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ABSTRACT shapshot are very similar. They are in fact both strongly
linked with some matrices rank deficiencies. After present-
ing two wideband methods capable of increasing the rank
of the source covariance matrix, we show how to perform
wideband eigenstructure-based source localization with a
single snapshot. We also present some simulation results to

High resolution eigenstructure-based techniques for sig-
nal source localization are known to be ineffective when the
source covariance matrix is not of full rank. We present here
two techniques to circumvent this problem in the context of
wideband actlvg source localization. An extension IS madeillustra’[e the performance of wideband active localization
to show how eigenstructure methods can be applied even,ith a single snapshot.
when there is only one snapshot available to estimate the

wideband spectral matrices.
2. PROBLEM STATEMENT

1. INTRODUCTION Consider a uniform linear array composediéfequispaced
sensors withP? planewaves impinging on it. At frequency
For many years, a considerable amount of attention has fo-v; the Fourier transform of the signal received on thié
cused on eigenstructure methods for source localization. Insensor can be expressed as:
spite of their very interesting asymptotic properties, this class P
of high-resolution techniques is difficult to apply with suc- _ o _
cess when the underlying source covariance matrix happensX = 2 Sy expl=vy (Y (m=1) 2 N s (1)

to be singular. . ) )
This problem of rank deficiency occurs in particular when Wherec, is the complex attenuation from the location of
the p'* source to the arrays; and N,, ; are respectively

the sources are fully correlated (coherent sources). This . ; .
is even worse for active methods, this means when the re-th€ Fourier transforms at frequeney of the emitted signal
ceived signal is composed of time-delayed and amplitude-2nd of the noise received on the" sensor, and with :
weighted replicas of a single signal: the emitted one. Dsin(6,)

Some specific “de-correlating” techniques have been pro- Up =271, ®p = QFT (2)

posed in the context of narrowband passive array process-Tp is the time-delay between thé" source and the first

ing [3], [5], [6]. The extension of such methods to active fsensor f = 1), D is the spacing between two adjacent

md?:at?id ar:ﬁzsl\l/s S?r: \?v? deis);lgogago::ﬁ' Treir?;ruc;u\:ero sensors(' is the speed of the wavefronts, afydis the di-
€ matrices Invoive eba odeling are INAeed Very o tion of arrival of the!" wavefront.

specific and imply various combinations of the information For the whole array, the information coming from thiif-

obtained at different frequency bins for different SENSOTS. ¢orent frequency bins of the band can be taken into account

the nartowband model, some effcient wideband amostning?¥ COTBINING thel.I”elementst,, given (1) o form
' 9a wideband vector as follows [1]:

methods can be derived from the narrowband ones [2].
Another important limitation of eigenstructure methods is X =[X11, X001, X1, X1o, -, Xur)t 3)
that they require good estimates of the spectral matrices an
consequently numerous snapshots.

Our aim in this paper is to underline that the problems of
sources coherence and of source localization using a single T'x = F[X.X#] = ATc A + In =Ty +T'n (4)

p=1

qf the noise is not correlated with the signal sources, the
wideband spectral matrix can be written as:



I'c is the source covariance matrix of dimensiBnx P. 3. WIDEBAND SMOOTHING TECHNIQUES

I'y is the wideband spectral matrix of the received signal

without noise.I'y is the spectral matrix of the noise. With |In the remainder of the document ttitobserved sources
the model introduced in (3), the spectral matrigss and are divided intd) groups ofF, coherent sources each. This
I'n are composed of* matrix blocs (respectivel¥'y, | means that two sources are fully correlated if they belong to
andI'x, ,) whose structure are similar to narrowband spec- the same group, and that they are partially correlated if
tral matrices of dimensiof/ x M. A isaM F x P matrix they belong to two different groupgl and¢2. Thus, the
whose columns are the wideband steering vectoss. A presence of partially correlated sources is represented by
can be seen as the juxtapositioniofmatrix blocs corre-  singletons, i.e. groups with, = 1.

spondingeach to the narrowband steering mat#x ob-

tained at frequency; . It is to be noted that each element of

the vectora, depends on both temporal and spatial param- 3.1. Wideband Spatial Smoothing

eters of the'” source and takes the form: ) . ) o
As in the narrowband case, the idea is to divide the ar-

Um,fp = Spexp[—jrs (¥, + (m — 1)D,)] (5) ray originally composed o}/, sensors intds overlapping
subarrays of sizé/, the k'* subarray containing the sen-
sors[k,k+ 1,--- k + M]. A set of K spectral matrices

ThusT'x carries information about the time-delay and the s = [Xk,(xk)H] is estimated from thé subarrays

direction of arrival of the sources. The active wideband outputs and the smoothed spectral matrix is defined by:
model introduced above enables high-resolution techniques

to perform spatio-temporal localization of the sources. For | K
example, a MUSIC-like estimator can be defined as [1]: ry = = E 5 (7)
4%
k=1
1
MSCL(0,T) = (6)

P = ) Following the wideband vector notation introduced in (3),
1- Z|a (0, T)V,| it can be shown that th&? matrix blocsT'y,  forming the

=1 . .
b spectral matriX'5, can be written as:

In this expressiony, represents the eigenvector associated p

with the p” largest eigenvalue dfx anda(d, T') repre- 1 B B

sents the wideband steering vector of paraméters) (see ry,,=As (EZ(BJ‘W Yre(B])* 1)) Al (®)
(5)). This 2D-functional exhibits peaks for the true direc- k=1

tion of arrival and time-delayd,,, 7,,) corresponding to the

P sources.

As in the narrowband case, any eigenstructure-based loca
ization method derived from the wideband model given in Bl’jyf = exp[—jvs(k — 1)Dp) 9)

(3) requiresI’¢ to be of full rank. Under this assumption,

the rank ofl'y is equal to the number of sources andthe ~ The main results provided by the study of the algebraic
largest eigenvalues dfy are associated with the eigenvec- Properties induced by (8) and (9) are [2]:

tors spanning the signal subspace.

But, if the source covariance matrix is not of full rank, the » Spatial smoothing mainly results in modifications of

whereB? is a diagonal matrix whos® nonzero elements
jare:

eigendecomposition fails to obtain the signal stusp In I'c, and the decomposition given in (4) still holds
practice, this results in a dramatical loss of resolution of with this smoothed source covariance matrix.
eigenstructure-based sources localization methods. The de-

nomination “High Resolution” is no longer appropriate as, e The rank of the smoothed source covariance matrix
in general, the estimation accuracy is then similar to the one only depends on the numbér of subarrays and on
given by conventional beamformer techniques. the numbery) of coherent sources groups. In particu-
When the singularity of the source covariance matrix is due lar, if K > £ the smoothed source covariance matrix

to the presence of some coherent (i.e. fully correlated) sources, is at least of rankP.

an efficient “de-correlating” scheme known as “spatial-smoothing”

can be applied. This method was first proposed in a passiveThese two points guaranty that the smoothed wideband spec-
narrowband context and we have recently shown how to ex-tral matrices have the same form as the ones obtained with
tend it to active wideband model [2]. In the next section, the partially correlated sources. Consequently spatial smooth-
main properties of this method are summarized, leading using enables eigenstructure-based methods twessfully

to introduce a spectral-smoothing technique. localize the sources.



3.2. Spectral Smoothing 4. SINGLE SNAPSHOT LOCALIZATION

In the frequency domain, under certain conditions that will
be specified below, it is possible to define a smoothing tech-
nigue similar to the spatial smoothing. This mainly holds on
the very particular structure of the wideband spectral matri-
ces obtained with uniform linear arrays. An easy way to
apprehend this property is to reorder the eleménts; de-
fined in (1) as follows:

Another major drawbacks of eigenstructure-base methods
is that they require a considerable number of snapshots to
have a good estimation of the spectral matrices. They yield
very low accurate results when only one single snapshot is
available. This problemis in fact very close to the problems
of sources coherence. Once again it concerns a problem of
rank deficiency.
X=[X11,X12, - Xir, X271, - ~,XM7F]T (10) Afirst quick analogy can be done toillustrate this fact. Con-
Using this new wideband vector, the spectral matrix remainsSlder a unique group of cohgrent sourcei)(.: 1) \.N'th

no noise. The spectral matrices of the received si@ial

defined by the equation (4). .It contal.ns exactly.the same el'is then of rank one and the wideband smoothing techniques
ements as the spectral matrix used in the previous sections . - .
. — . ¢an be applied to increase the rank of the matrices as shown
but they are differently arranged. This time, the matrices . h . .
I'y andT'x are composed af/? matrix blocs Ty, , and In the previous section. . . : .
Y . : o If there only is one snapshot available, instead of using esti-
I'y,, ,) of dimensionF' x F', each bloc corrgmnding to : H1 s
. . mates of the spectral matricBx = F[X.X"], itis inter-
the interaction between the sensorsandn for all the fre- esting to use the quantity defined by:
guency bins. The wideband steering matixcan also be 9 9 y y:
seen as the juxtaposition f matrix blocs of dimension

F' x I, each bloc corrggnding to a single sensor wide-

gi?ﬁi:ﬁgr'gg i;nt?lt:);irf:flérence between two frequency bins I'x is also of rank one and has exactly the same structure
ge, q y asT'x. Applying wideband smoothing techniques g

Is constant f = vk — .V’“) and if the signal recewed enables then eigenstructure-based method to provide esti-
on the array has been whitened, a spectral smoothing tech-

nique can be applied. It simply consists in dividing the band mates of the sources locations with success.
qu pplied. plyc . 9 In the presence of noise, such an analogy is more difficult
originally composed off;, bins into KX overlapping sub-

. . X to maintain. But we can still reasonably expect that increas-
bands ofF bins each. Thé!" sub-band contains the bins . . . .
[k, k+1,--- k + F] and provides an estimale, of the ing the ranks of the spectral matrices by applying wideband

. . . ._smoothing techniques will help to overcome the problems
wideband spectral matrix. The spectral smoothed matrix is,. . _ =
then defined as in (7) by averaging thewideband spectral linked with the rank deficiency of the matrl.

matrices obtained on thi€ sub-bands. A similar expression To conclude, it must be said that, when applied on a sin-
) . oS . le snapshot, the wideband smoothing methods are another
to (8) is obtained, as th&/? matrix blocsI'y,  forming g P 9

way of trying to estimate the spectral matrices. The prob-

I'x = X.X7 (13)

the spectral smoothed mat@iX,; have the form: lem addressed here is to construct a significant estimate of
| XK I'x = E[X.X!]. As there is only one snapshot, it is not
Iy =A, (7Z(Bm)(k‘1)FC(BHH)(’“‘1) Al possible to approximate the mathematical expectation oper-
K= ator by a time-averaging process.

(11) The notion of coherence and/or correlation of the sources
whereB}, is a diagonal matrix whosg nonzero elements  js now meaningless and other averaging methods have to
are: be employed to estimate the spectral matrices [4]. In this

B]’j = exp[—jA(k — 1)(¥, + (m—1)3,)] (12) context, the \{videband smoothing scheme; introduced'above

’ can be considered as an attempt to obtain these estimates.
As the equations (11) and (12) are similar to (8) and (9), the The classical assumption of signal ergodicity is then re-
algebraic properties of the spectral smoothing are the samey|aced by the assumptions of local stationarity in the space
as the wideband spatial smoothing ones. Thus, the growthyng frequency domains. Even if these two kind of averages
of the rank of the spectral smoothed source covariance majnyolve necessarily finite sample data, they tend to provide

trix only depends ok and@. _ matrices whose structure is close to the theoretical form of
Spectral smoothing is of a particular interest when the to- gpectral matrices.

tal number of sensor#/, of the array is small, as in such

a case the wideband spatial smoothing is very difficult to

apply. The two kinds of wideband smoothing techniques 5. SIMULATION AND EXPERIMENTAL RESULTS
presented here can of course be jointly used, the rank of the

smoothed matrices depends then on the number of subarrayk the example presented in figure (1), there are 2 sources at
and on the number of sub-bands. location(#; = —bdeg, Ty = 100ms) and(f; = 10deg., T> =



125ms), M = 6, F = 6, SNR = 20dB. The num-

ber of subarrays is equal to the number of sub-bands and #1 #2
3. We give the results: #1 obtained with the wideband ac- CIEH B B 2 .
tive beamformer and #2 obtained with a wideband active
MUSIC-like estimator applied on wideband smoothed spec- BT 37|
tral matrices. If the conventional 2D-localization technigue Lo
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Figure 1: simulation of wideband localization with a single 730 -20 <10 0 10 730 -20 710 0 10
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shapshot

Figure 2: wideband localization with a single snapshot per-

is unable to localize the two sources, the high resolution formed on experimental data

properties of the MUSIC-like estimator are preserved and
the two sources are correctly localized.
It is to be noted that we have also started to apply spec-Sion the influence of the various parameters. An interesting

tral smoothing on experimental data to localize wideband Study would be, for example, to analyze the real impact of
sources using one single snapshot and the results obtaineth€ pre-whitening stage.
are very encouraging. In the example given in figure (2),

there are two predominant sources and several coherent echos. 7. REFERENCES
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