wo 2013/010204 A1 I} 0N OO A

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(43) International Publication Date

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

24 January 2013 (24.01.2013)

(10) International Publication Number

WO 2013/010204 A1

WIPOIPCT

(51

eay)

(22)

(25)
(26)
1

(72)
(73)

International Patent Classification:
GO01S 5/14 (2006.01)

International Application Number:
PCT/AU2011/000920

International Filing Date:

20 July 2011 (20.07.2011)
English
English

Applicant (for all designated States except US): COM-

MONWEALTH SCIENTIFIC AND INDUSTRIAL RE-

SEARCH ORGANISATION [AU/AU]; Limestone Aven-
ue, Campbell, ACT 2612 (AU).

Filing Language:

Publication Language:

Inventors; and

Inventors/Applicants (for US only): HEDLEY, Mark
[AU/AU]; 1 Holdsworth Avenue, St Leonards, NSW 2065
(AU). GUO, Yingjie Jay [GB/AU]; 2/16-22 Blackwood
Close, Beecroft, NSW 2119 (AU). HUANG, Xiaojing
[AU/AU]; 24 Cave Avenue, North Ryde, NSW 2113 (AU).

(8D

(84)

(74) Agent: SPRUSON & FERGUSON; GPO Box 3898,

Sydney, NSW 2001 (AU).

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD, SE, SG,
SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR, TT, TZ,
UA, UG, US,UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,

[Continued on next page]

(54) Title: WIRELESS LOCALISATION SYSTEM

100

145

Tx / Rx|
175

170

185 120-N

120-2

120-1

190

/ 110

Tx /R 19 —

165

130
Processor| SPU Is'::)?:;:' | /-/
\J
11O Interface 135
A 140
Control and
160 display panel
Fig. 1 150

(57) Abstract: Disclosed is an apparatus for estimating the loc-
ation of a remote node. The apparatus comprises an antenna ar-
ray comprising a plurality of elements in a fixed spatial ar-
rangement, at least one element being a transmitting element
configured to transmit a first wireless signal to the remote
node, and at least two elements being receiving elements con-
figured to receive a second wireless signal transmitted by the
remote node in response to the first wireless signal. The appar-
atus further comprises a signal processing unit connected to the
antenna array, the signal processing unit being configured to:
estimate a plurality of round trip distances using the wireless
signals, each round trip distance being from a transmitting ele-
ment to the remote node and back to a receiving element; and
estimate the location of the remote node using the round trip
distance estimates.
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WIRELESS LOCALISATION SYSTEM
Technical Field
The present invention relates generally to localisation systems and, in particular,

to methods and systems for localisation of mobile nodes using wireless communication.

Background

Localisation, or positioning, is the estimation of the location of one or more
mobile targets, either in absolute terms or relative to a fixed position. Wireless positioning
systems in which the target is equipped with a wireless transmitter and / or receiver are
widely used in location based services such as surveillance and monitoring, person and
asset tracking, public safety, and emergency rescue. Known techniques for wireless
positioning include those based on time-of-arrival (ToA) measurements and/or direction-
of-arrival (DoA) measurements. ToA-based wireless positioning systems normally require
the setting up of multiple fixed anchor or referencing nodes. The range from a target to
each anchor/referencing node can be estimated from the ToA measurement. With the
knowledge of the spatial location of the fixed anchor/referenéing nodes, multilateration
may be performed to estimate the location of the target. DoA-based systems also require
multiple fixed anchor/referencing nodes. However, instead of measuring the range from
the target, each anchor/referencing node estimates the incident angle of a sigﬁal transmitted
from the target, for example using an antenna array. The location of the target can be
estimated using the measured DoAs, using triangulation from the known locations of the
anchor/referencing nodes. The DoA is usually determined using the phase of the signal
from a plurality of elements in an antenna array. However, the spacing between the array

elements is limited by the need to avoid phase ambiguity, which results in multiple
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solutions for the DoA of the received signal. This puts either an upper limit on the aperture
width of the array, and hence the resolution of the DoA estimate, or a lower limit on the
number of elements, which increases the computational complexity.

For many applications, it is desirable to have a positioning system in which a
single nomadic “master node” can communicate with all the targets so the locations of the
latter can be estimated by the former. In one example scenario, a large number of workers,
each equipped with a radio frequency “tag”, are scattered around a worksite. For safety
reasons, a manager at the master node, which is also mobile, needs to know the location of
each worker at all times. Conventional triangulation-based positioning systems using ToA
or DoA alone cannot be used because there is only a single anchor node, namely the master
node. Joint ToA/DoA-based positioning, involving both ToA and DoA measurements,
may be used to estimate the tag locations. However, joint ToA/DoA location estimation is
typically a computationally intensive problem. The optimal maximum-likelihood (ML)
estimation involves a two-dimensional (2D) search over the range and bearing to maximize
the probability density function of the received signals at all antenna elements at the master
node, conditioned on the signal ToAs and DoAs.

To reduce the complexity, several efficient algorithms based on the ML principle
have been developed, such as the expectation maximization (EM) and the space-alternating
generalized gxpectaﬁon maximization (SAGE). Another category of joint ToA/DoA
estimation algorithms is based on the subspace principle. These algorithms include the
joint angle and delay estimation (JADE), and the multi-dimensional estimation of signal
parameters via rotational invariance technique (MD-ESPRIT). However, such techniques
are still too computationally intensive to be implemented in a practical wireless positioning

system for the above-mentioned scenario.
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Summary

It is an object of the present invention to substantially overcome, or at least
ameliorate, one or more disadvantages of existing arrangements.

Disclosed herein are wireless positioning systems and methods employing a single
master node that provide greater accuracy at less computational cost than conventional
wireless positioning systems. The disclosed systems comprise one nomadic master node
equipped with an array of antenna elements, and one or more mobile nodes whose
locations relative to the master node are to be estimated. Each mobile node comprises a
transceiver configured to receive and transmit wireless signals from and to the master
node. In one implementation, the antenna array in the master node has multiple receive-
only elements and one transmit-only element, and round trip distances are measured from
the transmit-only element to the mobile node and back to each receive-only antenna
clement either in a synchronised or an un-synchronised manner. The master node is
configured to estimate the location of the mobile node with respect to the master node
using the round trip distances and optionally measurements of phase of the received signal.
In another implementation, each antenna element at the master node is configured to both
transmit to and receive from the mobile node. Round trip distances are measured between
each element and the mobile node. The master node is configured to use the round trip
distances, and also optionally measurements of phase of the received signal, to estimate the
location of the mobile node. In both implementations, the location estimate is the solution
of a set of linear equations using a least squares method, which reduces the computational

burden compared to conventional localisation systems. Methods are also disclosed to
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resolve the ambiguity of phase measurements resulting when the antenna element spacing

- within the array is greater than half a wavelength of the wireless signals.

According to a first aspect of the present disclosure, there is provided an apparatus
for estimating the location of a remote node, the apparatus comprising: an antenna array
comprising a plurality of elements in a fixed spatial arrangement, at least one element
being a transmitting element configured to transmit a first wireless signal to the remote
node, and at least two elements being receiving elements configured to receive a second
wireless signal transmitted by the remote node in response to the first wireless signal; and a
signal processing unit connected to the antenna array, the signal processing unit being
configured to: estimate a plurality of round trip distances using the wireless signals, each
round trip distance being from a transmitting element to the remote node and back to a
receiving element; and estimate the location of the remote node using the round trip
distance estimates.

According to a second aspect of the present disclosure, there is provided a method
of estimating a location of a remote node, the method comprising: estimating a plurality of
round trip distances, each round trip distance being from a transmitting element to. the
remote node and back to one of a plurality of receiving elements based on a first wireless
signal transmitted by the transmitting element to the mobile node and a second wireless
signal transmitted by the mobile node to the receiving element; and estimating thg location

of the remote node using the round trip distance estimates.

Description of the Drawings
At least one embodiment of the pfesent invention will now be described with

reference to the drawings, in which:
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Fig. 1 is a block diagram of* a wireless positioning system within which the
embodiments of the invention may be implemented;

Fig. 2 illustrates an array of antenna elements that may be used as the antenna
array at the master node in the system of Fig. 1 according to first and third embodiments;

5 Fig. 3 illustrates an array of antenna elements that may be used as the antenna
array at the master node in the system of Fig. 1 according to second and fourth
embodiments; |

Fig. 4 is a flow chart illustrating a method of estimating the range and location of
ﬂ\e mobile node using only round trip distance measurements acquired using the array

10  according to the first or second embodiment illustrated in Fig. 2 or Fig. 3;

Fig. 5 is a flow chart illustrating a method of estimating the range and location of
the mobile node using round trip distance and phase measurements acquired using the
array according to the third or fourth embodiment illustrated in Fig. 2 or Fig. 3; and

Fig. 6 is a flow chart illustrating an alternative method of estimating the range and

15 location of the mobile node using round trip distance and phase measurements acquired
using the array according to the third or fourth embodiment illustrated in Fig. 2 or Fig. 3;
and |

Fig. 7 is a schematic block diagram representation of a device that may be used to
implement the signal processing unit in the system of Fig. 1.

20
Detailed Description
Where reference is made in any one or more of the accompanying drawings to

steps and/or features, which have the same reference numerals, those steps and/or features
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have for the purposes of this d&scﬁption the same function(s) or operation(s), unless the
contrary intention appears.

Fig. 1 is a block diagram of a wireless positioning system 100 within which the
embodiments of the invention may be implemented. The system 100 comprises an
apparatus 110 referred to herein as the “master node”, and at least one remote or mobile
node 170. In principle there is no limit to the number of mobile nodes that may be
localised, as the mobile node 170 is localised independently of any others in the system
100. When multiple mobile nodes 170 are to be localised, the following techniéues are
sﬁitable to avoid interference between the independent location estimates:

o Assign different timeslots for different mobile nodes 170;

e Assign different spreading sequences (codes) for different mobile nodes 170;

- o Assign different frequencies for different mobile nodes 170;

e Any carﬂq sense multiple access strategies.

The master node 110 can be situated at a fixed location or carried by a vehicle.
The master node 110 has an antenna array 180 comprising N elements 120-1, 120-2, ...,
120-N in a fixed spatial arrangement. In different implementations, the elements 120-n (n
=1, ..., N) of the antenna array 180 are arranged in a plane (i.e., a 2D or planaf array) or
several planes (i.e., a 3D aray). A 2D array implementation is sufficient for 2D

positioning of the mobile node 170, while a 3D array implementation is particularly suited

for 3D positioning of the mobile node 170. In the present disclosure the term “positioning”

and “localisation” are intended to cover two dimensional location estimation; however the
disclosed system can be readily extended to three dimensional positioning, for example

measuring azimuth and elevation to the mobile node.
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Each element 120-n comprises a module, labelled as Tx/Rx in Fig. 1, that is
configured to transmit (transmitting elements), receive (receiving eleménts), or both
transmit and receive (transceiver elements) wireless signals via an antenna. In the present
disclosure the term “wireless” is intended to cover radio frequency electromagnetic
signals; however the dis-closed system can be readily modified to use any propagating
wave, such as acoustic signals.

The mobile node 170 comprises a single transceiver connected to an antenna. In
one implementation, the mobile node 170 is a radio frequency tag that is carried by a
person or any other moving object that is to be localised by the system 100.

The antenna array 180 is connected to a signal proceésing unit (SPU) 130 which
has an input / output (/O) interface 140. The SPU 130 is conﬁgured to control the
transmit and / or receive operation of each element 120-n and to estimate the location of
the mobile node 170 relative to a reference point, e.g. the point 165, in the antenna array
180. In the 2D implementation, location of the mobile node 170 (or any other point) is
defined in two-dimensional polar coordinates, as a range 175 and a bearing 185. For the
mobile node 170, bearing is defined as the angle 185 between the line connecting the
reference point 165 and the mobile node 170 and a reference line 195 through the reference
point 165.

_ The I/O interface 140 connects the SPU 130 to a control and display panel 150.
The control and display panel 150 is configured to input commands from a user of the
positioning system 100 for operational control of the system 100, and to display the
estimated location information about the mobile node 170. The I/O interface 140 may also

be connected to an external device or network (not shown) via a connection 160, which
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may be for example a USB port or an Ethernet port, for exchange of information with that
device or network.

In one implementation, the master node 110 is configured to relate its local
coordinates to global coordinates so that the system 100 can relate the estimated location of
the mobile node 170 to maps and information in geospatial databases defined in the global
coordinates. This requires knowledge of the location and orientation of the master node
110 in the global coordinates. Location can be determined using the global positioning
system (GPS) in the conventional manner. Orientation can be measured using GPS if the
master node 110 is moving; this measurement may augmented using a gyroscope or a
magnetometer.

The SPU 130 can be implemented as a field programmable gate array (FPGA)
and/or a digital signal processor (DSP). In one implementation, the SPU 130 comprises
both an FPGA for low-level processing and a DSP for high-level processing, to which the
control and display panel 150 and the external connection 160 are connected. The use of a
common FPGA for all low-level processing ensures time-synchronisation between all the
elements 120-7 in the array 180. Low-level processing includes such tasks as automatic
gain control of the Tx / Rx modules, detection of packets, symbol timing recovery, and
symbol decoding.

According to a first embodiment, the mobile node 170 is configured to measure
the ToA of a signal received from a single transmitting element 120-i in the antenna array
180. Each of multiple receiving elements 120 in the antenna array 180 is configured to
measure the ToA of a signal transmitted by the mobile nbde 170 in response to the signal
received from the single transmitting element 120-i. (In general, the transmitting element

120-i is not the same as any receiving element 120-/). The ToA is measured at each
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receiving element 120-j relative to a common master clock at the master node 110, which
requires all the receiving elements 120-j to be time-synchronised. The ToA measurements
from a receiving element 120-j and the mobile node 170 are used by the SPU 130 to
estimate the “round trip distance” of a signal from the transmitting element 120-i to the
mobile node 170 and back to that receiving element 120-j. The round trip distance is
estimated by multiplying the round trip time of flight by the speed of signal propagation
(the speed of light for radio frequency systems or the speed of sound for acoustic systems).
The round trip time of flight is defined as the propagation time of the signal from the
transmitting element 120-i to the mobile node 170 and back to the receiving element 120-j
via the respective line-of-sight (LOS) paths, e.g. 190.

For a time-synchronised positioning system 100 in which the mobile node 170 ha$
a clock that is synchronised with the clock at the master node 110, the round trip time of
flight is the difference between the ToA of a signal at the receiving element 120/ and the
transmit time of that signal at the transmitting element. 120-i, less the receive and transmit
propagation delays within the transceiver of the mobile node 170, the receiving element
120-j, and the transmitting element 120-i. The propagation delays are predetermined by
prior calibration. In the more typical case where the master node 110 and mobile node 170
are not time-synchronised, the round trip time of flight may still be estimated using a more
elaborate scheme of signal transmission and reception, as described below.

The SPU 130 of the master node 110 is further configured to process the
estimated round trip distances to estimate the location of the mobile node 170 in the
manner to be described below with reference to Fig. 4.

According to a second embodiment, each element 120-n in the antenna array 180

is a transceiver element. The mobile node 170 is configured to measure the ToA of a
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signal received from each transceiver element 120-n in the antenna array 180. Each
transceiver element 120-n is configured to measure the ToA of a signal transmitted by the
mobile node 170 in response to the signal received from that transceiver element 120-n.
The ToA is measured at each transceiver element 120-n relative to a common master clock
at the master node 110, which requires all the transceiver elements 120-n to be time-
synchroniséd. The ToA measurements from a transceiver element 120-n and the mobile
node 170 are used by the SPU 130 to estimate the round trip distance of a signal from the
transceiver element 120-n to the mobile node 170 and back to that transceiver element 120-
n. As in the first embodiment, the round trip distances may be estimated even if the
transceiver elements 120-n are not time-synchronised with the mobile node 170 in the
manner described below. The SPU 130 is further configured to process the estimated
round trip distances to estimate the location of the mobile node 170 in the manner to be
described below with reference to Fig. 4.

A third embodiment is similar to the first embodiment, except that each receiving
element 120-j in the antenna array 180 is also configured to measure the phase of the signal
transmitted by the mobile node 170 in response to the signal received from the single
transmitting element 120-i. The phase is measured relative to a common reference signal
phase across all receiving elements 120+, which requires all the receiving elements 120~
to be time-synchronised. The SPU 130 is configured to process the measured phases in
addition to the estimated round trip distances to estimate the location of the mobile node
170 in the manner to be described below with reference to Fig. 5.

A fourth embodiment is similar to the second embodiment, except that each
transceiver element 120-n in the antenna array 180 is also configured to measure the phase

of signals transmitted by the mobile node 170 in response to the signals received from the
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transceiver elements 120-n. The phase is measured relative to a common reference signal
phase across all transceiver elements 120-n, which requires all the transceiver elements
120-n to be time-synchronised. The SPU 130 is configured to process the phase
measurements in addition to the estimated round trip distances to estimate the location of
the mobile node 170 in the manner to be described below with reference to Fig. 5. The
phase measurement from each transceiver element 120-n used to estimate the location of
the mobile node 170 could be a single measurement from a signal transmitted by the
mobile node 170, or the average of the phase measurements over all signals transmitted by
the mobile node 170.

Fig. 2 illustrates an array 200 of antenna elements that may be used as the array
180 at the master node 110 in the system 100 of Fig. 1 according to the first and third
embodiments. The “receive-only” array 200 comprises single transmitting element 230 at
the centre of a 2D array of N receiving elements 210-j. The transmitting element 230 may
be identified with the transmitting element 120-i in the array 180, while the receiving
elements 210-j may be identified with the receiving elements 120-;.

The array 200 is illustrated as a uniform circular array with the transmitting
element 230 at the centre of the circle, but other array configurations may be used, e.g.: a
uniform linear array with the transmitting element 230 at the centre; a non-uniform linear
array; a dual concentric uniform circular array with the transmitting element 230 at the
centre; and a non-uniform circular or dual concentric circular array with the transmitting
element 230 at the centre.

The reference point 165 for localisation is the location of the transmitting element

230. Each receiving element 210-j is located in polar coordinates at (R, @) in relation to

the reference point 165. The mobile node 170 is likewise located at (/,,¢). The
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transmitting element 230 transmits a signal represented by the arrow 220 to the mobile

node 170, which responds _with a signal that is represented on arrival at the receiving

element 210-j by the arrow 240-j. The round trip distance r; for the j-th receiving element
210-j is the sum of the distance /p from the transmitting element 230 to the mobile node
170 and the distance /; from the mobile node 170 to the j-th receiving element 210-/. The
phase of the received signal as measured at the j-th receiving element 210~/ according to

the third embodiment is denoted as 8,  [- 7, 7).

Fig. 3 illustrates an array 300 of antenna elements that may be used as the array
180 at the master node 110 in the system 100 of Fig. 1 according to the second and fourth
embodiments. The “transceiver” ar;ay 300 comprises a 2D array of N transceiver elements
310-n. The transceiver elements 310-n may be identified with the transceiver elements '
120-n in the array 180. The reference point 165 for localisation is the centre of the 2D
array. Each transceiver element 310-n is located in polar coordinates at (R, 0n) in relation
to the reference point 165. Each transceiver element 310-n transmits a signal represented
by the bidirectional arrow 320-n to the mobile node 170, which responds with a signal also
represented by the arrow 320-n. The round trip distance 7, for the n-th transceiver element
310-n is twice the distance /, from the mobile node 170 to the n-th transceiver element
310-n. The phase of the receive& signal as measured at the n-th transceiver element 310-n

according to the fourth embodiment is denoted as 3, € [-7,x).

The array 300 is illustrated as a uniform circular array, but as for the array 200,
other array configurations may be used.

A scheme for measuring the round trip distance /, + Ic between a transmitting
element, labelled as A, and a receiving element, labelled as C, both located at the master

node, via a mobile node, labelled as B, is now described. The time at which the signal is
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transmitted by the transmitting element A is denoted as 7,. The transmitted signal arrives
in the receiving electronics of the mobile node B at a ToA denoted as 2, where £, is given

by
© IA x
t, =t +A% +=+ A}
c

for propagation delays A% and A’ in the transmitting element and mobile node

respectively, where c is the wireless signal propagation speed. The mobile node B then
transmits a signal at a later time denoted as f3. The signal arrives at the receiving

electronics of the receiving element C at a ToA denoted as #s, where # is given by
4 lC x
t, =t + A +—+A¢
c

for propagation delays A and A7 in the mobile node and receiving element
respectively.
The relationship between the (unknown) true time of an event x and the time of

that event measured at the local clock of a node j is ¢} = a’ (tx —t] ), where o is the

relative frequency (typically within 1 ppm of unity for temperature compensated crystal
oscillators) and ¢/ is the time offset of the local clock. The elements A and C are time-
synchronised, so events associated with elements A and C will be denoted by a common

superscript M'(for master node), and events associated with the mobile node B will be

denoted by a superscript T (for tag). The measured round trip time Tysc is
Tipc = (t:l —t:)'*' (t; —th)

which may be satisfactorily approximated as

1+l

Tpc =y —ar t; —8,)+ + A%+ AT+ A%+ AG
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The relative frequency difference a, —a, can be determined using multiple
transmissions between the master node and the mol;ile node, the propagation delays are
predetermined by prior calibration, and the transmission time difference £ ~ £ can be
readily estimated to sufficient accuracy as ¢}/ —1," , i.e. ignoring the propagation time and
propagation delays. Hence the round trip time of flight is readily estimated as

1+l

= ABC—(aM _arxt:{ —tf')—A‘B—A'E—A"Z—A'Z

As mentioned above, the round trip distance /4 + Ic can then be estimated by
multiplying the round trip time of flight estimate by the propagation speed c.

For all embodiments, the mobile node B is the mobile node 170. For the first and
third embodiments, the transmitting ¢lement A is the transmitting element 230 and the
receiving element C is each receiving element 210, and the round trip distance I, + Ic is
lp + I For the second and fourth embodiments, the transmitting element A and the
receiving element C are the same transceiver elemént 310-n, and the round trip distance /4
+lc is 2l,.

A general “brute force” method for estimating the location of the mobile node 170
according to the four embodiments is now described. Assuming that the measurement
errors are independent and Gaussian distributed, which is a reasonable assumption for line-
of-sight signal transmission, the location of the mobile node 170 can be estimated by
minimising a two-parameter cost function.

According to the third embodiment, given the round trip distance and phase
measurements 7; and £ obtained by the N receiving elements 210, the cost function C3

embodiment can be constructed as
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C;(lo,¢)=—o_—2 (Io+\/(I(,cos¢—chosa,.)z+(losin¢—stinozj)z —rj)
R j=1
M
1 &[2 _ . 2
+;2-. [7”(10—\/(Iocos¢—chosaj)z+(Iosm¢-Rl.smaj)z)—ﬂj]
P j=1 [_x,x)

where o} is the variance of the errors in the round trip distance measurements 7y,

o, is the variance of the errors in the phase measurements £, and the notation [}, ,)

means that the subtraction must be restrained to the interval [— z, rr) by a modulo-27
S operation.

The cost function C; according to the first embodiment is the same as the cost
function C; of equation (1) according to the third embodiment, without the second, phase-
related term.

According to the fourth embodiment, given the round trip distance and phase

10 measurements r, and f, obtained by the ¥ transceive_r elements 310-n, the cost function Cy

can be constructed as

C4(10,¢)= g;i(?.\/(lo cos¢g — R, cosa, )2 +(Io sing— R, sina, )2 -, )2
o , @

+_12‘ > [z;—z(lo —\Klo cosg—R, cosa, ) +(l,sing - R, sina, )’ )—ﬂ"]

Op i [-x.x)
The cost function C; according to the second embodiment is the same as the cost
function C, of equation (2) according to the fourth embodiment, without the second, phase-
15  related term.

The location of the mobile node 170 according to each embodiment may then be

estimated as the minimising argument of the corresponding cost function:

(l"o,&)fif’;"q () ®
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where k=1, 2, 3, or 4. The 2D minimization in equation (3) can be performed
using conventional optimisation techniques such as the simplex search method.

More efficient methods of estimating the location of the mobile node 170 are now
described. For the “receive-only” array 200 according to the first embodiment illustrated

5 in Fig. 2, and assuming “far-field” conditions, i.e. [y >> R;, the relationship between the .
location (/,,4) of the mobile node 170 and the round trip distance /o + /; from the
transmitting element 230 to the j-th receiving element 210~/ may be written as
20, - R, coslp-a,)=1, +1, (4)
Over all N receiving elements 210-j, a linear equation may thus be written:

IO
10 A | cosg [—r =Ar &)
sing

where r is an N-vector of round trip distance measurements r;, Ar is a vector of
distance measurement errors Ar;, and A, is an N-by-3 “array matrix” given by

2 -—Rcosa, —R;sing
A = : : ©6)

.

2 -R,cosay, —Rysina,

The least-squares solution of the linear equation (5) is given by

>

—
W
N o

=(ATA,)'ATr @)

3

where le is the estimated range, and the estimated bearing ¢ is given by

¢ = argfe + js) ®)
For the “transceiver” array 300 according to the second embodiment illustrated in

Fig. 3, the same approach may be used, except that the relationship (4) between the
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location (/,,#) of the mobile node 170 and the round trip distance 2/, to the n-th
transceiver element 310-n is written as
2l, ~2R, cos(p-a,)=2I, ©)

Over all N receiving elements 310-n, a linear equation may thus be written:

10
5 A,[cosg |[-r=Ar (10)
sin ¢
where the array matrix A; is defined as
1 —-Rcosa, -—R;sina,
A, =2 : : (11)

1 —-R,cosa, -R,sina,
The least squares solution of the linear equation (10) is therefore given by
equation (7), with A, replaced by A,. |
10 Fig. 4 is a flow chart illustrating a method 400 of estimating the range and
location of the mobile node using only round trip distance measurements acquired using
the array 200 or 300 according to the first or second embodiment. The method 400 is
carried out by the SPU 130 of the master node 110.
The method 400 starts at step 410, at which the array matrix A, or A; is formed
15 using equation (6) or (11). At the next step 420, the method 400 computes the least-
squares solution to the linear equation (5) or (10) using the array matrix A; or Az and the
round trip distance measurements r; or r, according to equation (7). Finally, at step 430,
the method 400 forms an estimate ¢ of the bearing of the mobile node 170 from the least-

squares solution ﬁsing equation (8). The method 400 then concludes.
20 For the “receive-only” array 200 according to the third embodiment illustrated in

Fig. 2, and assuming “far-field” conditions, i.e. lp >> R;, the relationship between the
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bearing ¢ of the mobile node 170 and the phase measurements £ and f; at the (j-1)-th and

J-th receiving elements 210-(j-1) and 210-/ respectively may be written as
2z
(R, cosla, - 4)- R, ,cosla, , ~¢))-27k, = B, -, (12)

where A is the wavelength of the received signal and £; is an integer that embodies
5  the ambiguity of the measured phase f;, which is restricted to the interval [-7, 7).

Over all N receiving elements 210-/, a linear equation may thus be written:

B(°f’s¢).— 27k — 6 = AB (13)
sing

where § is an N-vector with each entry being the phase difference f;.1-5; between

two adjacent transceiver elements 210-(j-1) and 210+ in the array 200, k is an N-vector of

10  integers k;, AB is an N-vector of phase difference errors, and B is an N-by-2 “phase array
matrix” given by

R,cosa, — R, cosa, R,sina, — Ry sina,
27| R,cosa,—R, cosa, R,sina, — R;sin¢,

B-2Z : : (14)
Rycosay —R,_cosay, R,sinay-R,  sina,

Assuming that each component in the distance error vector Ar is independent

with variance o} and each component in the phase difference error vector A$ is also

15  independent with variance o, the joint distance / phase weighted least squares solution to

equations (10) and (13) is given by

|

1 1(0 0 1 1 0
=| —ATA, +— —Alr+— 15
[0',2, 154 aj[o B'BD (af, o aj(B’(zmHs))] (13

>

Lty O o
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where the integer vector k is first obtained by resolving the phase ambiguity as
- described below. Equation (8) may then be used to estimate the bearing ¢ of the mobile
node 170.

For the “transceiver” array 300 according to the fourth embodiment illustrated in
Fig. 3, the same approach as for the third embodiment may be used, except that the matrix
A; of equation (11) is used in place of the matrix A, in equation (15).

The incorporation of phase measurements, as in the third and fourth embodiments,
allows the bearing ¢ to be estimated with much greater accuracy compared to only using
round trip distances, as in the first and second embodiments. However, the use of phase is
potentially subject to ambiguity. If any two adjacent elements 120-(»-1) and 120-n in the
array 180 are spaced closely enough, for example, approximately half a wavelength A,
there is no phase ambiguity, i.e. k = 0 in equations (13) and (15). However, as mentioned
above, the wider the aperture, the better is the resolution of the bearing estimate. For a
given array aperture width (e.g. diameter of the circular arrays 200 and 300), element
spacing this close will require a large number of elements 120-n in the array 180 and hence
increase the complexity of the positioning system according to the third and fourth
embodiments.

To accommodate transceiver élement spacing greater than half a wavelength 4,

the ambiguity in the phase measurements /5, needs to be resolved. In one implementation,
the phase ambiguity is resolved using as an initial bearing estimate ¢30 the bearing estimate

¢ obtained using only the round trip distance measurements r,, as in the method 400

according to the first and second embodiments. The integer vector k can then be

determined using equation (13) as
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- _l_ cos (30 _ cos ¢30
2z [B( sing, ] [B( sin g, }:l [_,_,J (1)

where the notation []_, ,) has the same meaning as previously. The determined

value of k can then be used in equation (15) to estimate the range and bearing of the
mobile node 170.

Note that, since the round trip distance measurements r, have limited precision,
the initial bearing estimate &o» itself may not be accurate and unresolved ambiguity may
still be present. However, if the number N of elements 120-n in the array 180 satisfies a
minimum condition, the ambiguity in the initial bearing estimate 430 can be removed. To
obtain the minimum condition, the width of the aperture of the antenna array 180 is
denoted as D, and the angle at which the plane wave signal received from the mobile node
170 is incident on the aperture as 6. The ends of the aperture'are therefore separated by a

distance Dsin@in the direction normal to the planar wavefront. This results in a time delay

of Dsin@ /c, or equivalently a phase offset of %Dsinf), between the planar wavefront

reaching an element at one end of the aperture and its reaching an element at the other end..

For a linear array 180 with element spacing d, the width D of the aperture is
(N-1)d. For a plane wave parallel to the aperture (6= 0) and for a distance error of o at
one end of the aperture compared to the other end, the angular error Gk, which is the

resolution of the bearing estimate using distance alone, is given by

6, = arcsin e | %2
D D

If the element spacing d is selected such that the phase difference between two

adjacent transceiver elements due to a signal bearing of 6 is less than zradians, i.e.
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27 sin 0,
—_—t<r
A

then the phase ambiguity can be resolved using the round trip distance

measurements, and hence bearing can be unambiguously estimated using phase

measurements over the array 180. This condition requires that the element spacing d must

satisfy
d A __AD
2sinf, 20,
or equivalently
D_y_15%%
d A

Consequently, the number of elements N in a linear array must satisfy

20,

N> +1

regardless of the length of the array. For example, for a 5.8 GHz carrier
frequency and og = 0.1 m, the minimum number of elements N in a linear array is S.

For a uniform circular array 180, the circumference is approximately Nd, and
hence the width D of the aperture is approximately Nd / z. The number of elements N must
therefore satisfy

N, 20
d A

For the above example of a 5.8 GHz carrier frequency and or = 0.1 m, the
minimum number of elements N in a circular array is 13.
In short, for the phase ambiguity to be resolvable using the round trip distance

measurements, the angular uncertainly resulting from the round trip distance measurement
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uncertainty across the array must result in a phase change between adjacent elements of
less than wradians.

Fig. 5 is a flow chart illustrating a method 500 of estimating the range and
location of the mobile node 170 using round trip distance and phase measurements
acquired using the array 200 or 300 according to the third or fourth embodiment illustrated
in Fig. 2 or Fig. 3. The method 500 is carried out by the SPU 130 of the master node 110.

The method 500 starts at step 510, which computes an initial estimate &0 of the
bearing of the mobile node 170 using only the round trip distance measurements 7; or 7,
from the receiving elements 210-j or transceiver elements 310-n using the method 400
according to the first or second embodiment as described above with reference to Fig. 4.
At the next step 520, the method 500 forms the phase array matrix B according to equation
(14). Step 530 follows, at which the method 500 computes an integer vector k using the
initial bearing estimate (30 and the phase array matrix B in equation (16). The method 500
then proceeds to step 540, which computes a weighted least-squares solution using round
trip distance measurements 7; Or r,, the phase measurements j; or f3,, the array matrix A, or
A,, the phase array matrix B and the intéger vector k in equation (15). Finally, the method
500 forms an estimate ¢ of the bearing of the mobile node 170 from the weighted least-
squares solution using equation (8). The method 500 then concludes.

An alternative method for resolving the phase ambiguity in the phase

measurements £, in the third and fourth embodiments is to search for multiple peaks

located around q30 in the pattern P(¢) of the array 300, defined as

Zexp{ [ﬂ —T(R cosa, cosg+ R, sina, sxn¢)}}| 17
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The multiple peaks result from phase ambiguity. The number K of peaks is
proportional to the spacing of the elements 120-n in the array 180, in that for each half
wavelength of spacing, another peak appears. For example, for an element spaéing of five

wavelengths, the value of X is ten.

The K bearing estimates corresponding to the K peaks around ;130 in P(¢) are

denoted as (50") (i = 1, ..., K) each producing an integer vector k calculable by equation

i
(16). For each integer vector k'), a weighted least squares solution | é? |is calculated
HY -
using equation (15), and an estimation error vector ¢ is obtained as
o
. A r
(O 1 A0
e’ = c |- 18
((0 B) [2711("’ +6) (1%)

§0

for the third embodiment. For the fourth embodiment, the array matrix A; is used in (18)
in place of A,.
i
The chosen solution is thus the vector | &® yielding the smallest weighted

3(!‘)

square error E;, where

-1—2 0

E, =e"0| O& | ) (19
0 —
L

Fig. 6 is a flow chart illustrating an alternative method 600 of estimating the range

and location of the mobile node 170 using round trip distance and phase measurements
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acquired using the array 200 or 300 according to the third or fourth embodiment illustrated
in Fig. 2 or Fig. 3. The method 600 is carried out by the SPU 130 of the master node 110.
The methosi 600 starts at step 610, which computes an initial estimate 450 of the

bearing of the mobile node 170 using only the round trip distance measurements 7; or 7,

from the receiving elements 210~ or transceiver elements 310-n using the method 400

according to the first or second embodiment as described above with reference to Fig. 4.
At the next step 620, the method 600 finds the K largest peaks located around c}o in the
pattern P(¢) of the array 300, as defined in equation (17). The lopation of each peak is a
bearing estimate &éi), i=1, ..., K. Step 630 follows, at which the method 600 forms the
phase array matrix B according to equation (14).

Steps 640 initiates a loop over the K bearing estimates &éi), so that steps 650 to

670 are carried out for each bearing estimate ﬁoi). At step 650, the method 600 computes

an integer vector k') using the bearing estimate 4 and the phase array matrix B in

o
equation (16). At the next step 660, a weighted least squares solution | &9 |is computed
()
§

using the round trip distance measurements r; or r4 the phase measurements f; or P, the

array matrix A; or Aﬁ, the phase array matrix B, and the integer vector k“in equation (15).

Step 670 follows, at which the method 600 computes an error E; of the weighted least
o |

squares solution &%) | using equations (18) and (19). After all K weighted least squares
a()
S
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i
solutions | ¢ | and errors E; have been computed, the method 600 at step 680 chooses the
50
i
weighted least squares solution &t yielding the smallest error E;. Finally, at step 690
a(f)
s

the method 600 forms an estimate ¢ of the bearing of the mobile node 170 from the
chosen weighted least-squares solution using equation (8). The method 600 then
concludes.

Fig. 7 is a schematic block diagram representation of a device that may be used to
implement the signal processing unit 130 in the system of Fig. 1. The device 702
incorporates a processor 705 bidirectionally coupled to an internal storage ﬁxodule 709.
The storage module 709 may be formed from non-volatile semiconductor read only
memory (ROM) 760 and semiconductor random access memory (RAM) 770. The RAM
770 may be volatile, non-volatile or a combination of volatile and non-volatile memory.

The methods described above may be implemented as one or more software
programs 733 executable within the device 702. AIn particular, with reference to Fig. 7, the
steps of the described methods are effected by instructions in the software 733 that are
carried out within the device 702. The software instructions may be formed as one or more
code modules, each for performing one or more particular tasks. The. software may also be
divided into two separate parts, in which a first part and the corresponding code modules
performs the described methods and a second part and the corresponding code modules
manage a user interface between the first part and the user.

The software 733 of the device 702 is typically stored in the non-volatile ROM

760 of the internal storage module 709. The software 733 can be loaded into and executed
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by the processor 705. In some instances, the processor 705 may execute software
instructions that are located in RAM 770. Software instructions may be loaded into the
RAM 770 by the processor 705 initiating a copy of one or more code modules from ROM
760 into RAM 770. Altematively, the software instructions of one or more code modules
may be pre-installed in a non-volatile region of RAM 770 by a manufacturer. After one or
more code modules have been located in RAM 770, the processor 705 may execute
software instructions of the one or more code moduies. The software 733 is typically pre-
installed and stored in the ROM 760 by a manufacturer, prior to distribution of the device
702.

The processor 705 is able to execute the software 733 stored in one or both of the
connected memories 760 and 770. When the device 702 is initially powered up, a system
program resident in the ROM 760 is executed. The software 7 33 permanently stored in the
ROM 760 is sometimes referred to as “firmware”. Execution of the firmware by the
processor 705 may fulfil various functions, including processor management, memory
management, device management, storage management and user interface.

The processor 705 typically includes a number of functional mbdules including a
control unit (CU) 751, an arithmetic logic unit (ALU) 752 and a local or internal memory
comprising a set of registers 754 which typically contain atomic data elements 756, 757,
along with internal buffer ‘or cache memory 755. One or more internal buses 759
interconnect these functional modules. The processor 705 typically also has one or more
interfaces 758 for communicating with external devices via system bus 781, using a
connection 761.

The software 733 includes a sequence of instructions 762 though 763 that may

include conditional branch and loop instructions. The program 733 may also include data,
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which is used in execution of the program 733. This data may be stored as part of the
instruction or in a separate location 764 within the ROM 760 or RAM 770.

In general, the processor 705 is given a set of instructions, which are executed
therein. This set of instructions may be organised into blocks; which perform specific
tasks or handle specific events that occur in the device 702. Typically, the software 733
waits for events and subsequently executes the block of code associated with that event.
Events may be triggered in response to input from a user, as detected by the processor 705.

The execution of a set of the instructions may require numeric variables to be read
and modified. Such numeric variables are stored in the RAM 770. The disclosed method
uses input variables 771 that are stored in known locations 772, 773 in the memory 770.
The input variables 771 are processed to prodﬁce output variables 777 that are stored in
known locations 778, 779 in the memory 770. Intermediate variables 774 may be stored in
additional memory locations in locations 775, 776 of the memory 770. Alternatively, some
intermediate variables may only exist in the registers 754 of the processor 705.

The execution of a sequence of instructions is achie:ved in the processor 705 by
repeated application of a fetch-execute cycle. The control unit 751 of the processor 705
maintains a register called the program counter, which contains the address in ROM 760 or
RAM 770 of the next instruction to be executed. At the start of the fetch execute cycle, the
contents of the memory address indexed by the program counter is loaded into the control
unit 751. The instruction thus loaded controls the subsequent operation of the processor
705, causing for example, data to be loaded from ROM memory 760 into processor
registers 754, the contents of a register to be arithmetically combined with the contents of
another register, the contents of a register to be written to the location stored in another

register and so on. At the end of the fetch execute cycle the program counter is updated to
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point to the next instruction in the system program code. Depending on the instruction just
executed this may involve incrementing the address contained in the program counter or
loading the program counter with a new address in order to achieve a branch operation.

Each step or sub-process in the processes of the methods described above is
associated with one or more segments of the software 733, and is performed by repeated
execution of a fetch-execute cycle in the processor 705 or similar programmatic operation
of other independent processor blocks in the device 702.

The arrangements described are applicable to the wireless localisation industries.

The foregoing describes only some embodiments of the present invention, and
modifications and/or changes can be made thereto without departing from the scope and

spirit of the invention, the embodiments being illustrative and not restrictive.
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Claims:
1.  An apparatus for estimating the location of a remote node, the apparatus comprising:
an antenna array comprising a plufality of elements in a fixed spatial arrangement, at
least one element being a transmitting element configured to transmit a first wireless signal
to the remote node, and at least two elements being receiving clements configured to
receive a second wirelés signal transmitted by the remote node in response to the first
wireless signal; and
a signal processing unit connected to the antenna array, the signal processing unit
being configured to:
estimate a plurality of round trip distances using the wireless signals, each
round trip distance being from a transmitting element to the remote node and back to
a receiving element; and
estimate the location of the remote node using the round trip distance

estimates.

2. An apparatus according to claim 1, wherein the location estimating comprises
solving a linear equation relating the location of the remote node to the round trip distance

estimates via an array matrix.
3. An apparatus according to claim 2, wherein the solution is a least squares solution.
4.  An apparatus according to claim 1, wherein:

each receiving element is configured to measure the time-of-arrival of the second

wireless signal relative to a common clock,
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the remote node is configured to measure the time-of-arrival of the first wireless
signal from the transmitting element, and

the signal processing unit is configured to estimate the round trip distances using the

measured times-of-arrival.

5. An apparatus according to claim 1, wherein each receiving element is configured to
measure the phase of the second wireless signal relative to a common reference phase, and
the signal processing unit is configured to estimate the location of the remote node using

the phase measurements as well as the round trip distance estimates.

6.  An apparatus according to claim 1, wherein each receiving element is a transmitting
element, and each round trip distance is from an element to the remote node and back to

that element.

7. An apparatus according to claim 1, wherein each round trip distance is from a

transmitting element to the remote node and back to a receiving element.

8.  An apparatus according to claim 5, wherein the location estimating comprises jointly
solving a linear equation relating the location of the remote node to the round trip distance
estimates via an array matrix, and a linear equation relating the location of the remote node

to the phase measurements via a phase array matrix.
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9.  An apparatus according to claim 8, wherein the solution is a weighted least squares
solution, weighted by the variance of the errors in the round trip distance estimates, and the

variance of the errors in the phase measurements.

10. An apparatus according to claim 5, wherein the signal processing unit is further

configured to resolve the ambiguity in the phase measurements.

11. An apparatus according to claim 10, wherein the ambiguity resolving comprises:
estimating a bearing of the remote node using the round trip distance estimates;

computing, for each receiving element, an integer that embodies the phase ambiguity

" using the bearing estimate,

wherein the estimating the location of the remote node uses the computed integers to

resolve the ambiguity in the respective phase measurements.

12. An apparatus according to claim 10, wherein the ambiguity resolving comprises:
estimating a bearing of the remote node using the round trip distance estimates;
finding a plurality of peaks in the array pattern around the bearing estimate;
computing, for each peak, and for each receiving element, an integer that embodies

the phase ambiguity using the bearing estimate;
forming, for each peak, an estimate of the location of the remote node usihg the

computed integers to resolve the ambiguity in the respective phase measurements, and a

corresponding error;

choosing the location estimate yielding the smallest error.
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13. An apparatus according to claim 1, wherein the location estimating comprises
minimising a cost function of the range and bearing of the remote node, the parameters of
the cost function being the round trip distance estimates and the location of each receiving

element.

14. An apparatus according to claim 5, wherein the location estimating comprises
minimising a cost function of the range and bearing of the remote node, the parameters of
the cost function being the round trip distance estimates, the phase measurements, and the

location of each receiving element.

15. A method of estimating a location of a remote node, the method comprising:

estimating a plurality of round trip distances, each round trip distance being from a
transmitting element to the remote node and back to one of a plurality of receiving
clements based on a first wireless signal transmitted by the transmitting element to the
mobile node and a second wireless signal transmitted by the mobile node to the receiving
clement; and

estimating the location of the remote node using the round trip distance estimates.
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This Annex lists the known "A" publication level 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

Patent Document Cited in
Search Report

Patent Family Member

us 7170441 AU 2004265974 CA 2532050 CN 101014877
EP 1654561 HK 1107593 JP 2007502414
US 2005035897 WO 2005017555

uUsS 2010/135178 WO 2010059934

Due to data integration issues this family listing may not include 10 digit Australian applications filed since May 2001.

END OF ANNEX

Form PCT/ISA/210 (patent family annex) (July 2009)
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