coordinates. Each

locator node 10 (e.g. N , N2 and ) may be provided with a means of determining its

location (e.g. X , x and x ) when TOA measurements are taken. For example, the

locator nodes 0 may include a global positioning system (GPS), or a personal dead

reckoning system to determine their location, starting from a known location. The

locator nodes 0 may also be static at known locations.

The locator nodes 0 are not assumed to be stationary, although it may be beneficial

to move the nodes 10 about while taking measurements. This is because an increase

in the diversity of baselines (i.e. locations of node pairs at which a TDOA measurement

is made) increases the accuracy of the subsequent steps in Fig. 2.

Referring now to Fig. ' 3, an example method for measuring the TOA of a received

signal in step 2 0 in Fig. 2 is shown, in which:

In step 212, an initial (coarse) TOA value of the received signal 140 is

determined. Standard signal processing may be used for this purpose, such as

but not limited to receiver symbol timing recovery.

In step 214, a channel impulse response for a radio channel between the

transmitter 1 0 and the locator node 0 is determined using the received signal

In step 216, the channel impulse response is used to determine a time correction

of the TOA value, which takes into account the multipath propagation

environment of the signal 140 received by the locator node 0 .

In step 218, an improved TOA is calculated from the initial TOA and the time

correction.

The output of step 2 0 in Fig. 2 may be a list of TOA values, t , for a particular signal

transmission, where = 1, 2, 3 represents the respective locator nodes Ni, N and N .

In the examples below, the transmitter 120 uses the IEEE 802.1 1 protocol, with

transmissions using either (a) OFDM (orthogonal frequency division multiplexed) or

(b) DSSS (direct sequence spread spectrum) physical layer signalling. DSSS



transmissions are typically used in 802.1 beacons while OFDM transmissions are used

in 802.1 la/g/n packets. Note that an access point will usually transmit beacons in the

2.4 GHz band using DSSS, even when data packets are transmitted using OFDM.

(a) OFDM Transmissions

To determine an initial TOA value according to step 212 in Fig. 3, standard receiver

symbol timing recovery allows coarse identification of the start of the packet as part of

the process of decoding the packet. The standard cyclic prefix is of duration 800 ns

thus decoding the data does not need a particularly good estimate of the start of packet.

An example an 802.1 1 OFDM transmission .is shown in Fig. 4, which includes a

preamble, signal field 430 an data symbols 440. The preamble field generally

includes 10 short symbols 410 and 2 long symbols 420. Each short symbol 410

represents a short training sequence of Ο. long while each long symbol 420

represents a long training sequence of 3.2µ long.

The "long training sequence" 420 provides two known symbols to estimate the

frequency response of the channel. The measured complex value at each of the 52 non¬

zero subcarriers after frequency offset correction is divided by the known transmitted

value to obtain a channel frequency response at these subcarriers. This channel

frequency response is averaged over the two long training symbols and data symbols.

For improved signal to noise ratio (SNR), this channel frequency response may be

determined over the entire packet.

To obtain a channel impulse response for a radio channel between the transmitter 0

and locator node 10, the channel frequency response is then transformed to the time

domain using an inverse Fourier transform; see step 214 in Fig. 3. Optionally,

windowing may be used to suppress side lobes. In Fig. 5(a) and Fig. 5(b), examples of

the channel impulse response with a Hamming window (labelled "Hamming") and

without windowing (labelled "RAW") are shown. The example in Fig. 5(a) is of a

transmission with no multipath interference, while the channel impulse response in Fig.

5(b) was for signals recorded in a building with substantial multipath interference.

A time correction is then calculated based on the channel impulse response; see step

216 in Fig. 3. With no multipath interference, as in Fig. 5(a), the time correction would

be the location of the peak 510 (i.e. the time value on the x-axis) of the channel impulse



response. With multipath interference however, as in Fig. 5(b), there are multiple

reflections of the received signal, which provides multiple peaks in the channel impulse

response over time.

To determine a time correction for the TOA value, the following values are considered:

(i) A first peak v ("first value") of the channel impulse response

The largest peak of the channel impulse response is first determined, and the

first peak with magnitude v is found as the first peak in the channel impulse

response with a magnitude that exceeds or equals a threshold value times the

height of the largest peak. Threshold T lies in the open interval (0,1), and its

value is a compromise between being be sufficiently large that side lobes

preceding a peak are not mistaken for a real signal peak, yet not so large that

signal peaks are not normally missed. For 802.1 1 using OFDM with no

windowing, a value of T = 0.3 works well, however this might limit detection

to direct path signals that are at most 10 dB below the largest received reflected

signal. In Fig. 5(a), the largest peak of the channel impulse response with no

windowing is generally shown at 520.

(ii) A second value v on a leading edge of the first peak V

The second value v lies on the leading edge of the first value , . The leading

edge of the first peak v is tracked (moving along the time axis in a negative

direction) until the second value v is found, which corresponds to either a

minimum of the leading edge, or a threshold T times the value of the first peak.

The threshold value T2 lies in the open interval (0,1), and its value is selected as

a compromise between being low enough that the leading edge of the first peak

is found, yet not so low that noise or signal processing artefacts cause the

method to track past the leading edge of a real signal. For 802.1 using OFDM

with no windowing, a value of T2 = 0.1 works well.

The time correction is calculated based on the first value V | and second value v . In

one example, the ratio of the second value v to the first value v, is determined and the

delay from the second value v to the peak value 510 or expected time of arrival value

for the case with no multipath interference (see Fig. 5(a)) is then determined, such as

using table lookup. In the example i Fig. 5(b), the time correction for the case with no

windowing is shown as an asterisk 530.



In more detail, in the ideal case with no multipath in Fig. 5(a), the TOA is the peak

(5 10). However, in the presence of multipath in Fig. 5(b), there may be multiple peaks,

and the true TOA may precede the first true peak. For example, in Fig. 5(b) 520 is the

first true peak, however 530 is the TOA. The time offset from v to the TOA can be

determined from the ideal impulse response in Fig. 5(a) (e.g. using measured data for

the system or a model of the system) by calculating the ratio of v to the peak 0 in

Fig. 5(a) for points between the peak and the null of the leading edge, and for these

points determining the time offset from v to the peak 510. The relationship between

v and TOA offset may be stored in a tabular form, from which given v v the offset

from v to the TOA is read out. This relationship could also be recorded in other ways

such as a mathematical model. The ratio 2 V lies within the range (0,1).

To obtain the result 530 shown in Fig. 5(b), timing accuracy is maximised using no

window function, at the expense of not being able to find weak direct path signals

relative to the largest signal. However, it will be appreciated that in different scenarios,

different window functions which provide different compromises between timing

accuracy and weak direct path detection may be used.

For example, windowing may be used in some scenarios to reduce the side lobes of the

channel impulse response. For example, this is indicated by the channel impulse

response having less wiggles for the case with Hamming windowing; see 5 in Fig

5(a) and 540 in Fig. 5(b). With windowing, thresholds Ti and T may have lower

values than the examples above, depending upon the window function selected, as side

lobes are suppressed. However, side lobe reduction is generally at the expense of

broadening the peak resulting in a reduction in timing resolution.

(b) DSSS Transmissions

Similarly, symbol timing recovery of the decoding process of the DSSS packet

provides a coarse TOA estimate; see also step 2 2 in Fig. 3. The coarse estimate may

only be accurate to several hundred nanoseconds, and can be improved using the steps

214 to 218 in Fig. 3.

Standard DSSS processing does not required frequency offset correction, however for

the method in Fig. 3 frequency offset correction of the received signal is first



determined to obtain a frequency-corrected signal. This can be obtained by tracking

the phase of the received symbols and rotating to maintain the correct constellation.

An example format of an 802.1 DSSS packet is shown in Fig. 6(a). The PPDU

(physical layer protocol data unit) includes a PLCP (physical layer convergence

procedure) preamble, PLCP header and MPDU (MAC protocol data unit). The PLCP

preamble further includes a 128-bit SYNC field and a 16-bit SFD field; and the PLCP

header includes SIGNAL, SERVICE, LENGTH and CRC fields.

Using the decoded data, the original DSSS transmission can be reconstructed. In one

example, only the last 32 bits of the SYNC field, the 6 bits of the SFD field and the 48

bits of the PLCP header are generated (total duration 96 as these use the base data

rate). This reconstructed section of the transmitted signal is correlated against the

frequency-corrected received data to obtain a channel impulse response; see also step

214 in Fig. 3 . An example channel impulse response is shown in Fig. 6(b).

The same process as described for OFDM transmissions is then used to calculate a time

correction value which is the time offset of the DSSS signal; see also step 216 in Fig. 3.

In particular, the following values are calculated:

(i) A first value v i

The first value v is the magnitude of the first peak in the channel impulse

response that exceeds or equals a threshold Ti times the largest peak of the

channel impulse response of the received DSSS signal; see 610 in Fig. 6(b). For

802.1 1 DSSS without windowing, T = 0.4 may be suitable.

(ii) A second value v

The second value v is a minimum on a leading edge of the first value or

threshold T2 times the first value vi; see 620 in Fig. 6(b). For 802.1 1 DSSS

without windowing, T = 0. may be suitable.

Similar to process used for OFDM transmissions, a ratio of the second value v to the

first value v is first determined. Next, a location, which corresponds to the ratio, on a

leading edge of a largest peak of an ideal channel impulse response with no multipath

present is determined. The time correction is determined as a time delay from the

location to the largest peak of the ideal channel impulse response.



The improved TOA is then estimated from the coarse TOA estimate and the time

correction; see step 218 in Fig. 3. For the example in Fig. 6(b), the time offset is 445

nanoseconds.

Time Synchronisation 220 .

While the TOA may be measured using a time that is synchronised between all locator

nodes 110, the measurements may also be recorded using an unsynchronised local

clock in each locator node 10. In the latter case, time synchronisation is required.
'

At the time synchronisation step 220 in Fig. 2, a mapping from local time at each

locator node 0 to a common time among all nodes 110 is determined. The mapping

is then used to convert TOA values to synchronised TOA values that have a common

time base across all locator nodes 110. Location nodes 0 may be time synchronised

using one or more of the following techniques:

Each locator node 10 is provided with a GPS timing receiver, with the PPS

(pulse per second) from the GPS timing receiver providing a reference that is

typically synchronised to within 20 ns.

Time synchronisation may also use a non-GPS synchronisation signal received

by the locator node 10, which could be an intentionally generated transmission

or other signals such as broadcast television or mobile phone base station

transmissions.

Each locator node 0 is provided with a high accuracy atomic clock, such as a

chip scale caesium atomic clock with a frequency stability of one part in 10

and available in a small and low power package. The clocks on the locator

nodes 10 are compared before and after measurements to allow time and

frequency offsets between the nodes to be corrected.

The locator nodes 110 may also be fixed and connected via cable to allow for

distribution of a clock or data sent to a common unit for digitisation.

It will be appreciated that the above are non-limiting examples, and other suitable time

synchronisation techniques may be also used, depending on the configuration of the



locator nodes 110, transmitter 120 and central processing node 130. Step 220 may be

performed locally by each locator node 110 or by the location estimation node.

Time Difference of Arrival (TDOA) Calculation 230

Next, the TDOA of packets at one or more pairs of locator nodes 1 0 is calculated

based on the TOA values; see step 230 Fig. 2 .

When a signal transmission from transmitter 120 is received by more than one locator

node 110, the difference in the time synchronised TOA values measured by a pair of

locator nodes 10 is a TDOA value. The TDOA of two TOA values can be used to

determine the likelihood values for the location of the transmitter 120 in step 240 in

Fig. 2.

In the example in Fig. 1, the TDOA values are determined from the TOA values t \ , t

and measured at locator nodes N , N and respectively as follows:
τ \ , = ~ >

In the above, is the difference between the TOA values measured by locator nodes

N and N2; , is the difference between the TOA values measured by locator nodes N

and N ; and r 3 s the difference between the TOA values measured by locator nodes

N andN .

The output of step 230 may be, for each transmitter 120, a list of TDOA values and

corresponding known location of the two locator nodes 10, as follows:

( r 1 ,x, , x2 ), ( r , x , x3), and ( r 3 , x , x ) .

The TDOA values may be generated using all pairs of locator nodes 110 receiving a

particular transmission or multiple transmissions by the transmitter 120. The TDOA

values and location information of the relevant locator nodes 1 0 are then sent to a

location estimation node that performs location estimation.

Location Estimation 240



In step 240 in Fig. 2, the location of the transmitter 120 is estimated from likelihood

information of multiple candidate locations of the transmitter 120. The likelihood

information is determined based on the TDOA values determined in step 230 and an

error distribution of the TDOA values. Throughout this disclosure, "likelihood

information" includes a likelihood function or map, or likelihood values generated from

the likelihood function or map.

One example implementation of step 240 is shown in Fig. 7. In step 242 in Fig. 7, the

expected value of a TDOA value if the transmitter 120 is at a candidate location x is

calculated as follows:

X - X - | X - X ,

In the above equation, the speed of light given by c, and the two locator nodes N j and

are at known locations x , and j respectively. In the example in Fig. 1, the expected

TDOA values for the three pairs of nodes are as follows:

c

( _ ll
x

I ll
x 1 II

7 1,3 1' 3 j ~
c

, V ' 2 3 )
c

In step 244 in Fig. 7, the error in the TDOA values at any candidate location x of the
transmitter 120 is given by the difference between the expected TDOA r, ( x ) and the

measured TDOA r, :

( ' ' x ) = . (x, x x ) - .

Let the function define a likelihood that the error takes particular value e , then

the likelihood that the transmitter 120 is located at x is represented as W .

Function may follow any suitable probability distribution, such as a Normal

distribution o, with zero mean and standard deviation CT , and a minimum

value lmm . In this case, the likelihood of a candidate location x can be modelled as:

/ (e(x))



The function '/(e(x)) defines a set of likelihood values for the candidate location x,

rather than restricting the transmitter 120 to lie on a particular hyperbola.

Advantageously, this model of distribution of errors makes the location estimation step

more robust to outlier TDOA values. The likelihood function may be empirically

determined in representative environments, such as multi-storey office building,

warehouse, indoor sports venue, shopping centre, residential area and airport.

Using multiple TDOA values, either between the same pair of locator nodes 0 for

different transmissions, or between different pairs of locator nodes 10, multiple such

likelihood maps can be generated. These can be combined to refine the location of the

transmitter 120 to be tracked.

In step 246 in Fig. 7, an individual likelihood map is determined each pair of locator

nodes. In particular, given locations x , and x of the locator nodes N, and N at the time
of TDOA measurement , , the individual likelihood map for the transmitter 120 at

location x is given by:

In the example in Fig. 1, is (1, 2) for locator nodes N and N2, (1, 3) for nodes i

and N , or (2, 3) for nodes N and N3. Fig. 8(a) shows the individual likelihood map

for / i
,

(x) at levels .0 (see 810) and 0.5 (see 820 and 822); Fig. 8(b) shows a two level

contour plot for the individual likelihood map for / ,3(x) at levels 1 (see 830) and 0.5

(see 840 and 842) for locator node pairs N and N ; while Fig. 9(a) shows the

individual likelihood map /
,

x) at levels 1 (see 10) and 0.5 (see 920 and 922).

Fig. 9(b) shows a region 930 with various intersections among the individual likelihood

maps in Figs. 8(a), 8(b) and 9(a), but there are no intersections in other .regions

generally indicated at 940, 942 and 944. The region 930 represents a region where the

individual likelihood maps intersect.

In step 248 in Fig. 7, the individual likelihood maps are combined to obtain a final

likelihood map. In one implementation, under the assumption that TDOA

measurements are independent, the final likelihood map X(x) is a product of the

individual likelihood map of each pair of locator nodes N and Ν,·, as follows:



An example is shown in Fig. 10, in which the contour plot of location probability

density is the normalised product of (x) = / 2(x) x ( ) ¾ ( ) The region

generally indicated at 1000 represents the set of candidate locations or estimates

and corresponds to region 930 in Fig. 9 (b). The region outside of 1000, however, has

lower values because there are no intersections of the individual likelihood maps; see

corresponding 940, 942 and 944 in Fig. 9(b) for example. The lower values represent

lower likelihood that the transmitter 120 is in these regions.

In ste 249 in Fig. 7, the unknown location of the transmitter 120 is estimated from

the final likelihood map L(x) using one of the following:

(a) maximum value:
= rg m _L \ )

(b) mean value:

The above estimators are known as the maximum a posterior (MAP) and minimum

mean squared error (MMSE) estimates, respectively. In cases where the distribution of
fie(x))

is unimodal, the MMSE estimate is preferred. An example of unimodal

distribution is the Normal distribution which has a single peak.

Node structure

The method and system in this disclosure can be implemented by hardware, software or

firmware or a combination thereof. Fig. 1 shows an example structure of a device

capable of acting as a locator node 110 or a location estimation node (which may be

one of the locator nodes 10, a central processing node 130, or a node associated with

the transmitter 120 to be tracked).

The example device 100 includes a processor 10, a memory 1120 and a radio

transmitter and receiver (or transceiver) 1130. The processor 1 10 implements

functional units in the form of a transmission unit 1 12, a receiving unit 1 14, and a

processing unit 1 16. Radio signals may be transmitted and received via the radio

transmitter/receiver 1130.



In the case of the locator node 10, the method of measuring time of arrival of a signal

transmitted by the transmitter 120 to be tracked to the locator node 1 0 may be

performed as follows. The receiving unit 1 4 receives the signal from the transmitter

1 0. The processing unit 1 16 performs the following:

(a) determining an initial time of arrival value for the received signal and

channel impulse response for a radio channel between the transmitter and receiver;

(b) determining a time correction from the channel impulse response, wherein

the determination is based on (i) a first value associated with a largest peak of the

channel impulse response, and (i) a second value associated with a leading edge of the

first value; and

(c) from the initial time of arrival value and the time correction, determining

an improved time of arrival value of the received signal.

In the case of the location estimation node, the method of estimating the location of the

transmitter may be performed as follows. The receiving unit 1 14 receives, from the

locator nodes, the time of arrival values of signals received by the locator nodes 110

from the transmitter 120. The time of arrival values may also be received by the

location estimation node wirelessly via the receiver 130, or any wired means such as

over a cable such as Universal Serial Bus (USB) or Ethernet.

The processing unit 11 6 performs the following:

(a) determining time difference of arrival values from time of arrival values

measured by each pair of locator nodes based on one or more signals received from the

transmitter;

(b) based on the time difference of arrival values and an error distribution of the

time difference of arrival values, determining likelihood information for multiple

candidate locations of the transmitter; and

(c) estimating the location of the transmitter from the likelihood information.

Time synchronisation of the time of arrival values may be performed by the processing

unit 16 of the locator node 10 or location estimation node (which may be a locator

node 10, transmitter 120 or central processing node 130).

For example, the various methods, processes and functional units described herein may

be implemented by the processor 0 The term 'processor' is to be interpreted

broadly to include a CPU, processing unit, ASIC, logic unit, or programmable gate



array etc. The processes, methods and functional units may ail be performed by a single

processor 1 0 or split between several processors (not shown in Fig. 1 for

simplicity); reference in this disclosure or the claims to a 'processor' should thus be

interpreted to mean 'one or more processors'.

Although a radio transmitter/receiver 1130 is shown in Fig. , processes performed by

the radio transmitter/receiver 130 may be split between several or separate

transmitter(s) and receiver(s).

The processes, methods and functional units may be implemented as machine-readable

instructions executable by one or more processors, hardware logic circuitry of the one

or more processors or a combination thereof. In the example in Fig. 1 , the machine-

readable instructions 11 2 are stored in the memory 1120.

Further, the processes, methods and functional units described in this disclosure may be

implemented in the form of a computer software product. The computer software

product is stored in a storage medium and comprises a plurality of instructions for

making a computer device (which can be a personal computer, a server or a network

device such as a router, switch, bridge, host, access point etc.) implement the methods

recited in the examples of the present disclosure.

The figures are only illustrations of an example, wherein the units or procedure shown

in the figures are not necessarily essential for implementing the present disclosure.

Those skilled in the art will understand that the units in the device in the example can

be arranged in the device in the examples as described, or can be alternatively located

in one or more devices different from that in the examples. The units in the examples

described can be combined into one module or further divided into a plurality of sub-

units.

Although the flowcharts in Fig. 2, Fig. 3 and Fig. 7 show a specific order of execution,

the order of execution may differ fro that which is depicted. For example, the order

of execution of two or more blocks may be changed relative to the order shown. Also,

two or more blocks shown in succession may be executed concurrently or with partial

concurrence. All such variations are within the scope of the present disclosure.



It will be appreciated by persons skilled in the art that numerous variations and/or

modifications may be made to the above-described examples, without departing from

the broad general scope of the present disclosure. The examples in the present

disclosure are, therefore, to be considered in all respects as illustrative and not

restrictive.



Claims

1. A method for estimating the location of a transmitter using multiple pairs of

locator nodes with known locations, the method being implemented by a processor of a

location estimation node and comprising:

(a) determining time difference of arrival values from time of arrival values

measured by each pair of locator nodes based on one or more signals received from the

transmitter;

(b) based on the time difference of arrival values and an error distribution of the

time difference of arrival values, determining likelihood information for multiple

candidate locations of the transmitter; and

(c) estimating the location of the transmitter from the likelihood information.

2. The method of claim 1, wherein determining the likelihood information further

comprises:

determining, for each pair of locator nodes, individual likelihood information

based on (i) time difference of arrival values determined from time of arrival values

measured by the pair of locator nodes, and (ii) an error distribution of (i); and

combining the individual likelihood information of all pairs of locator nodes to

determine the likelihood information in (c).

3. The method of claim 1 or 2, wherein the estimated location is a candidate

location associated with a maximum value derived from the likelihood information.

4. The method of claim 1 or 2, wherein the estimated location is a candidate

location associated with a mean value derived from the likelihood information.

5. The method of any one of the preceding claims, wherein:

the error distribution follows a predetermined model of error distribution and is

a function of difference between the time difference of arrival values, and expected

time difference of arrival values calculated based on known locations of a pair of

locator nodes when time of arrival values are measured.

6. The method of any one of the preceding claims, wherein one or more locator

nodes are mobile locator node devices having a means to determine their location when

the time of arrival values are measured.



7: The method of any one of the preceding claims, wherein the time of arrival

values are synchronised among the locator nodes using one of the following:

global positioning system (GPS) timing receiver of one or more locator nodes;

non-GPS synchronisation signal received by the one or more locator nodes; and

high accuracy atomic clock of one or more locator nodes.

8. The method of any one of the preceding claims, wherein the location estimation

node is one of the locator nodes, a central processing node in wireless communication

with the locator nodes, or a node associated with the transmitter.

9. Computer program comprising executable instructions which, when executed by

a processor of a location estimation node device, cause the processor to perform the

method according to any one of claims 1 to 8.

10. A location estimation node device for estimating the location of a transmitter

using multiple pairs of locator nodes with known locations, the device comprises:

a processor to:

(a) determine time difference of arrival values from time of arrival values

measured by each pair of locator nodes based on one or more signals received

from the transmitter;

(b) based on the time difference of arrival values and an error distribution

of the time difference of arrival values, determine likelihood information for

multiple candidate locations of the transmitter; and

(c) estimate the location of the transmitter from the likelihood

information.

11. A method for measuring time of arrival of a signal received by a locator node

from a transmitter, the method being performed by a processor of a locator node and

comprising:

(a) determining an initial time of arrival value for the received signal and

channel impulse response for a radio channel between the transmitter and receiver; .

(b) determining a time correction from the channel impulse response, wherein

the determination is based on (i) a first value associated with a first peak of the channel

impulse response, and (i) a second value associated with a leading edge of the first

value; and



(c) from the initial time of arrival value and the time correction, determining

an improved time of arrival value of the received signal.

12. The method of claim 1 , wherein the time correction is a time delay from the

second value, and determining the time correction comprises:

determining a ratio of the second value to the first value;

determining a location, which corresponds to the ratio, on a leading edge of a

largest peak of an ideal channel impulse response with no multipath present; and

determining the time correction as a time delay from the location to the largest

peak of the ideal channel impulse response.

13. The method of claim 1 or 12, wherein:

the first value is a first peak of the channel impulse response with a magnitude

that exceeds or equals a first threshold multiplied by the largest peak of the channel

impulse response; and

the second value lies on the leading edge of the first value and corresponds to

either a minimum or a second threshold multiplied by the first value.

14. The method of any one of claims 11 to 13, wherein the signal received from the

transmitter is a direct sequence spread spectrum (DSSS) signal, and the method further

comprises:

performing a frequency offset correction of the received signal to obtained a

frequency-corrected signal; and

determining the channel impulse response by correlating a reconstructed section

of the transmitted signal against the frequency-corrected signal.

15. The method of any one of claims 1 1 to 14, wherein the signal received from the

transmitter is an orthogonal frequency division multiplexing (OFDM) signal, and the

method further comprises:

determining a channel frequency response of the received signal using, and

averaged over, one or more symbols of the received signal; and

determining the channel impulse response from the channel frequency response.

16. The method of any one of claims 11 to 1 , further comprising performing time

synchronisation on the improved time of arrival value using one of the following:

global positioning system (GPS) timing receiver of the locator node;



non-GPS synchronisation signal received by the locator node; and

high accuracy atomic clock of the locator node.

17. The method of any one of claims 1 to 6, wherein the locator node is a mobile

device having a means to determine its location when the signal is received from the

transmitter.

18. The method of any one of claims 11 to 17, further sending the improved time of

arrival value to a location estimation node device to estimate the location of the

transmitter according to the method of any one of claims 1 to 8.

19. Computer program comprising executable instructions which, when executed by

a processor of a locator node device, cause the processor to perform the method

measuring time of arrival of a signal received by the locator node from a transmitter

according to any one of the claims 1 to 8.

20. A locator node device for measuring time of arrival of a signal received by a

locator node from a transmitter, the device comprises:

a receiver to receive, from the transmitter, the signal; and

a processor to:

(a) determine an initial time of arrival value for the received signal and

channel impulse response for a radio channel between the transmitter and

receiver;

(b) determine a time correction from the channel impulse response,

wherein the determination is based on (i) a first value associated with a first

peak of the channel impulse response, and (i) a second value associated with a

leading edge of the first value; and

(c) from the initial time of arrival value and the time correction, determine

an improved time of arrival value of the received signal.

























A. CLASSIFICATION OF SUBJECT MATTER

G01S 5/06 (2006.01) G01S 5/02 (2010.01) G01S 1/24 (2006.01)

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

B. FIELDS SEARCHED

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

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

WPI, EPODOC, INSPEC, Google Scholar, Google Patents: locate, find, position, time difference of arrival, TDOA, time of arrival, TOA,
estimate, distribution, likelihood, channel impulse response, nodes and similar terms

C . DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to
claim No.

Documents are listed in the continuation of Box C

X Further documents are listed in t e continuation of Box C X See patent family annex

* Special categories of cited documents:
"A" document defining the general state of the art which is not "T" later document published after the international filing date or priority date and not in

considered to be of particular relevance conflict with the application but cited to understand the principle or theory
underlying the invention

"E" earlier application or patent but published on or after the "X" document of particular relevance; the claimed invention cannot be considered novel
international filing date or cannot be considered to involve an inventive step when the document is taken

alone
"L" document which may throw doubts on priority claim(s) or "Y" document of particular relevance; the claimed invention cannot be considered to

which is cited to establish the publication date of another involve an inventive step when the document is combined with one or more other
citation or other special reason (as specified) such documents, such combination being obvious to a person skilled in the art

"O" document referring to an oral disclosure, use, exhibition
or other means "&" document member of the same patent family

"P" document published prior to the international filing date

Date of the actual completion of the international search Date of mailing of the international search report

17 July 2013 17 July 2013

Name and mailing address of the ISA/All Authorised officer

AUSTRALIAN PATENT OFFICE Mani Ramachandran
PO BOX 200, WODEN ACT 2606, AUSTRALIA AUSTRALIAN PATENT OFFICE
Email address: pct@ipaustralia.gov.au (ISO 9001 Quality Certified Service)
Facsimile No.: +61 2 6283 7999 Telephone No. 0262832233

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



ont nuat on .

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

US 201 1/0205108 A l (BOYER et al.) 25 August 201 1

X Abstract, paragraphs [0004], [0006]-[0008], [0020], [0021], [0024], [0058], [0060]- 1-5, 8-10
[0066], [0068]-[0072], [0128]-[0129], claim 6, Figs 1, 5, 8,

Y Abstract 6

US 6795019 B2 (HOLT) 2 1 September 2004

X Abstract, column 1 lines 35-38, column 8 lines 44-47, column 10 lines 34-37, 40-41, 1, 7, 9, 10
column 18 lines 37-40

Y Abstract 6

US 6556943 B2 (KUWAHARA et al.) 29 April 2003

X Abstract, claim 1, Figs 4, 5 1, 5, 9, 10

Y Abstract 6

WO 201 1/002372 A l (TELEFONAKTIEBOLAGET L M ERICSSON) 06 January
201 1

Y Abstract 6

SHEN G et al: "Performance Comparison of TOA and TDOA Based Location
Estimation Algorithms in LOS Environment", Proc. IEEE 5th Workshop on
Positioning, Navigation and Communication 2008 (WPNC Ό8), Hannover, 27 March
2008

A whole document 1-10

WO 2009/143559 A l (COMMONWEALTH SCIENTIFIC AND INDUSTRIAL
RESEARCH ORGANISATION) 03 December 2009

A whole document 11-20

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



Box No. II Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following
reasons:

1. I I Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

Claims Nos. :

because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. I I Claims Nos:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a)

Box No. Ill Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

See Supplemental Box for Details

As all required additional search fees were timely paid by the applicant, this international search report covers all
searchable claims.

As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite
payment of additional fees.

As only some of the required additional search fees were timely paid by the applicant, this international search report
covers only those claims for which fees were paid, specifically claims Nos.:

No required additional search fees were timely paid by the applicant. Consequently, this international search report i
restricted to the invention first mentioned in the claims; it is covered by claims Nos. :

Remark on Protest | | The additional search fees were accompanied by the applicant's protest and, where applicable,
the payment of a protest fee.

I I The additional search fees were accompanied by the applicant's protest but the applicable
protest fee was not paid within the time limit specified in the invitation.

I I No protest accompanied the payment of additional search fees.



Supplemental Box

Continuation of: Box III

This International Application does not comply with the requirements of unity of invention because it does
not relate to one invention or to a group of inventions so linked as to form a single general inventive concept.

This Authority has found that there are different inventions based on the following features that separate the
claims into distinct groups:

• Claims 1-10 are directed to a method and a device for location estimation based on multiple pairs of
locator nodes at known locations. The feature of estimating the location of a transmitter based on
determining time difference of arrival values measured by each pair of locator nodes based on one or more
signals received from the transmitter and an error distribution of the time difference of arrival values is
specific to this group of claims.

• Claims 11-20 are directed to a method and a device for measuring time of arrival of a signal received by a
locator node from a transmitter. The feature of determining an initial time of arrival and a channel impulse
response, determining a time correction for the channel impulse response based on a first value associated
with a first peak and a second value associated with a leading edge of the first value, and determining an
improved time of arrival value based on the initial time of arrival and the time correction is specific to this
group of claims.

PCT Rule 13.2, first sentence, states that unity of invention is only fulfilled when there is a technical
relationship among the claimed inventions involving one or more of the same or corresponding special
technical features. PCT Rule 13.2, second sentence, defines a special technical feature as a feature which
makes a contribution over the prior art.

When there is no special technical feature common to all the claimed inventions there is no unity of invention.

In the above groups of claims, the identified features may have the potential to make a contribution over the
prior art but are not common to all the claimed inventions and therefore cannot provide the required technical
relationship. Therefore there is no special technical feature common to all the claimed inventions and the
requirements for unity of invention are consequently not satisfied a priori.

Form PCT/ISA/210 (Supplemental Box) (July 2009)



Information on patent family members PCT/AU2013/000468

This Annex lists known patent family members relating to the patent documents cited in the above-mentioned international search
report. The Australian Patent Office is in no way liable for these particulars which are merely given for the purpose of information.

Patent Document/s Cited in Search Report Patent Family Member/s

Publication Number Publication Date Publication Number Publication Date

US 2011/0205108 A l 25 Aug2011 AU 2009333351 B2 02 May 2013

CA 2746279 A l 08 Jul 2010

CN 102273081 A 07 Dec 2011

EP 2384549 A l 09 Nov 2011

JP 2012514210 A 2 1 Jun2012

KR 20110112829 A 13 Oct 2011

MX 2011006511 A 0 1 Sep 2011

US 2010164781 A l 0 1 Jul 2010

US 7956808 B2 07 Jun2011

US 2011205108 A l 25 Aug 20 11

US 8138976 B2 20 Mar 2012

WO 2010077819 A l 08 Jul 2010

US 6795019 B2 2 1 Sep 2004 CA 2603566 A l 03 Jan 2003

CN 1529821 A 15 Sep 2004

EP 1407288 A2 14 Apr 2004

EP 1407288 B l 06 Jun2012

JP 2004531737 A 14 Oct 2004

US 2002196186 A l 26 Dec 2002

US 6522296 B2 18 Feb 2003

US 2003052821 A l 20 Mar 2003

US 6795019 B2 2 1 Sep 2004

WO 03001686 A2 03 Jan 2003

US 6556943 B2 29 Apr 2003 None

WO 2011/002372 A l 06 Jan2011 US 2010331013 A l 30 Dec 2010

US 8463292 B2 11 Jun2013

US 2010331012 A l 30 Dec 2010

WO 2011002372 A l 06 Jan 20 11

WO 2009/143559 A l 03 Dec 2009 EP 2294439 A l 16 Mar 2011

US 2011286505 A l 24 Nov 20 11

WO 2009143559 A l 03 Dec 2009

End of Annex

Due to data integration issues this family listing may not include 10 digit Australian applications filed since May 2001.
Form PCT/ISA/210 (Famil Annex)(Jul 2009)


	abstract
	description
	claims
	drawings
	wo-search-report

