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ABSTRACT

A wide-band near-field source localization method is pre-
sented in this paper. Based on a pre-estimated source loca-
tion, we form a focusing matrix which is able to compensate
the wavefront distortion (with respect to far-field wavefront)
due to near-field propagation and frequency dependent phase
shift simultaneously. The focused covariance matrix has been
proved to have a partially far-field narrow band structure,
which allows us to estimate the bearings of the sources by
the well studied far-field DOA estimators. The range estima-
tion is then carried out via peak searching of the 1D MUSIC
spectral with the estimated bearings. The performance of the
algorithm is tested by simulations.

Index Terms— Array signal processing, Direction of ar-
rival estimation, Position measurement, Focusing

1. INTRODUCTION

The topic of source localization with an array of sensors has
received a lot of attention because of its wide applications
in military and civil services. Many methods have been pro-
posed to solve this problem such as the MUSIC algorithm and
its derivatives in [3, 4]. Most of these approaches make the as-
sumption that the sources are located far from the array so that
each signal wavefront can be characterized by a single DOA,
however, when a source is located close to the array (i.e., in
near-field), the wavefront must be characterized by both the
azimuth and range. Far-field assumption-based approaches
are no longer applicable to this situation. The near-field sit-
uation can occur, e.g., in sonar, electronic surveillance, and
seismic exploration.

The estimation of near-field sources parameters has
been discussed recently, e.g. the multi-dimensional MUSIC
method proposed in [3] and the higher order ESPRIT algo-
rithm addressed in [5]. Several methods have been presented
in [1, 6] to avoid the high-cost multi-dimensional search and
higher order statistics computation. The principle of these
algorithms [1, 6] is to separate the estimation of DOA and
range by using appropriate approximations. Based on this
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idea, a narrow-band focusing-based estimator has been pro-
posed in [2], where the near-field wavefront distortion (with
respect to far-field wavefront) is compensated via focusing in
order to enable the application of far-field DOA algorithms
for near-field bearing estimation.

In this paper we propose a new estimator for the localiza-
tion of wide-band near-field sources. Based on the focusing
technique proposed in [2], the wide-band near-field focusing
matrix is able to compensate the wavefront distortion due to
near-field propagation and the phase change caused by fre-
quency shift within one time focusing calculation. The snap-
shots sampled in different frequencies are coherently summed
and focused on a pre-estimated point. The focused covariance
matrix is proved to have a partially far-field structure, which
allows us to employ ESPRIT method for the bearing estima-
tion. With the estimated source angles, the ranges of sources
are estimated from 1D search-based MUSIC. The rest of the
paper is organized as follows: section 2 addresses the received
signal model; the focusing procedures are presented in sec-
tion 3; in section 4, we discuss the estimation of bearings and
ranges; the simulation results are shown in section 5 and sec-
tion 6 concludes the whole paper.

2. SIGNAL MODEL

Consider a near-field scenario of K uncorrelated high fre-
quency wide-band signals impinging to a M-element ULA
with inter-element spacing d. Let the first element of the array
be the phase reference point and the origin of the coordinates
system. We assume that the array elements are on the axis
6 = 0. The received signal in time domain at the mth sensor
can be modeled as

K
T (£) = D €I s (£) + 1 (2) (1)

k=1
where sy, () is the kth source signal, n,, (¢) is the additive
white Gaussian noise and 7, is the phase shift associated
with propagation time delay between first sensor and mth sen-
sor of the kth source signal, which is a function of source
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signal parameters, range 7, angle 0 and frequency f, given
by

Tk = 2L (Y — 71) (2)

with

being the distance between mth sensor and kth source. The
received signal of the m-th sensor in frequency domain is the
FFT of the time domain signal x,, (¢), which can be written
as

K

X () = F (@ (1) =Y /™ S (f) + N () 4

k=1

where Sy (f) and N,, (f) are the FFT of the source signal
and noise respectively.
The received signal of the array in frequency domain

X (f) =[X1(f),-.. Xar ()] (5)

with the superscript 7" denoting matrix transpose, can be mod-
eled as

X(f)=AS)+N() (©)

where S (f) = [S1 (f),... Sk (f)]" is the source signal vec-
tor in frequency domain, N (f) = [Ny (f),... Nas (£)]" is
the noise vector, A (f) = [a(r1,01, f),...,a(rk, 0k, f)]is
the array manifold matrix in frequency f with its kth column
a(rg, Ok, f) being expressed as

. . T
a(mﬁk,f): |:e]7—1k(f)’...7eJTMk'(f) ) @)

The phase shift 7,,; can be expressed below by using Taylor
expansion:

_27de

o () = ( ek) (m = 1)g (s, 80, £, ) (8)

where g (7k, 0k, f, m) contains the second and higher orders
of the Taylor expansion, which is a function of the source
location (ry, 0), the frequency f and the sensor index m.

With the expression (8), we can rewrite the array manifold
matrix with its kth column a (ry, 0y, f) being

a(rlmekvf) = .
o (=2 cos 01 ) (M —1)+3g(ri.Ox. £, M)

C))
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The observed covariance matrix of received signal in fre-
quency f can then be written as

Ry (f) = E[X(NX" ()] = AR (N AN +0°T

(10)
where the superscript H denotes matrix transpose conjugate,
o is the power of noise, and R, (f) = E [S(f) ST (f)] is
the signal covariance matrix.

3. FOCUSING

The focusing-based estimator has been proposed in [2] for
the position estimation of narrow-band sources, in which
a focusing matrix is employed to compensate the distorted
wavefront due to the near-field propagation. For high fre-
quency wide-band sources formulated in the previous sec-
tion, we propose here a frequency-dependent focusing matrix
B (f) € CM*M_ This new focusing matrix is able to com-
pensate both the near-field wavefront distortion and the phase
shift caused by the frequency shift within one time focusing
calculation. B (f) can be written as below:

B (f) = diag (1, el cosee)<M71>fere<f>)
(11

where fj is the known reference frequency, 7. (f) is ob-
tained from (2) and (3) with (r.,6.) being a pre-estimated
source location from the beamforming-based pre-estimator.

Since (rc,0.) is obtained from a low-resolution pre-
estimation, we can assume that L sources (L < K) are
located in the area around (7., 6.) with their positions being
(Tl,el) for | = 1,2,...,L.

Applying focusing technique on the array steering vector
a(ry, 0y, f) of the [-th source yields

1
ca=B(f)a(r,b,f)= : ,

ej(fzﬂ‘f{”od cos 01)(M71)
(12)
where the approximations below are used

Tt (f) = Tme (f) = Tt (fo) = Tme (fo)
~ <—W (cosf; — cos 96)) (m—1) (13)
We note that the first step of (13) is based on the assumption
in classical focusing technique for wide-band signal. In the
second step, we assume g (7, e, fo,m) = g (r1,01, fo,m)
because the function g consists of the second and higher or-
ders of the Taylor expansion of the phase shift function 7.
From (12), we find that ¢; is independent of f and has a
form similar to the directional vector in case of far-field nar-
row band sources. With this property, we can apply focusing
technique to the covariance matrix observed in frequency f
as follows



B (f)R. (f) B (f)
CHR(NHCH () +o’T (14

with C (f) being expressed as

Ry (f)

C(f)=BA()=B(a(r,0,f)....ci...]
(15)
To facilitate our presentation, we assume [cq,...,cr] to be
the first L columns of C (f), i.e. C(f) = [G,D (f)] with

G =[ci,...,cz] and D (f) € CM*(K=L) denoting the rest
(K-1L) olumns of C(f). We note that G is independent
of the frequency f, so G is a part of C (f) for any f. The av-
eraging summation of R (f) in different frequencies yields

J
1
ZRf (F) = 52 CUN R (f;) C (fj)+0°T
j:].

(16)
where J denotes the number of frequencies. With the prop-
erty that G is a part of C (f) for any f, we can rewrite (16)
as

R, = C;R,CY +5%1 (17)

where C; = [G,Dy], Dy € CM*(K=L) and R, € CK*K

are full rank matrices which depend on R (f;) and C (f;)
with j = 1,...,J. Obviously, C; has a partially far-field
narrow-band structure, which enables us to apply the far-field
DOA algorithm in the next section.

In general, we suppose that we obtain @ (@ < K) es-
timated source locations from the beamforming-based pre-
estimator. We can divide the interesting area into () subareas.
Focusing technique is then applied to each subarea separately
with the () estimates. Far-field narrow band DOA estimators
are consequently applicable to estimate the sources in the g-th
subarea when it is focused.

4. SOURCE LOCALIZATION

4.1. DOA Estimation

The eigen-decomposition of R, yields

R, = U,A,UY 4+ U,A,UY (18)

where U, € CM*K contains K eigenvectors spanning the
signal subspace of R,, and the diagonal matrix A, € CK*K
contains the corresponding eigenvalues. Similarly, U,, €
CM*(M=K) contains M — K eigenvectors in the noise sub-
space of R, and the diagonal matrix A,, € C(M~FK)x(M=K)
contains the corresponding eigenvalues.

Then we decompose the array into two sub-arrays, so we
have the two subarray manifold matrices C; and C, be ex-
pressing as
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_ C | firstrow
Cr= { last row } o { C, } (19)

With the property of Cy obtained in the last section, we find
that C; and Cy satisfy C; = CyX with & € CF*K being

written as
® 0
Y= { 0 = ] (20)

where ® is a L x L diagonal matrix given by

fo cos 01

P = diag [ ’...7ej2"f°d' COSGL:| @1

and 2 € CK-L)*(K=L) jg a full rank matrix. Similarly, the
signal subspace U, can be partitioned as

} _ [ first row } 22)

last row U,

Us _ |: Usl

From the signal model in (6) and the matrix eigen decompo-
sition in (18), it is obvious that there exists a K x K full-rank
matrix V satisfying U, = C;V. Thus, wehave U,V = C;
and U4V = C,. With the relation between C; and Cs, pre-
sented previously, we can write the following equation

U, =U,VvEV! (23)
where V~! denotes the inverse matrix of V.
By multiply the pseudo-inverse matrix of U, on the two
sides of (23), we have

W= (ULU,)  UBU, =VEV! (24)

We note that ¥ and X have the same eigenvalues. In addition,
from (20), we know thatthe diagonal elements of ® are L
eigenvalues of 3.

We can then estimate the DOAs of the L sources around
the pre-estimated location (7¢q, 0cq) by

01 = B |5ep(res b.0) (25)
where p (7¢q, 0cq) denotes the subarea around (rcq, 0cq) and

A
(B = arcsin (277(1 arg (eigenvalues of T)) . (26)

4.2. Range Estimation

By substituting the estimated angle back into the steering vec-
tors, the problem is reduced to finding the parameter r in
a (’I“, ék, fo)
D MUSIC method for the range estimation. The orthogonal
projector M, is obtained by

with the received signal. We employ here 1-

M, =B (fo) U, UB (fo) 27)



1performam:e of bearing estimation for source 1 1performam:e of bearing estimation for source 2
10 10

X NBE X NBE
+  WBE +  WBE
. ~ — CRBof NBE N ~ — CRBof NBE
<. CRB of WBE N CRB of WBE
3 J 7 N
8 8 N
PN +
8 10 N 8 10 X
5 + N 5 + X
H o0 - S
2 + ~ 2 +
g + N g + R
2 3 + X \x 2 Ty N
o . + ~ N o . + n X
210 + ~f B0 v h
2 ty 3 +
‘. +,
107 10
-10 0 10 20 -10 0 10 20
SNRin dB SNRin dB

Fig. 1. STD of bearing and CRB versus SNR

And the range estimates is obtained by maximizing the MU-
SIC spectrum

7y = arg max {P MUsIC (T>} (28)

where r., is the region around r., and the MUSIC spectrum
is obtained by,

1
af (r, 0, fo) M,a (T‘, 01, fo)

l
P\Dysrc (r) = 29)

In addition, we execute the 1-D MUSIC search for each
estimated DOA to avoid parameter pairing problem.

5. SIMULATION RESULTS

To test the performance of the proposed, we simulate a sim-
ple case: a ULA with M = 9 and d = ¢/5f; is employed to
localize two uncorrelated wide-band sources with their loca-
tions (r1,61) = (4.2X, 55°)and (rq,02) = (4.5, 65°). 11
frequencies varied from 1.9GHz to 2GHz are used with fo-
cusing frequency fo = 2GHz. 200 independent Monte Carlo
trials have been carried out at different SNRs (from -10dB
to 20dB) with 1000 snapshots. The classical beamforming
method has been chosen for the pre-estimation.

The results from the proposed method are compared with
the narrow band focusing-based algorithm presented in [2]
and the corresponding Crammer Rao Bounds (CRBs) given
in [1]. Figs. 1 and 2 illustrate the standard deviation of the
estimates and the corresponding CRBs. versus SNR, respec-
tively. From these 2 figures, we can see that the wide-band
estimator (WBE) has a better efficiency than the narrow-band
estimator (NBE). This is because the WBE uses coherently
the snapshots obtained in different frequencies, which brings
a better estimate of the covariance matrix. The CRB of WBE
is lower than that of NBE thanks to the same reason.

2132

, performance of range estimation for source 1 , performance of range estimation for source 2
10 10

X NBE X NBE

+  WBE + WBE

—— CRB of NBE — — CRBofNBE
- CRB of WBE - CRB of WBE
AN EREN
5 10 510" P
2 i x 2
3 N x ) X x
° R ] <

X +
2 + % H y
5 s, 5 L
s 107" Y ~x g 107" S g
5 L X s + A
@ + sX @ + X
4 + X 4 + ®
o + z o + S
2 * 2 oy
5 + & +
5 107 . 5 107 +y
2 %
10° 10°
-10 0 10 20 -10 [ 10 20
SNRin dB SNRin dB

Fig. 2. STD of Range and CRB versus SNR

6. CONCLUSION

We present a new estimator for the localization of near-field
wide-band sources. The focusing procedure embedded in
this estimator can compensate the wavefront distortion due
to near-field propagation and the phase change caused by
frequency shift within one time focusing calculation, which
enables the application of far-field narrow-band algorithms
to estimate the bearings. It addition this estimator has a
high efficiency compared to the narrow-band focusing-based
estimator.
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