A=23h83 =22 A 6 @ A3 3 20029 1€ 181

R SR I SEREE IR AR
w5 4 79

Enhanced Resolution of Spatially Close Incoherent Sources using
Virtually Expanded Arrays
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ABSTRACT

In this paper, we propose a resolution enhancement method for estimating direction-of-arrival
(DOA) of narrowband incoherent signals incident on a general array. The resolution of DOA algorithm
is dependent on the aperture size of antenna array. But it is very impractical to increase the physical
size of antenna array in real environment. We propose the method that improves resolution
performance by virtually expanding the sensor spacing of original antenna array and then averaging
the spatial spectrum of each virtual array which has a different aperture size. Superior resclution
capabilities achieved with this method are shown by simulation results in comparison with the standard
MUSIC for incoherent signals incident on a uniform circular array.

Key words : direction finding, virtual array, resolution.

sors, the number of snapshots, and SNR [1]. The

I . Introduction aperture size of antenna array has a major effect

on the resolution capability amcnng these parame-

The resolution of DOA algorithm depends on the ters. The effective aperture size is determined by
aperture size of antenna array. fhe number of sen- the carrier frequencies of incident signals. In prac-
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tical situation, the effective aperture size is reduced
when the carrier frequencies of the incident signals
are small because the physical aperture size is
fixed. It is therefore necessary to increase the
aperture size so as to improve the resolution capa-
bility. However, it is impractical o increase the
array's physical size in real environment because of
the mechanical structure of antenna array and
strong wind. Especially in case of mobile DOA
system, large aperture size can not be allowed
because it has very limited installation space for
anfenna array,

We can increase the aperture size not physically
but virtually in order to solve these problems. The
virtual expansion means that the aperture size of
original antenna array is increased mathematically.
We can make numerous virtual arrays from origi-
nal antenna array and these virtual arrays have
different aperture size from each other, The virtual
arrays can show better resolution performance than
original antenna array and the resolution capability
is proportional to the expansion size. But there is a
limitation to the virtual expansion size because
spurious peaks appear in the spatial spectrum of
DOA algorithm if we increase the aperture size
without increasing the number of sensors, It is not
economical way to increase the number of sensors
because each sensor needs receiver in order to
receive signals, If we apply the virtual expansion
method to the original array, then we can obtain
the output signals of virtually expanded array by
transforming the output signals of original array
into the output signals of virtually expanded array.
These transformed signals can be applied to exist-
ing DOA algorithms such as MUSIC [2].

We propose a new approach which improves the
resolution capability. The proposed method expands
the original antenna array not physically but
virtually and averages many spatial spectrums of
virtual arrays whose aperfure sizes are different
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from each other to reduce spurious peaks. The
main feature of our proposed method is that it is
applicable to any array geometry in conjunction
with the existing DOA algorithms in order to
improve the resolution capability.

. Mathematical Model

Let us consider a general array composed of M
identical sensors located at the points zi. 2o, ... 2m
in real three dimensional space and receiving
N(N{M) narrowband signals coming from
directions {&1, k2. ... . knt. The vector k;is a unit
direction vector, Under this conditions, the output

from mth sensor is found to be

N
%, ()= X5, (1) /% 4m (@) 0
n=1

where ¢ is the propagation velocity, @y is the cen-
ter radian frequency, 9, is a random initial phase
of the nth signal, 0,»(#) is the additive noise at the
mth sensor and T denotes the transpose operator.
The outputs of m sensors can be represented In
the vector format [2]

x(t)= A(x) s(t) +n(t) (2)

where s(#) is a N-dimensional source vector, n(#)
is the M-dimensional additive sensor noise vector
and A(K) is the MxN steering matrix whose

columns are steering vectors and written as

A(x)=la(x)).a(k,),...,a(x )] (3)
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ak,)=e (4)
In the analysis to follow, it is assumed that signals
and addifive noises are zero mean wide-sense
stationary and ergodic complex-valued Gaussian
random processes which are pairwisely uncorre-

lated. From our assumption, it follows that the
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covariance matrix of original array R, is given by

R, = A(K)RA(x)" +0°R, (5)

in which Rs=E{s(f)s(t)},  R=En(s(»™. In
this expression, the £ and H denote the ex-
pectation and Hermitian transpose operator, respec-
tively.

. Averaged Spatial Spectrum of the Virtually
Expanded Arrays

3-1 Virtual Expansion of Antenna Arrays

The resolution capability of DOA algorithm
mainly depends on the aperture size of antenna
array. But it is very impractical to increase the
aperture size because the mechanical strength of
antenna array structure is limited and mobile DOA
system has a very limited installation space for
antenna array. We can increase the aperfure size
not physically but virtually, The virtual expansion
is the procedures that increase the aperture size of
original antenna array mathematically. If we apply
the virtual expansion method to the original array,
then we can obtain the oufput signals of virtually
expanded array from that of the original array. If
we apply these output signals of virtually expand-
ed array to the DOA algorithms, then enhanced
resolution performance can be obtained.

In the virtual expansion procedures, the geomet-
rical shape of original array must be maintained.
That is to say, the direction of sensor location
vector zx must be maintained. Only the length of
the sensor location vector is virtually increased and
the virtual expansion ratio of all sensor location
vectors must be same. The array whose radius is
virtually enlarged % times as large as that of the
original array is shown in Fig. 1. The steering
matrix of the virtually expanded array which is a

function of k and % is expressed as

B(x,h) =[b(k,,h),b(x,,h),...,b(x, k) ]e C*"
(6)

where b(Ky, k) is the steering vector of virtually
expanded array and is given by

N cg i
b(xn,h) — [elwn""nl!/f, glomanle o B2 ¢ ]T (7)

where % denotes the array expanding factor., If
k=1, then B(x, k) corresponds to the original
steering matrix A (k). The output vector of the
virtually expanded array is found to be

¥(1)= B, h) s(t)+1,(1) (8)

where N5(#) is the M-dimensional noise vector of
the expanded array.

Fig. 1. Virtual expansion of antenna array.

3-2 Transformation Matrix

If matrix A(x) and B(k, ) have full rank of
N, then there exists the MxM transformation
matrix Tk, %) such that

B, )= T (i, ) A(x) (9
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The proof of (9) is given in [3]. From equation
(9), the covariance matrix R, of y(t) is given by

R = T(x,))RT(x,1)" (10)

Up to this point, we have assumed that k is the
same as true angle. Since K is unknown, however,
it must be estimated in practical situation. Wang
and Kaveh introduced the preliminary processing
to obtain good estimates for k[3]. We also use the
same scheme of this preliminary processing method

under the assumption that the preliminary esti-
mates {¥i, &, -, By} are in the neighborhood
of the true angles.

To estimate the transformation matrix Tk,
1), the MxM modified steering matrices B(X, &)

and A(K. &) are specified by
B(x,h) =[b(R,.h) ,b(Ry,h),....b(R, . 1)]  (11)
Ak =[a(k).a(k,), ... .a(k,)] (12)

The choice of the transformation matrix plays an
important role in establishing the proposed algori-
thm effectively. We can optimally select the trans-
formation matrix in the least squares sense. We
now consider the least squares problem of deter-

mining the transformation matrix 7°(k. %) so that
the Frobenius norm of the residual matrix E= B

(k. B)— T, k) A(x) is minimum. Mathemat-
ically, this problem can be expressed as

min
T (x.h)

E(x,h)—T(x,h)X(x)"F 13)
where I/l denotes the Frobenius norm,

Two kinds of transformation matrix can be consid-
ered. One i1s a nonunitary matrix. the other i1s an
unitary matrix. We shall herein consider the pro-
blem as that of selecting an unitary transformation
matrix 7k, &) which minimizes ||Ellz with T(k,
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h) preserving the Frobenius norm, that is.

”T("’h)z(”up:HE("”’)“F. The solution of this

constraint minimization problem is given by [4]

T, h) =VU " (14)

where the unitary matrices U and V correspond
to the singular value decomposition of Ax)
B, )" | that is, A@B®.W" =UZV"  We can
estimate the wvirtual arrays covariance matrix R,
from equation (10) using the transformation
matrix of equation (14) and covariance matrix of
original array R, This covariance matrix R, can
be applied to the existing DOA algorithms such as
MUSIC in order to improve the resolution capabil-
Ity.

3-3 Averaged Spatial Spectrum of Virtual Arrays

The spatial spectrums of virtually expanded
arrays show spurious peaks because the sensor
spacing is larger than the original array without
Increasing the number of sensors. It 1s very dif-
ficult to discern the real peaks from these spurious
peaks when the magnitude of spurious peaks are
high. The magnitudes and occurring frequencies of
spurious peaks are proportional to the aperture size,
Therefore we can increase the aperture size to a
certain extent when we use only one virtual array.
But if we use several virtual arrays with different
expanding factor 4, then we can solve this
problem.,

The positions and magnitudes of spurious peaks
of virtual array depend on the expanding factor %
because the locations of sensors are changed by the
expanding factor. If we average the spatial
spectrums of virtual arrays which have different
expanding factor from each other, then the
averaged spatial spectrum shows reduced spurious
peaks. Therefore we can discern real peaks from
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spurious peaks., The averaged spatial spectrum can
be represented as follows

1 [
P,@)= =Y P@
1) g ) (15)
where @ is the average number, Fi(k) is the
spatial spectrum of 7th virtual array which has the
expanding factor A.

IV. Simulations

To test the effectiveness of the proposed meth-
ods, in resolving closely spaced plane waves, the
case of two narrowband incoherent sources incident
on a uniform circular array with M =8 sensors is
considered. The radius of the original array is 0.5\,
Nine virtual arrays are used to enhance the reso-
lution capability and the array expanding factors of
virtual arrays are k= [9, 10, 11, 12, 13, 14, 15, 16,
17]. We used MUSIC as a spectrum estimation
algorithm., The sensor noise vector n(¢) is taken as
a complex valued additive white Gaussian process
whose components have identical variances and are
statistically independent of the source signals.

Two incident plane waves are taken to have
bearing angles 8= -3.0° and 8;=3.0°. The sensor
noise variance is selected so that the SNR of 5 dB
is obtained. In employing the proposed methods. a
set of initial angles is chosen to be {~35°, -3.0°,
=257, -20°, 20°, 25°, 30°, 35 This
experiment was repeated fen times and the
resulted ten spectral estimates are shown in
superimposed fashion in Figs. 2(a), (b) and (c).
From these estimates, it is evident that the
MUSIC spectrum of original array fails to resolve
the two signals in any of ten trial runs and the
MUSIC spectrum of single virtual array with 2=
17 partially resolves two signals. The averaged
MUSIC spectrum of nine virtual arrays, however,;
achieved a consistent resolution and has small

Spectrum in dB

Azimuth angle in degrees

(a) Spatial spectrum of original array
(h=1, SNR=5 dB)

Spectrum in ¢B

-180 -100 -50 a 50 100 150
AzZimuth ange in degrees

(b) Spatial spectrum of virtually expanded array
(h=17. SNR=5 dB)

Spectrum indB

i i
-150 -100 -50 u] 50 100 150
Azimuth angle in degrees

a0 ; 1 i ;

(c) Averaged spatial spectrum of virtually expanded
arrays(h=[9, 10, 11, 12, 13, 14, 15, 16, 17], SNR
=5 dB)

Fig. 2. Ten statistically independent superimposed bear-
ing estimates for two incoherent plane waves

at azimuth angles of —3.0° and 3.0°.
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Fig. 3. Probability of resolution versus SNR(azimuth=
[-30°, 30° D).

spurious peaks compared with the single virtual
array case.

To investigate the comparative resolution capa-
bility of the proposed method, we carry out com-
puter simulation with the signal to noise ratio
(SNR) changed. Two hundred indepentent trials
are made, In this case, azimuth angles of sources
are {-3.0°, 30°} and the preliminary estimates of
azimuth angles are taken to be {-35°, -30°,
=-25°, =207, 207, 257, 307, 35°%

The probability of resolution is herein defined as
the probability that one source is estimated in the
interval [-3.0"-2.0°, 3.0°+2.0°] and simultane-
ously the second source in the interval [3,0° —2.0°,
3.0°+20° ], Fig. 3 shows the probability of resolu-
tion when SNK is changed. From the results of
Fig. 3. we know that the averaged spectrum
method with nine virtual arrays has a better
resolution performance than the virtual expansion
method with single array. .

TP =5 A 6 4 A 3 2 20029 114

V. Conclusions

A new algorithm has been presented for im-
proving the resolution capahility of sensor array on
which multiple narrowband incoherent sources are
impinging. The fundamental concept is based on
the virtual expansion of the original array and av-
erage process of spatial spectrums of virtual arrays
which have different aperture size. From the
simulation results, it has been found that the pro-
posed algorithms provide superior resolution perfor-
mance relative to that of the standard MUSIC.
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