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Abstract—In this paper, a passive array processing algorithm is
proposed for localising the near-far field multipaths of the desired
signal in the presence of co-channel interference. By expressing
the unknown path delay as a function of the path’s range,
the proposed spatiotemporal localisation algorithm estimates the
locations of all the multipath reflectors of the desired signal
source using a subspace-type cost function. The performance of
the proposed algorithm is evaluated through computer simulation
studies.

Index Terms—Array signal processing, near-far field, localiza-
tion, spatiotemporal diversity, spherical wave propagation.

NOTATION
a, A Scalar
a, A Column vector
A Matrix
In (N x N) identity matrix
Oy Column vector of /N zeros
1y Column vector of N ones
()", ()™  Transpose, Hermitian transpose
la] Largest integer smaller than or equal to a
[a] Smallest integer bigger than or equal to a
[a] Closest integer to a
® Kronecker product
E{} Expectation operator
R,C Set of real and complex numbers

I. INTRODUCTION

The localisation of signal sources and targets has attracted
an increasing amount of attention in recent decades as several
signal processing, communications and other types of appli-
cations can significantly improve their performance by having
knowledge of the locations from which the received signals
originate. Important applications of localisation are, but are
not limited to, in the fields of wireless sensor networks [1],
MIMO radar [2], military and defence [3] and environmental
monitoring [4].

A general family of range-based localisation methods,
which includes the Received Signal Strength (RSS) [5],
Time-Of-Arrival (TOA) [6] and Time-Difference-Of-Arrival
(TDOA) [7], is based on many single-sensor measurements.
Another important family of localisation approaches is based
on an array of sensors and includes Direction-of-Arrival
(DOA) localisation, spherical wave MUSIC [8] and Large
Aperture Arrays (LAA’s) [9]. In DOA localisation the use
of two or more array systems is required. Each array system

independently estimates the DOA of the received signal, e.g.
using the MUSIC [10] or the root MUSIC algorithm [11], and
then the source location is estimated by solving a set of linear
equations. In spherical wave MUSIC and LAA a single array
is used with its elements distributed in space in conjunction
with spherical wave manifold vectors for estimating both range
and DOA. Finally, hybrid methods such as TOA/DOA [12]
or jointly range and DOA have been developed, which offer
further improvement in localisation accuracy. This paper is
concerned with array of antennas localisation techniques.
The use of antenna arrays for localisation significantly
enhances the accuracy of the location estimates. When the
source lies close to the array, i.e. in the array near-far field, the
signal propagates as a spherical wave. The boundary between
the near-far field and the far-field of an array is the Fraunhofer
distance from the array reference point, defined in metres as,

D?
Ry = — 1
where D denotes the array aperture and A the signal wave-

length.

Several different approaches have already been developed
for array-based near-far field localisation. In [8] and [13]
MUSIC was extended into a cost function of both DOA and
range (spherical wave MUSIC), whereas in [14] and [15]
ESPRIT was also adapted for near-far field localisation. As
an alternative to MUSIC’s two-dimensional search, the path
following method [16] and the polynomial rooting method
[17] were developed, which replace MUSIC’s two-dimensional
search with two separate one-dimensional searches. How-
ever, the former is designed only for Uniform Linear Arrays
(ULA’s) and the latter has to perform polynomial rooting for an
arbitrarily large number of range values. In [18], a Maximum
Likelihood Estimation (MLE) method was proposed but it is
stated in [18] that without a priori knowledge of the source
signal range estimation becomes extremely inaccurate. In [9]
a near-far field localisation algorithm was developed which
is based on the spherical wave array manifold vector in
conjunction with changing the array reference point to collect
a set of data which are then used to solve a set of linear
equations yielding highly accurate location estimates.

It should also be noted that all of the above near-far



field localisation approaches are based on the spherical wave
array manifold vector, which in this paper is extended to
the spherical wave spatiotemporal manifold vector with the
path delays re-expressed as functions of ranges. Note that the
concept of connecting path delays with ranges has been ex-
plored in radar, e.g. in [19]. Using the spatiotemporal manifold
vector, a novel near-far field, i.e. spherical wave, multipath
localisation algorithm is proposed, i.e. which does not localise
only signal sources but also their multipath reflectors. The
proposed approach isolates the multipaths and removes the
Multiple Access Interference (MAI), thus enabling the unam-
biguous estimation of each multipath location. Unlike previous
methods, the proposed approach is not restricted to ULA’s but
is suitable for any array geometry.

The remainder of this paper is organised as follows: In
Section II, the array signal model is derived and the near-
far field multipath localisation problem is mathematically
formulated. In Section III, the proposed localisation algorithm
is introduced and is supported by computer simulation studies
presented in Section IV. Furthermore, the performance of the
proposed algorithm is compared to that of spherical wave
MUSIC. Finally, the paper is concluded in Section V.

II. ARRAY SIGNAL MODEL AND PROBLEM FORMULATION

Consider a calibrated array of N omnidirectional sensors
with known geometry operating in the presence of M signal
sources at unknown locations within the array’s near-far field.
Without loss of generality, in this paper, the desired signal
is always the one emitted by the 1%! signal source and all
sources are located on the (x,y) plane, i.e. the elevation angle
¢ is zero and the unknown location parameters are the range
p and the azimuth 6. The " source transmits a sequence
of message symbols {a;[n],Vn}, each of duration T, as a
baseband signal

mi(t)=">_ailn]e; (t — (n — 1) Ts) )
where
2Ne
ci(t) =Y alklp(t— (k= 1)T.) 3)
k=1

with «;[k] denoting a PN-code of period N, followed by
N, 0’s, so that it holds that {;[k] € 1,k € [1,N.]} and
{ailk] = 0,k € [N.+1,2M,]}, and p(t) being a pulse
shaping function of duration 7, such that 7., = 2N .T..

Consider also that the signal m;(t) arrives at the array via
K; distinct multipaths. The array signal vector z(t) € CV*1
can then be written as,

K M K;
z(t) =D BupSyemie®)+Y Y BuSumin(t)+n(t) (4)
k=1 =2 k=1

desired source paths MAI

where (3, denotes for the i'” source the complex fading
coefficient of the A** multipath, which arrives at the array

elements from a source/reflector at range p,,, azimuth an-
gle 6;; and elevation angle ¢, with respect to the array
reference point, and m;;(t) denotes a copy of the signal
m;(t) with the appropriate delay 7;, for the k** multipath.
Without loss of generality, in this paper, the elevation angle
¢; 1s assumed to be always zero. For a specific multipath,
Six = S(Oir, bigs pi;) € CNVX1 is the spherical wave array
manifold vector as defined in [9]. Furthermore, n(t) € CN*!
is zero mean additive white Gaussian noise with power o2.
The signal contributions from the M — 1 interferers have been
labelled in Eq (4) as MAL

It is important to mention here that the path range p;; and
the path delay 7, are related as follows,

Pik = (Tik mod Tcs) - C (5)

where ¢ is the speed of light. This relation between path
range and path delay will be exploited in the next section for
the development of the proposed spatiotemporal localisation
algorithm.

The received signal z(t) is passed through a bank of N
Tapped-Delay-Lines (TDL’s) of length 2¢, as illustrated in
Fig 1. The sampling period used by the TDL’s is given as

T, - ®)
q

where ¢ is the oversampling factor. Without loss of generality,
in this paper, the oversampling factor ¢ is assumed to be equal
to 1.
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Fig. 1: Bank of N TDL’s of length 2¢.\V..

Expanding upon the concept of the array manifold vector,
the SpatioTemporal Array (STAR) manifold vector has been
defined in [20]. The STAR manifold vector for the k" path
of the i*" signal source is thus written as,

b = bk, Ok, i) 2 S (Oik, pyyy) @ ¢, € CNNXT(7)



where

(1>

o {Tik mod TCSJ

T, ®)

[ £ [ai[l],...,ai[Nc],QjT\/c]TGRQNCM )

with £y, being the discretised path delay and with ¢, € R*Vex1
being the discretised form of the PN-code o [k|Vk € [1, 2]

The matrix J denotes the shifting matrix, which is defined
as follows,

2 QQTNC—l 0 € R2Nex2Ne (10)
Tonv.—1 Ogpnr g .

The shifting matrix J (or J7), when raised to the power of
£, downshifts (or upshifts) a vector it is multiplied with by
¢ positions. This provides a convenient and compact way to
model multipath delays.

At the output of the TDL’s the discretised received signal

x[n] € C*NeNx1 is obtained, which can be written as,
K, M K;
zfn] =Y b, Buarln] + YD b, Bigailn] +afnl. (A1)
k=1 i=2 k=1
desired source paths MAI

The aim of this paper is to estimate the azimuth and range
(0, p) of the source and path reflectors associated with the 15¢
term of Eq (11).

III. PROPOSED SPATIOTEMPORAL MULTIPATH
LOCALISATION ALGORITHM

The first step in the proposed algorithm is to express the
path delay as a function of the corresponding path range. By
using Eq (5), Eq (8) can be redefined as a function of range

as follows,
| P
= 4] (12)

and thus the STAR manifold vector defined in Eq (7) can be
expressed as follows,

9. =0 ik, pir,) 2 S (ks pire) ® J[Z%]Ei € NN (13)

thus reducing the 3-variable function to a 2-variable function.

It should be mentioned here that since the proposed lo-
calisation algorithms can only localise sources and reflectors
which lie in the array’s near-far field, it becomes clear that the
locations to be estimated cannot have a range which exceeds
the Fraunhofer distance R, defined in Equation 1. As a result,
in order for the proposed localisation algorithm to be able to
relate path delay to path range as shown in Equation 12, it
must be able to estimate discretised path delays whose value
does not exceed the discretised delay value corresponding to
the Fraunhofer distance, which is defined as ¢y, = f{ )
However, the maximum discretised delay that the proposed
algorithm can estimate is also limited by the PN-code period
N., which allows for a maximum discretised delay that equals
(Ne — 1), itself corresponding to a range that cannot exceed
(Ne — 1)cT, + 0.5¢T,. As a result, the maximum discretised

path delay that the proposed algorithm can estimate is the
following,

T, (14)

Note that this effectively means that the proposed algorithm
also cannot localise sources or reflectors with a range p for
which it holds that (AN, — 0.5)cT,. < p < Ry,. For this case
to be avoided for any p < Ry, N, can be selected such that
N> 3 405,

Let us next define the matrix C containing all possible
discrete delays for the desired signal. That is,

&7 ]

[+%] e (Ne—1)eTe

[a]] ElaJ 217"'5'1}][ <Te ]El]
= [1%, 0, JVemle ] € RN (15)

Cmax 2 miin( {Rﬂ N, —1).

[I>

C

By removing the ¢(p)" column of C, the matrix C, is
obtained and the following projection operator can be con-
structed,

P, 21y ® (Ly, - C, (Clic,) ' ). ()

The projection operator P, removes from z[n| the MAI as
well as all the multipaths of the desired source whose delay
is not £(p). It should be noted that since the matrix C has N,
columns, only A, distinct projection operator matrices PP, can
be constructed from it.

The resulting transformed signal vector z,[n] € CPNeNx1
can be written as

2] = Pualn)

K

= Poauln] Y b, B +Pofn). (17
k=1
P1k=P

The covariance matrix of z, can be estimated in practice
by collecting L, channel symbols as follows,

R, = L%PPXXHP;{ € CPNN 2NN (18)
with
X = [z[1],z[2], ..., z[Lny]] € CPNN*Lm (19)
and I
L = [w] (20)

where L denotes the number of collected signal snapshots.

The DOA’s associated with the desired signal multipaths
can now be estimated by solving the following optimisation
problem

arg max {£(0,p)}; 0 < p < (N, — 0.5)cT, 21)
v(0,p)

where

b7 (0,0) P (0, p)
b (0, p) PHE,ELP,b (6, p)

In Eq (22) the term [, denotes the matrix whose columns are
the eigenvectors of the practical covariance matrix R, which

CE

(22)



span its noise subspace. After a two-dimensional search of the
above cost function the path DOA’s and ranges are obtained
and then K estimated DOA-range pairs (6, p) can be formed.

It should be noted that the above cost function is also
appropriate for far field localisation, i.e. when planewave
propagation is assumed. In that case, the array manifold vector
S stops being a function of range p, whereas the STAR
manifold vector h remains a function of p, as this parameter
is connected to the path delay ¢ through Eq 5. However, by
remembering Eq 12 it becomes clear that each bin p & %
of range values corresponds to the same value of ¢(p). As
a result, the cost function will yield the same value for all
range values belonging to a single bin. Therefore, in order to
improve range estimation accuracy, the bins are required to be
made as small as possible by increasing the code length V.
(that is, by reducing T¢).

Based on the above discussion, the proposed spatiotemporal
localisation algorithm can be summarised in a step-by-step
format as follows:

STEP-1: Collect data at the output of the array and form the
matrix X € C2NeN*Lm described in Equation (19).
For a particular p construct the matrix C described in
Equation (15) and use it to construct the projection
operator PP, described in Equation (16).

Find the noise subspace eigenvectors [E, of Equation
(18).

For a particular 6, evaluate Equation (22).

Repeat steps 2 to 4 for every value of p and 6
and find the K peaks of Equation (22) and thus
the Ky DOA-range pairs (011,011), (012,012)5--
(01k,,P1,) of the desired signal source and its
multipath reflectors.

STEP-2:

STEP-3:

STEP-4:
STEP-5:

IV. SIMULATION RESULTS

Consider a planar array consisting of N = 8 elements
operating at frequency F. = 2.4GHz with array aperture
D =4.18m ~ 34.8\. The array geometry is given in metres
by the following matrix of Cartesian coordinates on the (x,y)
plane,

I 0, 0,1"
1.39, —0.4,
0.85, 1.5,
r=| Tosr amr | RV @
—1.45, 0.17,
—0.9, —1.3,
| 0.88, —L17, |

Note that the 15! array element lies at the origin and thus
serves as the array reference point.

Furthermore, consider that this array operates in the pres-
ence of M = 3 signal sources located in the array’s near-
far field with the desired signal emitted by the 1%¢ source.
Each source transmits a message signal spread by a Gold
code of period AV, = 7. Within the array’s near-far field

lie 2 multipath reflectors of the desired signal as well. The
directions and ranges of the sources and reflectors are given
in Table I, whereas the collected simulation parameters are
given in Table II. The array geometry and the source and
reflector locations have also been plotted in Fig 2. Note that
the PN-code period N, = 7 was selected because, since
(N — 0.5)cT. = 97.5m, this PN-code period suffices to
localise the source and reflectors of interest, whose ranges
shown in Table I are smaller than 97.5m.

TABLE I: Source and Reflector Azimuth and Range
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TABLE II: Simulation Parameters
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It can be seen in Figures 2, 3, 4 and 5 that all the location
estimates produced over 300 realisations of the proposed
localisation algorithm for the paths of the desired signal lie
very close to the true locations. In addition, it can be clearly
seen in Fig 6 that the proposed approach accurately estimates
the range and direction of each of the three paths of the desired
signal while it has suppressed the MAI signals.

In Figures 7 and 8 the RMSE of the range and DOA esti-
mates for the proposed localisation method and for spherical
wave MUSIC have been plotted as a function of the increasing
value of SNR;,, x L over 300 realisations. Unlike the proposed
approach, spherical wave MUSIC does not remove the MAI,
i.e. it is not near-far resistant, and so the SIR;, has been
set to 10dB so that the performances of the two localisation
methods can be properly compared. It becomes clear from
these 2 figures that the localisation accuracy of the proposed
approach is superior to that of spherical wave MUSIC. The
reason for this is that the proposed approach is spatiotemporal
and, when localising a multipath, uses its unknown path delay
expressed as path range to isolate it from all other multipaths,
including the other multipaths of the desired signal. On the
other hand, in spherical wave MUSIC, when localising one
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Fig. 2: Array element locations with Cartesian coordinates
given in Equation 23, desired source (Tx) and reflector loca-
tions (1 and 2) and interferer locations (J1 and J2) with polar
coordinates given in Table I. Location estimates (shown here
as red dots) from 300 realisations of the proposed localisation
algorithm for SIR;,, = 10dB, SNRin=20dB and L = 100
snapshots.

of the desired signal multipaths, the other multipaths of the
desired signal act as unwanted interference together with the
interferers and thus they decrease the localisation accuracy for
each other.

By comparing Fig 7 to Fig 8, it can be seen that the path
DOA’s are estimated to much higher accuracy than the path
ranges. This is due to the fact that the array aperture in this
simulation scenario is small compared to the path ranges and
as a result the proposed approach, despite estimating them with
an accuracy that is superior to that of spherical wave MUSIC,
cannot achieve a range estimation accuracy that is as good as
the DOA estimation accuracy. Furthermore, in Figure 7, the
range for Reflector 1, which is shown in Table I to be the
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Fig. 3: Zoom around Tx in Fig 2 showing the estimated
positions of Tx from 300 realisations.
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Fig. 4: Zoom around Reflector 1 in Fig 2 showing the
estimated positions of Reflector 1 from 300 realisations.

smallest of the 3 path ranges, is shown to be estimated much
more accurately than the ranges of Tx and Reflector 2. This is
also illustrated in Figures 3, 4 and 5, where the variance of the
location estimates can be seen to increase as the path range
increases. Therefore, it can be inferred that as the range of a
multipath becomes smaller with respect to the array aperture,
the range estimation accuracy improves.

V. CONCLUSIONS

In this paper, a novel near-far field multipath localisation
algorithm has been proposed, which unambiguously estimates
for the desired signal the location of its source and of all its
multipath reflectors while suppressing the co-channel interfer-
ence. It has been shown in computer simulation studies that
the localisation accuracy is very good for all the multipaths
of the desired signal even when the SIR and the number of
available snapshots are very low.
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Fig. 5: Zoom around Reflector 2 in Fig 2 showing the
estimated positions of Reflector 2 from 300 realisations.
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Fig. 7: The range RMSE of the desired signal source and
reflector location estimates in metres using the proposed
localisation approach and spherical wave MUSIC localisation
for SIR;,, = 10dB and averaged over 300 realisations.
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