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ABSTRACT where, superscrigt denotes Hermitian transpose. The

In this paper, we present a technique for estimating theSubspace spanned by columns 4fare called sig-
number of sources based on the eigenvectors of the cob@l subspace, and its orthogonal complement is called
variance matrix of received signal at an antenna arraynoise subspace.

when directions of arrival priors are obtained fromthe ~ The problem of interest is to determine the di-
received signal, e.g. via a spectral estimation methodmension of the signal subspace, namely Most of
such as MVDR. The proposed technique is designatedhe existing methods for estimatingare formulated

the eigenvector order estimation technique (EOET).based on the eigenvalues of the sample covariance ma-
EOET outperforms AIC, MDL and GDE techniques in trix. Under the ideal spatially white noise model of
practice and provides comparable detection sensitivity 2w = o°Iar, whereo? is a constant representing noise

as AIC, MDL, and GDE in simulation. power at each antenna element, angd denotes the
identity matrix of dimension/, it can be seen that the
1. INTRODUCTION M — d smallest eigenvalues of the covariance matrix,

R, are equal. Therefore, the determination of the num-

Estimation of the number of signals impinging on an ber of sources is equivalent to determining the multi-
antenna array is of significant importance in high res- Plicity of the smallest eigenvalue @t [10] [11].
olution direction of arrival estimation methods such as ~ Akaike information criterion (AIC) and minimum
MUSIC and ESPRIT, or in other applications that re- description length (MDL) [2] are two criteria for es-
quire the estimation of the signal subspace [1]. timating d that are derived based on the information
Consider an antenna array af elements and theoretic criterion proposed by Akaike [3] and by Ris-
suppose that it received signals from directions Sanen and Schwartz [4] [5]. These two criteria are
01, - 04 €.9. derived based on the assumption that), - - - , si(.)
are complex, stationary, and ergodic Gaussian random
X(n) = AS(n) + W(n) processes anft,, = o21y;.
where, A, M x d, is a full-column rank matrix{/ > When the noise statistics are unknown, other meth-
d) of array responses to signals received from direc-0ds such as Gerschgorin Disk Estimator (GDE) [12]
tions#y,--- , 0, Then'™ snapshot source signal vec- thatis based on clustering the Gershgoring radii of the
tor S(n), d x 1, is modeled as a stationary stochas- transformed covariance matrix have been proposed.
tic process with covariance matriX;. The noise vec-
tor, W(n), M x 1, is a zeros mean stationary com-
plex Gaussian vector with covariance matRy. Fur-
_ T _
t[zj??:; r.e."S’(ZL(n)[f% (Zr)é unégﬁf;gteindu‘?ﬁ;) these M this section, we present a technique for esti-

. . . . . mating the number of sources based on the eigen-
assumptions, the covariance matrix of the received Slg_vectorgs of the covariance matrix of received i ?lal
nal at the antenna array can be written as 9

at the antenna array when the set of directions of
arrival© = {6y,--- ,60;}, is a subset of a known set
R=&{X(n)X"(n)} = AR, AT + R, E. The proposed technique is designated the eigen-

2. EOET TECHNIQUE



vector order estimation technique (EOET). EOET is |J;_, E; =: E and|E;| = A;, where|.| denotes the

an improvement to the methods presented in [8], [14]. length of the interval.”. Definey;,i =1,--- , M —1,

Information about sef can be inferred e.g. by us- to be,

ing a spectral estimation method such as MVDR [13],

which does not. require knowledge of t_he number of f_%l 1£5(0) + €1|[||fi11(8) + €1]|h(8)d6

sources. If no information can be obtained about the,, = . 2 ~

directions of arrival, set E can be considered to be \/ffg 1£:(6) + €1][*h(0)d0 |2, || fi11(60) + €1|[*h(6)d6

E =[-90°,90°]. 1)
Let TDTH be the the spectral decomposition of

R, eg. R = I'DI'H, whereT' = [y, -+ ,vu] whereh(0) is a simple function [16] defined as,

is an orthogonal matrix whose columns,, - - - , v,

are the eigenvectors at, and D a diagonal matrix, h() = Z Xz ()
whose diagonal elements are the eigenvaluds. de- = A
fine P, = 1, s Ym), Qm = I — PPy and where,xr(.) is the indicator function of sef, which

fm(8) = Qma(f). Wherea() is the array response s defined as,
to directiond. For example, for a uniform linear array

the array response to directiércan be written as, xr(z) = { é i; IE
_j2nt sia(8) (M 1)csin) Sincef;(0),i = 1,---, M are continuous, we expect
a(f) =[l,e” x - e X thaty; ~ 1fori=d,--- ,M —1andy; < 1fori =

1,---,d—1.Infact,asA = max{A, -+ , A} — 0,
wi — Lfori=d,--- , M —1andu; — ¢; < 1 for
i =1,---,d— 1. Further, to amplify the approximate
equality of ug and g1, we propose the estimator of

where ( is the interelement spacing of the an-
tenna array, is the direction of arrival of re-
ceived signal, and)\ is the carrier wavelength

and superscript” denotes transpose. Since the signal subspace dimensiaio be,
Spar{a(01), -~ ,a(0s)}=Spar{y, -+ ,7a},  for
i > d, we havef;_1(6;) = fi(6;) = 0 for o
j=1,---,d. EOET is based on a measure of equality d = argmaz{v; = M Fiz1, M2
betweenf; 1 (0;) and f;(6;) forj =1,--- ,d. Hi = fin

One such measureisgivenpyi =1,--- , M—1, wherefi is given by,

JENF1(0) + ex]|do

—_
2

o = —
V7 I I(0) + e1]pas

where, (") represents the sample estimaté.of
It should be mentioned that wheh > 2 and setE
containsf; andf,, i.e. 61 € EF andf, € E, even
if {0,}4, ¢ E, EOET can estimate the number of
sources correctly.

In practice, the integral in (1) will be replaced with

2 11£00) + ][]l fis1 0) + €1]]g(8)d0
pPi = = 7
VI 15i0) + €1l2g(0)d8 [ 2 [1fi11(0) + 1] 2g(8)do

where||.|| denotes the norm df”, 1, M x 1, denotes
a vector of ones; is an arbitrary small constant, which
is used to avoid the undetermined ratid@h andg(0)

is defined to be,

d sum over the available discrete angles and the modeled
9(0) = Z 0(60 = 61) or calibrated array response vector is utilized.
=1
where,j(.) is the Dirac’s delta function ari, - - - , 6, 3. SIMULATION RESULTS
are the directions of arrival of received signals. Then
p; is less than one foir = 1,--- ,d — 1 and equal to  In this section, we investigate the order estimation

onefori =d,--- , M — 1. Given that the directions of performance of AIC, MDL, GDE and EOET using
arrival of received signals are not known, we define a computer-based generated data. We consider a uni-
related measurg;. To do so, le{ E4, - -- , E, } be the form linear array with 8 elements, and assume two in-
minimal family of open disjoint intervals such thatc dependent sources with directions of arrival of -1 and
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Fig. 1. Probability of correct detection versus SNR for
two equi-power sources from -1 and 1 degree
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Fig. 2. Probability of correct detection versus SNR for
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two equi-power sources from -1 and 1 degrees

1 degree. 1000 samples are used to estimate the co-
variance matrix of received signal. For GDB(N)

is a nondecreasing parameter (i 1) chosen to be
0.01 [12] and for EOET-1 the sek is chosen to be
E = [-4°,4°] and for EOET-2 the sef is chosen
to be E = [-90°,90°]. We generate our data based
on two models for the covariance matrix of noise. In
model A, we generate the data basediyn = I and

in a model B, based oR,, = I + £diag[ky,- - , k),
wheref is a positive constantand, - - -

, kg areinde-

MDL, GDE and EOET when the statistical structure of
the data mildly deviates from the ideal model.

Figure 1 depicts the probability of correct detection
of the number of received signals versus SNR for the
model A.

Figure 2 depicts the probability of correct detec-
tion of the number of received signals versus SNR for
model B wher¢=1.

These examples show that EOET exhibits com-
parable performance to AIC and MDL in and ideal
model, e.g. model A, and outperforms AIC and MDL
when the statistical structure of data mildly deviates
from the ideal model, e.g. model B. Further, EOET
has a lower detection threshold in comparison to GDE.
The results using EOET technique shows that a mini-
mal information about DOA's results a robust number
of source estimation.

4. EXPERIMENTAL RESULTS

In this section, we investigate the order estimation per-
formance of AIC, MDL, GDE and EOET using experi-
mental data. In the first subsection, we consider the ex-
perimental data obtained in an anechoic chamber and
in the second subsection, we consider the experimental
data obtained in a multipath environment.

4.1. An Anechoic Chamber

The experiment was carried out at the University of
Wyoming. The receiver is equipped with a 6-element
uniform linear array with 2.%wavelength element
spacing. This sensor spacing limits the field of view
for a spatially non-aliased sector fron13.5° to 13.5°.

The narrowband signal transmitted by transmitters has
a wavelength ok = 8.275mm. Details of the experi-

$hental system can be found in [9]. In the experiment,

two equi-power sources are present and SNR is 6dB.
One source is stationary at an angle of -3.8 degrees and
one source is moving at a constant velocity of 0.0147
degrees per shapshots starting at -10.9 degrees. The
covariance matrix of received signal is estimated by

R=- NX xH
—N; ()X (n)

pendent random variables distributed uniformly in the whereN = 30 is the number of snapshots aAdn) is
interval (0,1). In this model SNR denotes the signal then!" snapshot.

to noise ratio (SNR) calculated whén= 0. We have

Table | tabulates mean, standard deviation and de-

considered model B to study the effectiveness of AIC, tection rate (DR) of the estimated number of sources



using AIC, MDL, GDE and EOET. These statistics are

computed using 150 segments of data. Figure 4 depicts the the first four eigenbeams cor-
Figure 3 shows the MVDR spectra of the first and responding to the spatially smoothed data at the re-
last time segments of the experimental data. ceived antenna array. It can be seen that the first eigen-

The following is the estimated eigenvalues of the beam clearly shows a multipath signal that is received
normalized covariance matrix of the first and second from direction3° and the second eigenbeam shows that

segments of experimental data, a signal is received from directior6> and the third
eigenbeam shows that a signal received from direction
M o= 064,) = 02833 = 0.035,\y, = 27° and the fourth eigenbeam has a noise-like eigen-
0.0151, A5 = 0.01, \¢ = 0.007 beam pattern [15]. Therefore, we expect that the signal
subspace is of dimension 3.
A1 = 0.63, M0 = 0.26\3 = 0.05, \y = 0.02, \5 = Table 2 tabulates mean, standard deviation and de-
0.008, ¢ = 0.006 tection rate of the estimated number of received signals

at the antenna array using AIC, EOET, GDE and MDL.

It is evident that the first two eigenvalues are much These statistics are computed using 100 segments of
larger than others. However, the relatively large vari- data each with 250 snapshots.
ation of the four smaller eigenvalues causes AIC and  Considering the obtained results, it can be seen
MDL, which contain a test statistic for the equality of that both AIC and MDL estimate the number of
the smaller eigenvalues as a part of their formulation, received signals to b& — 1, whereM is the number
to fail. of antenna elements, a result which was observed in

Considering the results obtained using EOET, we other experimental studies as well [8]. Further, GDE
can conclude that even when no information is avail- also fails to estimate the number of received multipath
able about the directions of arrival, EOET outperforms signals. Considering the results obtained by using
the other methods. Further, the performance of EOETEOET, it can be seen that even though one of the
can be improved with minimal information that can be the eigenvalues of the estimated covariance matrix is
obtained using a spectral estimation method such aslominant, EOET can still provides good performance
MVDR. In GDE formulation,D(N) is a nondecreas- with minimal information about the directions of
ing parameter in0,1) which cannot be chosen sys- arrival. Further as the measure of getlecreases the
tematically and our investigation using both computer- performance of EOET improves and also even if the
based generated data and experimental data shows thaetE may not contain one of the direction, EOET can
GDE's performance highly depends on the choice of still perform reasonably well.
D(N) and this makes it difficult to use. Further, we have
not been able to find ®(N) such that GDE works in
multipath environments which is discussed in the next

subsection. 5. ACKNOWLEDGEMENT

' _ We would like to thank Prof. J. Pierre, Department
4.2. A Multipath Environment of Electrical Engineering, University of Wyoming, for

The experiment was carried out in the city of Sapporo, providing us the experimental data.

Japan. The receiver is equipped with a 10-element uni-

form linear array with half-wavelength element spac- 6. REFERENCES
ing. The transmitter has a single element antennas and
is placed in a Line of Sight (LOS) position. [1] M. Nezafat, M. Kaveh, H. Tsuji, T. Fuka-
The following is the eigenvalues of the normalized gawa, "Localization of wireless terminals using
forward-backward spatially smoothed covariance ray tracing and subspace matching,” in Proc. of
matrix with a subarray of size 8, IEEE-SAM 2004.
A= 0954 = 0024 = 001, = [2] M. Wax, T. Kailath, ” Detection of signals by in-

0.004, A5 = 0.003, A\g = .000, A7 = .000, A\g = .000, formation theoretic criteri,” IEEE Trans. Acoust.,



[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

Speech, Signal Processing, pp. 387-392, vol. 33,[15] M. Nezafat, M. Kaveh, H. Tsuji, T. Fukagawa,

1985. "Subspace Matching Localization: A practical
approach to mobile user localization in microcel-

H. Akaike, "A new look at the statistical model lular environments,” in Proc. of VTC-Fall, 2004.

identification,” IEEE Trans. Automat. Contr. pp.

716-723, 1974. [16] H. Royden, Real Analysis, Printice Hall, 1988.

G. Schwartz, "Estimating the dimension of a
model,” Ann. Statist. pp. 461-464, vol. 6, 1978. 14

First Time Segment
12+ el —*— Last Time Segment

J. Rissanen, "Modeling by short data descrip-
tion,” Automatic, pp. 465-471, vol. 14, 1978.

W. Xu, M. Kaveh, "Analysis of the performance
and sensitivity of eigendecomposition-based de-
tectors ,” IEEE Trans. Acoust., Speech, Signal
Processing, pp. 1413-1426, vol. 43, 1995.

Capon Spectrum

W. Xu, J. Pierre, M. Kaveh, "Practical detection
with calibrated arrays ,” in Proc. Statistical Sig-
nal and Array Processing Workshop, pp. 82-85,
1992.

15
DOA (Degree)

W. Xu, Design of cost functionals for parameter
estimation and robust detection. PhD Thesis, Uni- Fig. 3. MVDR spectra of first and last segments of

versity of Minnesota, 1993. experimental data in the anechoic chamber.
J. Pierre, E. Scott, M. Hays, "A sensor array 10
testbed for source tracking algorithms,” in Proc. ol i
IEEE Int. Conf. Acoust., Speech, Signal Process-
ing, pp. 21-24, 1997. -1op il
D. N. Lawley, "Tests of significance of the latent % 0 |
roots of the covariance and correlation matrices,” & -20 1
Biometrica, pp. 128-136, vol. 34, 1956. & " |
M. S. Bartlett, "A note on the multipling factors 50} T — s .
for varius chi-square approximations,” J. Royal = Second Eigenbeam
Statistical Soc., pp. 296-298, vol. 16, 1954. ooy Third Eigenbeam ]

— +—  Fourth Eigenbeam

_70 1 1 1

H. T. Wu, J. F. Yang, F. K. Chen,”Source number ~100 -0 DOA (begree) 50 100

estimators using transformed Gerschgorin radii,”

;%I;Esgrzarlséggnal Processing, vol. 43, no. 6 pp. Fig. 4. Eigenbeams of forward-backward spatially
oYe ' smoothed data.

H. L. Van Trees, Optimum Array Processing,
John Wiley & Sons, 2002.

M. Nezafat, M. Kaveh, W. Xu, "Estimation of the
number of sources based on the eigenvectors of
the covariance matrix,” in Proc. of SAM 2004.



Table 1. Performance of AIC, MDL, GDE and EOET
using data of anechoic chamber experiment

DR | Mean| STD
AIC 0 46 | 0.53
MDL | 12% | 3.84 | 0.95
GDE | 72% | 2.2 | 0.49 D(N)=0.1
GDE | 0% | 4. 0.0 D(N)=0
GDE | 42% | 1.4 | 0.49 D(N)=1
GDE | 88% | 2.0 | 0.34 D(N):m
GDE | 17% | 3.3 | 0.76 D(N)=525;
EOET | 80% | 2.0 | 0.45 E=[-13.5,13.5]
EOET | 80% | 2.1 | 0.43 E=[-12,0]
EOET | 85% | 2.0 | 0.38 | E=[-12, 8] |J[-6, 2]

Table 2. Performance of AIC, MDL, GDE and EOET
using experimental data in a multipath environment

DR | Mean| STD
AIC 0 7 0.
MDL | 0% 7 0.
GDE | 0% 6 0 D(N)=0.0
GDE | 0% | 2. 0. D(N)=0.1
GDE | 0% 6 0 D(N)=7
GDE | 0% | 2. 0 D(IN)= 1557
GDE | 0% 1 |0.76 D(N)=1.0
EOET | 100% | 3 0 E={—6°} U{—3°} U{27°}
EOET| 0% 1 | 0.0 | Ef[-10°,—2]J[-1°,7°] U[23°,31°]
EOET| 3% | 1.7 | 0.97 | E=[-9°,-3°]UJ[0°,6° U[24°,30°]
EOET| 60% | 2.6 | 1.22| E=[-8°,—4°]{J[1°,5° U[25°,29°]
EOET| 100% | 3 0. | E=[-7°,-5°1U[2°,4°] U[26°, 28°]
EOET| 46% | 3.0 | 1.0 E=[2°,4°] J[26°, 28°]
EOET| 100% | 3 | 0.0 E=[-7°, —5°] U[26°, 28°]
EOET| 64% | 3.7 | 0.96 E=[-7°,—5°]U[2°,4°]
EOET| 0% 4 0 E=[-90°,90°]




