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Abgtract: To circumvent the problem of performance
degradation of direction of arrival (DOA) estimation due to
angular spread, it was assumed impracticably that the
parameterized shape of the angular digtribution is known.
Moreover, the disadvantege of most agorithms is the
computational complexity a a multi-dimensiona
numerical search is necessry. By usng a smple 1-D
maximum eigenvaue search rather than resort to
multidimensiona parametric search, we propose a hlind
dgorithm for DOA edimation of multiple coherently
digtributed sources, without prior knowledge about the
function form of the angular digtribution. We develop the
dgorithm in uniform linear aray (ULA) condition,
dthough our approach is not limited to ULA.
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1. INTRODUCTION

Most sensor array processng methods are based on the
assumption that the signas are propagated from distinct
point sources. However, it is just an approximation of the
practical environment. Under many circumstances, the
gpplication of conventional high-resolution agorithms to
esimate the direction of arriva (DOA) of the sources will
have erroneous results [1-2].

Recently, previoudy posed 1-dinensona DOA
egtimation problems for point source are generdized to a
multi-dimensona parameter estimation problem. Four
types of distributed sources have been appeared in the
literature, including coherently distributed (CD) source,
incoherently (ICD) distributed sources, generdized array
manifold (GAM) source and partidly coherent (PCD)
source [3-6]. In this paper, we condder the problem of
DOA egtimation of multiple CD sources.

Mogt previous methods are based on the knowledge of
dl possble generalized directionad vectors that are
depending on the function form of the angular distribution
of the sources [4-7]. The unknown parameters of the
angular distribution include the mean DOA and the angular
spread parameter. In this paper, we introduce modulus
condiraint on generdized directional vectors determined by
the extent parameters of the distributed sources. Then,
without prior knowledge about the concrete function form
of the angular signa density, a new high-resolution
dgorithm is developed for the mean DOA edtimation of

multiple CD sources. It is applicable for the situations
where the disributed sources with different form of
distribution coexigt, in which case the methods proposed in
[6,7] have difficulty in esimating the mean DOA of the
distributed sources.

2. SIGNAL MODEL

Condder alinear array of N equally spaced sensors with
spacing d monitoring a wave field of g spatidly distributed
narrow-band sources in additive background noise. For
smplicity, the sensors and sources are assumed on the

same plane, athough extension to three dimensiona space
is straightforward. The complex envel ope representation of
the output of the sensor k can be given by

g 0 .

X, = q_ Q@@ )da +n, @
k=12.,N, where a(q) is the kth element of the
directional vector

a(q) :[1 e—ij(d/I)sirq
s, (g;j ;) isthe angular Sgnd dengty of the i-th source in
thedirection g, j , isthe unknown parameter vector,
and n, isadditive noise.

Assume that the signd components ariving from
different angle within the extendon are coherent, the
angular signd density can be represented as

s@:)=99@: ) (2)
i=12,., q, Where g, is a random varigble and
9:(@;j ;) isacomplex-vaued determinigtic function of q,
which is cdled the deterministic angular signad dendity and
is unimodal and symmetric about the mean DOA ¢, [6].

The output vector of the array can be expressed as
S )
x=aq 9b()+n (€)

g e )sirq]T

XN]T, n=[n n, .. ﬂN]T and

b ) = C3@)a @i )da @

which is called generalized directiona vector (GDV).
We will only condder spetialy white noise and assume
that signal and noise are uncorrelated from each other, g,

are zero mean complex random variables, g, and g, ae

where x=[x X, ..



not fully corrdated for al i 1+ k . The correation matrix
of the aray is then given by R=E(xx")=BPB" +s I,
where B=[b(,).b,(G )...b,G )], P is a correation
matrix with the ikth component defined as E(gg,’), s,
isthe noise variance, | is unit matrix. The singular vaue
decompositionof R is

R=BPB" +s | =U.L U." +U, L U," 5)
where L, =diag(s,.s,...s,), L,=diags,s,..s,),
s, ®s,%..3s >s , Ujand U, ae marix of the
column vectors which are singular vectors corresponding
tosngular values s ;s ,...s ,ad s, respectively.

If the function form of deterministic angular sgnd
dendty g,(@;j ;) were known, the DOA’s and angular
spread parameters can be found from the following
orthogondlity property:

U,"b(G )=0 iff B( )T col(B) (6)
As asmple example, a CD source can be characterized by
two paameters, mean DOA o and distribution
parameter r, . Two-dimensiona parametric searching must

be required to estimate these parameters.

Under the Stuations where the function form of the
determinigtic angular signa density is unknown, we are
just interested in the mean DOA and regard extent
parameters as redundancy that need not be estimated. Thus,
multidimensiona parametric search is hot necessary. Since
the parameterized directional vector b(j ;) is unknown,

we propose a blind identification method to estimate the
mean DOA of the CD sources.
TheGDV h(j,) canbe expressed as
b =diag(h)a(q,) ()
i =1,2,.., q,wherevector h isgiven by

h = F@)9.@ - a. )dq ®)

and is only dependent on the extent parameters. Note that
al the angular distributed function appeared in the
literatures are conjugated symmetric about the mean DOA,

nandy: gi(q' qnj i):gi*(qi 'qu i)' It is Gﬂ’ to VG’Ify
that h isared vector from (8). Below, the new gpproach

to DOA egdimation of CD sources is base on this modulus
congraint onthe GDV b ;) .

3. MAXIMUM EIGENVALUE SEARCHING
METHOD
From (6), we can write BPB" =U (L, - L,)U," . So that
matrix B can be expressed as.
B=UW ©
where q° g marix wisnonsngular. Substituting for B
in (9) with (7), we have
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where h(1),h (2)...,h (M) ae the components of vector
h, u',uf ..} aetherow vectors of matrix Ug, w, is

the i-th column of matrix w . i=12...q. Square the
components on both sides of (10), we obtain:
eu,"w)*u € h*(9 u
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e(Uz Wi) u-e hi (2)e 12 u
é U— é l;| (11)
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Since the components of vector h are red or imaginary,
(11) can bewritten as
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where the sign is pogitive for the conjugate symmetry case,
and negative for the anti-conjugate symmetry case. By left
multiplyingby u! , we get

W :V(qi)Wi‘ (13)
where V(qg,) isa q° q symmetric matrix, and is given by
V(ql) :USHF (qi)us’k (14)

where F () = diag(a((@;))’.

Equation (13) is not in a convenient form for computetion
astheright sideis dependent on w,” . However, it indicates
the condition that the ationary point must satisfy and aso
suggests the iterative procedure for compute w; as

w(k +1) =V (q)w (k) (15)
where subscription is omitted as v(q) iS dependent on
unknown DOA g, . We can get iterative solutions through
1-D DOA search. It is suffered from the problem
associated with iterative agorithm like loca convergence
or proper initidization. Since the iteraive process (15) is
determined with matrix v(q) in nature, we can obtan

DOA egtimation without iterative computation. From (13),
we have

w =G(g,)w, (16)
where G(qg,) isamdrix of q” g givenhby
G@)=V@)V"@) (17)

Note that w, is the eigenvector of G(q;) a the mean

DOA of distributed sources, with the corresponding
eigenvaue equals one.
Claim: The eigenvaues of matrix G(q) defined by (17)

and (14) are non-negative, and not larger than 1.



Proof: From (17), we can see that G(q) is pogtive
definite Hermitian matrix. So the eigenvauesof G(q) are
non-negative. Denote | (g) the maximum eigencalue of
x" G(q)x

X

meatrix G(q), then I (@)=max o

= max
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and it is essy to verify that y"'y=1 from x"x=1. Note
thet 1=U.,U,+U,'U,, which yidds |u.™

=y"(1-U,U,")y=1- y'U,'U,"yE1.Sothat | (q)£1.
This property can be applied to obtain DOA estimation

without iterative computation. Computing the maximum
eigenvalue, denoted as | (q), of G(q) @ every possble

DOA, the mean DOA of the distributed sources can be
estimated by peak vaue searching of | (q). The DOA
dgorithm for the coherently distributed sources is
summarized in the following.

1. Given the sample corrdation matrix, find the signd
subspace vectors, which are the columns of matrix U, .
2. Udng the edimated signa subspace vectors, cdculate

matrix V(q) =U,"F @)U, and G(@)=V(@)V (@), Where
q isDOA searching pointin [-p/2,p/2].
3. Compute | (), which is the maximum eigenvaue of
G(q) , and calculate the generdized spectrum
f(@)=- log(|L- 1 @))) (18)
4, Edimate the mean DOA of the distributed sources by
pesk value searching of  (q) .

= max|
yHy=1l
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This agorithm requires a SVD of a complex matrix of
Sze n v ingegpland M SVD' sof acomplex matrix of
Sze q° q ingep 3, where N isthe sensor number of the
array, M isthe number of the DOA searching grids, q is
the number of the digtributed sources. Due to the term
e !®@d in £ (q) and regardlessness of the distributed
parameters, there probably exists ambiguity of the DOA
edimation even if the array manifold a(q) is unambiguous.
Taking no account of this ambiguity, the adgorithm is
gpplicable for non-uniform array, as no limitation on the
geometry of the array is assumed here. Unlike the methods
proposed in [6,7], which are based on the knowledge of
functiond form of the angular signa densty, the new
method can ded with the complex stuations where the
sources with different angular signd density coexigt.

4. SIMULATIONRESULTS

In this section, we will test the vaidity of the agorithm
by three computer smulaion examples. Here, the CD
sources are corrupted by complex white Gaussan noise
with zero mean and variance s ,. The SNR used in the

examples is defined as 10log(1/s,). Taking no account of
ambiguity, we only consder a linear array of N equaly
spaced sensors with spacing d=1/2 and the mean
DOA' s of the distributed sources locate in [-30°,30°]. The
DOA searching step spacingis 0.1°.

Example 1: The angular Sgnd density of two distributed

SOUrCes|s g(q,ji)=1 L » 1=1, 2, where unknowns are
-r

ie'i(CI'CIi)
j.=[9,,r,]1=[-30,06] and j ,=[q,,r,]=[-40,09]. In
this example, we assume N=8, SNR=15dB,the number of
snapshot is 100. The MUSIC spectrum is shown in fig. 1(a):
only one peek is obtained. The generalized spectrum (18) is
shown in fig. 1(b): two pesaks around the mean DOA of the
digtributed sources are obtained.
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Fg. 1Dash line: (8 MUSIC spectrum and (b) generdized spatid
spectrum (18) in Example 1. Solid line: true DOA location.

Example 2. The angular dsgnad density of three
distributed sources is g, (q.j ) ={¥@ ki, i=1,2,3, where

ofa-aif>ri

unknown parameter's  ae  j,=[q.r,]=-146] ad
j =07 ,1=[-9°81, j.=[a.r.]=[-2720"]. In this
example, we assume N=16, SNR=10dB,the number of
sngpshot is 100. The MUSIC spectrum is shown in fig. 2(a):
erroneous results are obtained. The generalized spectrum
(18) is shown in fig. 2(b): three pesks around the mean
DOA of the digtributed sources are obtained.

Compared with that in [6,7], which assumed tha the
angular sgnd density g,(@;j ;) is known with unknown
parameters and 2-D parametric searching was required, our
method does not used this prior information and smple 1-
D DOA searching is required. Moreover, our method is
goplicable for the dtuations where the sources with



different form of digtribution coexist, in which case the
methods proposed in [6,7] have difficulty in estimating the
mean DOA of the distributed sources.
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(b)
Fg.2Dash line (8) MUSIC spectrum and (b) generdized spatia
gpectrum (18) in Example 2. Solid line: true DOA locetion.

Example 3. The angular signd dendty of two distributed
sources is different, oneis g,(q.j ,) ={*1 @ | another is

0la-gja|>ry
1

9. ) =T e where  unknown  parameters
2

i.=lg,.r,]=[1606.001 and j ,=[q,.r,]=[90°,08]. In
this example, we assume N=8, SNR=15dB,the number of
snapshot is 100. The MUSIC spectrum is shown in fig. 3(a):
only one peek is obtained. The generaized spectrum (18) is
shown in fig. 3(b): two peaks around the mean DOA of the
distributed sources are obtained.

5. SUMMARY

Through smple 1-D maximum eigenvalue searching, a
blind identification dgorithm is proposed to etimate the
mean DOA of the coherently distributed sources. The
angular signal dendity is assumed conjugated symmetric
about the mean DOA. It is different with the previous
methods, which are based on the knowledge of function
foom of the angular sSgnd densty and reguire
multidimensiona parametric searching. Moreover, The
method is gpplicable for the Situations where the distributed
sources with different form of digtributed function coexig.
We develop the dgorithm in the uniform linear array
condition, athough our approach is not limited to ULA.

(b)

Fg. 3Dash line () MUSIC spectrum and (b) generdized spatid
spectrum (18) in Example 3. Solid line: true DOA location.
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