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Statistical performance of MUSIC-like algorithms
in resolving noncircular sources

Habti Abeida and Jean-Pierre Delmas, Senior member IEEE

Abstract—This paper addresses the resolution of the conven-
tional and noncircular MUSIC algorithms for arbitrary circular
and noncircular second-order distributions of two uncorrelated
closely spaced transmitters observed by an arbitrary array. An
explicit closed-form expression of the mean null spectrum of the
conventional and noncircular MUSIC algorithms is derived using
an analysis based on perturbations of the noise projector instead
of those of the eigenvectors. Based on these results, theoretical
and approximate interpretable closed-form expressions of the
threshold array signal to noise ratios (ASNR) at which these two
algorithms are able to resolve two closely spaced transmitters
along the Cox and the Sharman and Durrani criteria are
given. It is proved that the threshold ASNRs given by the
conventional MUSIC algorithm do not depend on the distribution
of the sources including their noncircularity, in contrast to the
noncircular MUSIC algorithm for which they are very sensitive to
the noncircularity phase separation of the sources. This threshold
ASNR given by the noncircular MUSIC algorithm is proved to
be comfortably lower that that given by the conventional MUSIC
algorithm except for weak phase separations of the sources for
which the resolving powers of these two algorithms are very close.
Finally, these results are analyzed through several illustrations
and Monte Carlo simulations.

Index terms: direction of arrival (DOA), circular and noncir-
cular signal, threshold of resolution, MUSIC algorithm.
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I. INTRODUCTION

EDUCING array resolution limits is a very old problem that has

been studied extensively in the literature, first in astronomy and
subsequently in signal processing. Based on the classical beamformer,
different resolution criteria have been defined from the main lobe of
the array spectrum as the celebrated Rayleigh resolutions such as the
half power beamwidth or the null to null beamwidth [1] that depends
solely on the antenna geometry.

Then for specific so-called high resolution algorithms based on
the search for two local minima of null sample spectra such as
different MUSIC-like algorithms, two main criteria based on the
mean null spectrum have been defined. For the first, introduced
by Cox [2], two sources are resolved if the midpoint mean null
spectrum is greater than the mean null spectrum in the two true
source DOAs. This criterion was first studied by Kaveh and Barabell
[3], [4] in the resolution analysis of the conventional MUSIC and
Min-Norm algorithms for two uncorrelated equal-power sources and
a uniform linear array (ULA). This analysis has been extended to
more general classes of situations, e.g., for two correlated or coherent
equal-power sources with the smoothed MUSIC algorithm [5], then
for two unequipowered sources impinging on an arbitrary array with
the conventional and beamspace MUSIC algorithm [6]. A subsequent
paper by Zhou et al [7] developed a resolution measure based on
the mean zero spectrum and compared their results to Kaveh and

Barabell’s work. For the second one, introduced by Sharman and
Durrani [8] and then studied by Forster and Villier [9], [10] in the
context of the conventional MUSIC and Min-Norm algorithms, for
two uncorrelated equal-power sources and a ULA, two sources are
resolved if the second derivative of the mean spectrum at the midpoint
is negative.

Moreover, several authors have considered (e.g., [11], [12], [13])
the probability of resolution or an approximation of it based on the
Cox criterion applied to the sample null spectrum to circumvent the
possible misleading results given by these two criteria. Finally array
resolution limits has been studied independently of any algorithm
from different points of view. Based on order detection using in-
formation theoretic criteria such that the minimum description length
(MDL) and the Akaike’s information (AIC) criteria, the probability of
underestimating or overestimating the number of sources for the case
of two closely spaced sources has been analyzed in [4]. Resolution
criteria have been defined from the Cramer Rao bound (CRB) [14]
as the source separation that equals its own CRB, then applied to
discrete sources in [15], and from the generalized likelihood ratio
test [16] through constraints on the probabilities of false alarm and
of detection.

We note that all these studies have been obtained under a cir-
cular Gaussian distribution of signals. The aim of this paper is to
extend some of these previous results under arbitrary second-order
distributions, with a particular attention to noncircular signals often
used in digital communications. More precisely, we consider the two
resolution criteria based on mean null spectra associated with the
conventional MUSIC algorithm and with a MUSIC-like (denoted
noncircular MUSIC) algorithm introduced and studied in [17] which
is an extension of a root MUSIC-like algorithm devised in [18] to an
arbitrary array that benefits from the second-order noncircularity of
the sources.

The paper is organized as follows. The array signal model and the
statement of the problem are given in Section II. Using an analysis
based on perturbations of the noise projector instead of those of the
eigenvectors, an explicit closed-form expression of the mean null
spectrum of conventional MUSIC algorithm that does not depend on
the distribution including the noncircularity of the sources is derived
in Section III. Consequently, the associated expressions (e.g., [3,
rel.(35)] and [9, rel.(18)]) of the resolution thresholds obtained under
the two foregoing criteria for circular Gaussian sources extend to
arbitrary distributions and arbitrary arrays. This analysis is applied
again in Section IV, to derive closed-form expressions of the null
spectrum of the noncircular MUSIC algorithm. Then, closed-form
expressions of the resolution thresholds are deduced under the two
foregoing criteria for arbitrary arrays. These expressions show the
crucial role played by the noncircularity phase separation of the
sources. They confirm that the noncircular MUSIC algorithm largely
outperforms the conventional MUSIC algorithm from the resolution
point of view for large noncircularity phase separation, in contrast to
weak noncircularity phase separation for which the threshold ASNRs
given for the noncircular and conventional MUSIC algorithms are
similar. Finally, numerical illustrations and Monte Carlo simulations
are given in Section V with particular attention paid to the noncir-
cularity phase separation and the main results are summarized in a
conclusion.

The following notations are used throughout the paper. Matrices
and vectors are represented by bold upper case and bold lower case



characters, respectively. Vectors are by default in column orientation,
while 7', H, * and # stand for transpose, conjugate transpose,
conjugate and Moore Penrose inverse, respectively. E(.), Tr(.),
Det(.) ||-]|Fro. R(.) and (.) are the expectation, trace, determinant,
Frobenius norm, real and imaginary part operators respectively. Ix
is the K -order identity matrix, ek j denotes the k-unit vector in R

O Iy
I O
is the “vectorization” operator that turns a matrix into a vector by
stacking the columns of the matrix one below another which is used in
conjunction with the Kronecker product A ® B as the block matrix
whose (i,7) block element is a; ;B and with the vec-permutation
matrix K which transforms vec(C) to vec(C™) for any square matrix

C.

and J is the 2M x 2M partitioned matrix . vec(+)

II. STATEMENT OF THE PROBLEM

Let an arbitrary array of M sensors receive the signals transmitted
by K equal-power narrowband independent sources of power Uﬁk.
The observation vectors are modelled as

= Ax; +ny, t=1,...,T, (IL1)

where (y¢)i=1,...,r are independent and identically distributed. A =
[a1,...,ak] is the steering matrix where each vector ar = a(6x)
is parameterized by the real scalar parameter 6 according to the
parametrization introduced in [6] where |a|> = M. x; =
(€41, ..., 26, )" and n; model signals transmitted by sources and
additive measurement noise, respectively. x; and n; are indepen-
dent, zero-mean, n; is assumed to be Gaussian complex circular,
spatially uncorrelated with E(n;nf’) = o2 Ins; while x; is com-
plex noncircular not necessarily Gaussian with covariance matrices
R, & E(x;xy) and R, Lef E(Xth) # 0. Consequently, this
leads to the following two covariance matrices of y: that contain
information about (61, ..., 0x)

R, = AR, A" 1+ 021, ¥ S+ 021y
and -
/ !
R, = AR,A" #0.
These covanance matrices are classically estimated by Ry, r =

T LS vy and R,r=7% S vyt , respectively.
For performance analysis, we suppose that the signal wave-

. def
forms (zk,:)k=1,.x have finite fourth-order moments k, =

Cum(xs k, T 1, Tek, 27 ). The noncircularity rate ps of the kth
source is defined by E(z7 ;) = pre”**E|a7 ;| = pre?i®r o2, where
¢y, 1s its noncircularity phase. Note that p, = 1 in the particular case
of rectilinear signals with phase ¢.

The problem addressed in this paper is to derive in these con-
ditions, resolution threshold expressions associated with the conven-
tional and noncircular MUSIC algorithms. The DOA estimated by the
conventional MUSIC algorithm are given by the K smallest minima
of the following so-called null spectrum gAlgC( 0) [19]:

(9;:1%0 = arg rn91n gAlgc (9)
with R et
g7 (6) = a' (O)IIra(),
where II7 denotes the projector matrix associated with the noise
subspace of R, 7. Then, for the noncircular MUSIC algorithms
devised for rectilinear signals', the estimated DOA are given by the
K smallest minima of the following so-called spectrum gi'®N€ (0):

0,?1%1\10 = arg mlng Alenc 9)
with [17]
2
gr'=xe (o) (a” (O ra(0)) -

|a”(O)IT; ra(d))>, (11.2)

Noncircular with unit rate of noncircularity, i.e., p, = 1.

where Il 7 and I, 7 are Hermitian and complex symmetric respec-
tively, given by the projector matrix

. . . def
associated with the noise subspace of Ry r = &

y

Zt 1ytyt with
y: the extended observation ( yﬁ
t

for which
R d E(ytyfl) :ARiAH+UiI2A{ lifs-f—o'n:[gk[
bR o)

III. RESOLVING POWER OF CONVENTIONAL MUSIC
Based upon the partially substantiated assumption [3] that the

with A %' (

standard deviation |/ Var[g'®¢ ()] of the sample null spectrum
associated with the convent10na1 MUSIC and Min-Norm algorithms
is small compared to its mean value E[g/'®¢ (9)] in the vicinity of
the emitters, the mean value of the sample null spectrum can be
reasonably taken as representative of the ensemble of sample null
spectra. We note that the conditions for the validity of this foregoing
assumption has been specified in [11], for which it has been proved
for the conventional MUSIC algorithm,

Vi i K (E2 [g?lgc (0)] _ [gAlgc (9)]2) (IIL1)

in the vicinity of the emitters, for a large number 7" of snapshots, a
fixed number M of sensors® and for arbitrary SNR. Consequently,
under the conditions M > 1 and T' > M

Var(gh'5¢ (0)) ~

Var[gy'®¢ (0)] < E[gy*(0)], (I11.2)

is validated in the vicinity of the emitters. We suppose that (II1.2)
is valid for the noncircular algorithm as well and based on this
assumption, we use the Cox [2] and the Sharman and Durrani
criteria [8] for which in the case K = 2, two closely spaced equal-
power sources are resolved if the following respective conditions are
satisfied:

Elg7(61)] = E[gp%(62)] <

d*Elgy*(6)]
02

Elg7*(6:m)]

< 0,

(IIL3)

(IIL.4)
‘6:0771

where 0,, Lof w. Approximations to the resolution threshold are
deduced from equalities in (II1.3) and (IIL.4). Consequently, the key
point to derive these resolution thresholds depends on the expectation
of the random variable g% (). To obtain this expectation, we resort
to an analysis based on perturbations of the noise projector [19]

instead of those of the eigenvectors (e.g., [3], [6]). Therefore, we

consider the following second-order expansion of JII1 def Il —II

w.rt. SRy 7 = R, r — Ry proved in [19]

oIy = —(II0R, rS* + S#6R, rII)
+ S*(6R, rII6R, 1)S*
+ II(6R,rS*6R, 1)S*

To proceed, we need the expression of E(0R,, rBdR,, 1) for arbi-
trary M x M matrices B which is given by the following lemma
proved in Appendix A:

2We note that (ITI.1) is derived from an expansion in 1/T for M fixed,
and consequently is only valid for 7 > M. Consequently, our analysis is
not valid for small sample size scenarios studied in [20] for which T" ~ M.
The domain of validity of our approach will be considered in the illustrative
examples Section.

—II(6R, rS*?6R, 7)II + S¥ (R, S7,
— 8#2(6R, rTI6R,, 7)II — II(6R., 7 TIGE



Lemma 1: For K independent arbitrary noncircular, possibly non
Gaussian sources, we have:

K
E(R, rB0R, 1) = % (Tr(BRy)Ry +R,B'R’, + ) rrapay

k=1
that allows us to prove in Appendix B from (IIL.5) that

E(6TIy) = % (Tr(IT)U — Tr(U)II) + 0(%), (ITL6)

with U &/ o28%R,S*. Consequently, we have for K sources
1
E(g7%¢ (0)) = g™ (0)+ (M — K)a" (6)Ua(0) — Tr(U)g™=(

where g*'8¢ (6) Lof a (0)IIa(f). For K = 2, this expression of
the mean null spectrum coincides with those given in the circular
Gaussian assumption [3], [10]. Therefore we can conclude the
following result for two independent equal-power sources (o2 &ef
azl = Uiz) where the array signal-to-noise ratio (ASNR) is defined
by r def Mo2/c2.

Result 1: The threshold ASNRs deduced from the Cox (II1.3) and
the Sharman and Durrani criterion (II1.4) given for the conventional
MUSIC algorithm with two independent equal-power sources do not
depend on the distribution including the noncircularity of the sources.
Consequently, expressions [3, (rel.(35)1%, [9, rel.(18)] and [6, rels.(91)
and (93)] of the threshold ASNRs remain valid for arbitrary distribu-
tions of the sources. The first two expressions of this threshold ASNR
dedicated to the ULA are given in the following to be compared to
those derived in the next section.

2 au T(AG)?
~ = 1 14+ — 1117
o T (A9)* ( BT 28m (-9
1 am T(A6)?
= 1 1 1.8
&2 T (AG)* < + N Bm ’ (L8
. def 4 def 2 .
with apy = % and Sy = %, for which
the DOA separation is defined here by A6 © M (61 —

62)/(2v/3)* associated with the symmetric steering vectors ay,
(M —1)6y, (M —3)6), (M —1)6y
-t pl et 2z s €' Pl

where the coordinate

system has its origin at the centroid of the array according to the
parametrization of Lee et al. [6].

IV. RESOLVING POWER OF NONCIRCULAR MUSIC

The previous approach applies to the noncircular MUSIC algo-
rithm by replacing II, Ry 7 and S by II, Ry 7 and S in (IIL5)
respectively. Using the following lemma proved in Appendix A

Lemma 2: For K independent rectilinear, possibly non Gaussian

U,
U;

U
Uj

with U &f U?Lé#Rgs# = ( ) which gives with Il =

(a gi HE 1), Hermitian positive semidefinite matrices
1
B kakﬁ +O(T), 9 1
E 5H17T) = T (TI‘(Hl)U1 — TI"(Ul)Hl) + 0(?) (IV.2)
2 1
E(dHQ’T) = T (TI‘(Hl)UQ — TI‘(Ul)HQ) —|— O(T)(IVS)

This allows us to derive the mean null spectrum associated with
noncircular MUSIC algorithm (IL.2). After simple but tedious alge-
braic manipulations summarized in Appendix C, we obtain under the

gsiumptipns of Lemma 2

HhEta )~ gre(o
+ %(21\4 — K —1)[(@" (0)Usa(6))(a” (0)Mia(6)) — R[(a’
— ETH(UNGEC0) + o 1),

with gA'&xe(9) <1 (2 (0)IT,a(0))? — |a” (0)IT3a(0)|°. Since the
expression of this mean null spectrum depends on the second-order
statistics only, it is the same for the different threshold ASNRs
deduced from it for two sources. Using closed-form expressions of
U, Uy, IT; and II; derived in Appendix D, the following result is
proved in Appendix E after tedious algebraic manipulations.

Result 2: The threshold ASNRs deduced from the Cox (II1.3) and
the Sharman and Durrani (II[.4) criteria given for the noncircular
MUSIC algorithm with two independent equal-power sources and
an arbitrary array depend only on the second-order statistics of the
sources and are respectively given by

2 / T
G o~ o oant <1 + 1+ M) (IV.5)
2 M
1 T
& ~ 5 a1+ 1+ =g (IV.6)
P

where A¢ Lef ¢1 — ¢2 is the noncircularity phase separation and A6
is defined according to the general parametrization of Lee er al [6]
and where o5*? and 55,72? are expansions in 1/(A#)? without
constant term, whose coefficients depend on M, A¢ and the array
configuration.

We note that these threshold ASNRs (IV.5), (IV.6) depend not only
on Af, T, M, but also on the noncircularity phase separation
A, contrary to the threshold ASNRs obtained for the conventional
MUSIC algorithm. Using symbolic calculus akin to a high level
language (e.g., Maple software), these intricate expressions reduce
to simple interpretable expressions for weak and large noncircularity
phase separation A¢. For example, for a ULA where A# is defined
as in Result 1 to simplify comparisons, we have more precisely the
following approximations . First, in the case sin(2A¢) < (M —1)42

, A6A 5M*(2M — 3)
sources, we have: an LI G (0 3)(A0)1
K
1 T < <Hpyx xH bas 5M?(2M — 3)
E(0R;,rBiRy7) = (Tr(BRg)Rg +R;IJIBTIR; + ; krapar Bagay +5Qf§> 30— 1) (A0F av.7)
and the behavior of the conventional and noncircular MUSIC algo-
with ay, def . %k?iaﬁk , rithms are similar due to the similarity of the dependence in Af in
. are . . the expressions (I11.7), (II1.8), (IV.5) and (IV.6). In the opposite case,
we prove in Appendix B the following expressions for tan(A¢) > (M — 1) A0 we prove that
3
~ 1 - ~ = 1
E(STIr) = (Tr(l'I)U - Tr(U)l'I) +o(7) (IV.1) 80,80 M2(2M — 3)
M (M2 —1)sin?(A¢)(A0)2
3We note that due to a mistake in the derivation of [3, (rel.(33)] and AB,A¢ M2(2M — 3)
a miscalculation in a series expansion, [3, (rel.(B.2)] and [3, (rel.(35)] are M (Iv.8)

erroneous. Expression (II1.7) is the correct one.
4Most of the papers dealing with this topic use this normalization, so we
also use it in order to simplify comparisons with the literature.

(M7 — 1)(1 + cos?(Ag)) (A0)?

and the noncircular MUSIC algorithm largely outperforms the con-
ventional MUSIC algorithm due to the proportionality of oe]\Af’Ad’



in 1/(A)? in the place of 1/(A@)* given in Result 1 for the
conventional MUSIC algorithm. The domain of validity of these
approximated expressions will be specified in the next section.
Naturally, this domain depends on A6, M and the criterion, but it
will be shown that this domain of validity for weak phase separations
is small in contrast to those for large phase separations. For this
second approximation with a large domain of validity, we note that
aﬁf’M’ and 6@0’A¢ are decreasing and increasing function of A¢
for A¢ €]0,7/2] respectively. Consequently we have proved the
following result

Result 3: The threshold ASNRs deduced from the Cox (II1.3) and
the Sharman and Durrani (III.4) criteria given for the noncircular
MUSIC algorithm with two independent equal-power sources and a
ULA are decreasing function of the phase separation of the sources
for A¢ €]0,7/2] and thus are minimum for A¢ = /2.

Consequently, the noncircularity phase separation between the two
sources plays an crucial role in the behavior of the noncircular MU-
SIC algorithm. Furthermore, we note that the expressions of aff’Ad’
and Bﬁe’M’ depend of the choice of the origin of the coordinate
system, in contrast to aas, and S obtained for the conventional
MUSIC algorithm. This is explained by the steering vector which has

com T con T o T .

the structure a(f) = (!X "1 10 X210 oiTrnilONT where
A is the wavelength and r,, and i(#) denote the vector pointing from
the array centroid to sensor m and the unit-length arrival vector
form a source in the direction 6, respectively. If the origin of the
coordinate system is moved from the array centroid to the point r,

. ;2m T
the new steering vector becomes €' * (9 a(). Consequently, for
rectilinear signals, (I.1) is rewritten as

K
Vi = Zn,kew"‘awk) +n; where 7 €R
k=1

and when the origin moves, y: becomes

K
i 2m Ty
yi = § Tt,kez(ék-'— 5% (Gk))a(ek) Ty
k=1

and the noncircularity phase and the DOA are coupled. This implies
that this change of the origin of the coordinate system does not
modify the matrices that appear in (IIl.6) in contrast to those of
(IV.1) and the resolving power of the noncircular MUSIC algorithm
is sensitive to the position of this origin in contrast to the conventional
MUSIC algorithm. Note that this sensitivity to the phase reference
also applies to the theoretical asymptotic variance of the DOA
estimated by the non-circular MUSIC algorithm. As the Cramer Rao
bound is concerned, the noncircular Gaussian Cramer Rao bound [21,
rel. (3.9)] in which the rectilinear property is a priori unknown does
not depend on the phase reference of the array in contrast to the
noncircular Gaussian CRB that takes this rectilinear property as a
priori known.

This quite curious result reminds one of a similar result in cissoid
parameter estimation (see e.g., [22] and [23, pp.273-286]) where
the Cramer Rao bounds of the frequency and phase depend upon
the time at which the first sample is taken and are minimum if the
sampling times are symmetrically located about zero. So, the centroid
of the array that has been chosen as phase origin to simplify the
notation, can be conjectured to be the phase origin that optimizes the
performance of estimation and resolution of closely spaced rectilinear
sources.

V. ILLUSTRATIVE EXAMPLES

To illustrate Results 1, 2 and 3, we consider throughout this section
two independent equal-power BPSK modulated signals impinging on
a ULA of sensors with M = 10 and 1" = 500 (except for Figs.9
and 10). We clearly see in Figs.1 and 2 that the noncircular MUSIC
algorithm outperforms the conventional MUSIC algorithm except for
very weak noncircularity phase separations for which the ASNR
thresholds of these two algorithms are very similar. Furthermore, we

note that the behaviors of the ASNR threshold given by the two
criteria are very similar although the ASNR thresholds are slightly
weaker for the Sharman and Durrani criterion than for the Cox
criterion. This is explained by the bias of the sample null spectrum at
the true source direction that could imply that although the midpoint
mean null spectrum is less than the mean of the mean null spectrum
in the true directions, the algorithm recognizes two sources because
the Sharman and Durrani criterion is satisfied (see e.g., [8, Fig.3]).
Finally, we cheek from these two figures that the threshold ASNRs are
approximatively to 1/(A6)* for the noncircular MUSIC algorithm
with A¢ = 7/6 and A¢p = 7/2, in contrast to the conventionnal
and noncircular MUSIC algorithm with A¢ = 0, for which they are
approximatively to 1/(Af).

Fig.1  Comparison of the threshold ASNRs given by the Cox criterion
as a function of the DOA separation A6 associated with the conventional
MUSIC (—) and noncircular MUSIC algorithms (- -) for three values of the
noncircularity phase separation A¢.

Fig.2  Comparison of the ASNR thresholds given by the Sharman and
Durrani criterion as a function of the DOA separation Af associated with the
conventional MUSIC (—) and noncircular MUSIC algorithms (- -) for three
values of the noncircularity phase separation Ag.

Figs.3 and 4 exhibit the domain of validity of the approxima-
tions of the threshold ASNRs given in the foregoing section for
weak and large noncircularity phase separations A¢. From these
figures given for M = 10, these approximations are valid in
a large domain of A¢ for the second approximation (for which
this domain enlarges when A@ decreases which is consistent with
the condition tan(A¢) > (M — 1)4%) in contrast to the first
approximation (for which it enlarges when A increases which
is consistent with sin(2A¢) < (M — 1)£%). We note that
the domains of validity of these approximations are larger for
the Sharman and Durrani criterion than for the Cox criterion.

(a) Cox criterion (b) Sharman and Durrani criterion
Fig.3 Ratio r = actual ASNR threshold/ approximate (derived from (IV.7))
ASNR threshold given by the Cox and the Sharman and Durrani criteria as a
function of the noncircularity phase separation A¢ for three DOA separations
Af.

(a) Cox criterion (b) Sharman and Durrani criterion
Fig.4 Ratio r = actual ASNR threshold/ approximate (derived from (IV.8))
ASNR threshold given by the Cox and the Sharman and Durrani criteria as a
function of the noncircularity phase separation A¢ for three DOA separations
Af.

Figs.5 and 6 show the probability of resolution related to the foregoing two
criteria obtained by Monte Carlo simulations®. Compared with the ASNR
thresholds given by Figs.1 and 2, we see that the ASNR threshold given
by our non probabilistic approach based on the mean null spectrum g (6)
corresponds to a probability of resolution that ranges from 0.3 to 0.7 for the
two criteria. Thus this non probabilistic approach gives correct approximate
ASNR for the 0.3-0.7 probability of resolution threshold region in the same
way that for the conventional MUSIC algorithm [3]. Furthermore, we note
that the resolution is much more sensitive to the ASNR for the Sharman and
Durrani criterion than for the Cox criterion.

Fig.5 Probability of resolution given by the Cox criterion (Monte Carlo with
1000 runs) as function of the ASNR for Af# = 0.05rd for the noncircular
MUSIC algorithm compared to the conventional MUSIC algorithm.

Fig.6 Probability of resolution given by the Sharman and Durrani criterion
(Monte Carlo with 1000 runs) as function of the ASNR for A6 = 0.05rd
for the noncircular MUSIC algorithm compared to the conventional MUSIC
algorithm.

We note that the difference of behavior in resolution between the conven-
tional and noncircular MUSIC algorithms are connected to the accuracy of

51n each simulation trial, the two sources are considered resolved for these
two criteria if sup(g?lgNC (61), g?lch (02)) < g?lch (0m) for the Cox
criterion, and g?lch(Gm + 0.002 Af) + g?lch (0m — 0.002 AB) —
QQ?lgNC (0m) < 0 for the Sharman and Durrani criterion.



the DOA estimate given by the noncircular MUSIC algorithm [17] compared
to those of the conventional MUSIC algorithm. This is illustrated in Fig.7
and 8 where the variance of the estimated DOA and of the separation of
DOA are respectively exhibited. In these figures, the theoretical asymptotic
variances are derived form the covariance of the asymptotic distribution
of the DOAs estimated by the conventional and the noncircular MUSIC
given in [17]. We note in particular that the performances given by the
noncircular MUSIC algorithms for A¢ = 0 and those of the conventional
MUSIC algorithms are theoretically and empirically different but very closed.

Fig.7 Theoretical asymptotic variance of the DOA estimates given by the
conventional MUSIC (—) and the noncircular MUSIC (- -) algorithms and
empirical variance given by the conventional MUSIC (+) and the noncircular
MUSIC (o) algorithms (with 1000 Monte Carlo runs) for three values of the
noncircularity phase separation A¢ as a function of the DOA separation A6,
for SNR = 20dB.

Fig.8  Theoretical asymptotic variance of the difference between DOA
estimates given by the conventional MUSIC (—) and the noncircular MUSIC
(- -) algorithms and empirical variance of the difference between DOA esti-
mates given by the conventional MUSIC (+) and the noncircular MUSIC (o)
algorithms (with 1000 Monte Carlo runs) for three values of the noncircularity
phase separation A¢ as a function of the DOA separation A, for SNR
= 20dB.

Finally, we question the domain of validity of our approach that is totally
based on the contention that the mean value of the sample null spectrum can
be taken as representative of the ensemble of sample null spectra obtained for
a large number 7" of snapshots and a fixed number M of sensors and more
specifically under the condition 7" >> M > 1. In Fig.9 and 10, M = 10 and
AO = 0.1rd are fixed, in contrast to the number 7" of snapshots. First, we
cheek that because T' < 287, 29,50 , the ASNR threshold varies as %aﬁf A¢
Then compared with the ASN R threshold given by Fig.9, we see in Fig.10 that
the ASNR threshold given by our approach based on the mean null spectrum
gT(0) corresponds to a probability of resolution that keeps on ranging from
0.2 to 0.7 for the Cox criterion provided that 7" < 7. Consequently our
approach seems to be valid at least in the domain M > 1 and T/M > 1.
Consequently, the Cox and the Sharman and Durrani criteria that are very
close, enable one to obtain a coarse estimate of the ASNR threshold in a
relatively large domain of validity.

Fig.9 Comparison of the threshold ASNRs given by the Cox criterion as
a function of the number 7" of snapshots associated with the conventional
MUSIC (—) and noncircular MUSIC algorithms (- -) for A = 0.1rd and
A¢ = 7/2rd.

Fig.10  Probability of resolution given by the Cox criterion (Monte Carlo
with 1000 runs) as function of the ASNR for A# = 0.1rd for the noncircular
MUSIC algorithm with A¢ = 7/2rd, for six values of the number T" of
snapshots.

VI. CONCLUSION

This paper has presented a theoretical analysis of the resolution according
to the Cox and the Sharman and Durrani criteria for the conventional and
noncircular MUSIC algorithms for arbitrary circular and noncircular second-
order distribution of two closely spaced transmitters. It has been proved
that these threshold ASNRs given by the conventional MUSIC algorithm do
not depend on the distribution of the sources including their noncircularity,
in contrast to the noncircular MUSIC algorithm for which they are very
sensitive to the noncircularity phase separation of the sources. More precisely,
it has been proved that for very weak phase separations the behavior of
the conventional and noncircular MUSIC algorithms are very similar, in
contrast to large phase separation for which the noncircular MUSIC algorithm
comfortably outperforms the conventional MUSIC algorithm.

APPENDIX

We recall for the ease of the reader the following identities that will be
frequently used in all Appendices (see e.g., [24, th. 7.7, 7.16 and 7.17])

(A®B)(C®D) = AC®BD (A.1)
vec(ABC) = (CT ® A)vec(B) (A2)
Tr(ABCD) = vecT (AT)(DT @ B)vec(C). (A.3)

First, using the vectorization operator and (A.2), we have

vec(E(6R,, 7BORy 1)) = E(SR] 7 ® 6R, 17)vec(B), (A4)
with
T T
BRI, 0R,r) - (z S 857 ~RD) & sy —Ry>>
t=1¢'=1
= fE (wivf -RD) @ exf —Ry)) = (E(ytyt ®:

where yiyi ®yiyi' = (y; ®y)(vi ®y{') = vec(ysyi Jvec (yryih).
Using the following relation deduced from the derivation of [25] in the
particular case of independent sources

Elvec(yry{)vec! (yiyi!)] - vec(Ry)vec” (Ry) = RI ®R,+K(R, ®R;)
K
+ an(A*@)A)(eK’k@eK

we obtain
K
1 H / /x %
EQGR! @R, 1) = - <vec(Ry)Vec (Ry) + KR, @R, + > kp(A* @ A)(e
k=1

Incorporating this relation in (A.4) gives

vec(E(0R, 7BéRy 7)) = % <vec(Ry) [vecH(Ry)vec(B)] + K(R; ® R;*)vec
K

+ ) k(AT @ A)(ekk ®exr)(ek , ®efk ) (AT ¢
k=1

and using (A.1), (A.2), (A.3) and Aeg , = aj with A def [a1, .., ax] proves
Lemma 1. ) ]

For K independent rectilinear sources, =y , = e 2%k T k=1, K
implies that §; = Zle x,,+8) + 0t and consequently the proof of Lemma
1 extends by replacing Ry 7, Ry, R; and a; by Ry 7, Ry, R;; and ay,
respectively. Since R’ = E(~ 1) = RyJ, Lemma 2 is proved. |

First, note that the ﬁrst order term of (IIL.5) in E(6TIr) vanishes because

2

E(0Ry,7) = O. Then, using Lemma 1 with B = II, S# and S#°, the
contributions of Tr(BRy )R, in E(6II7) vanishes except the following first
two terms because RyIT = ¢2IT and S#II = O:

S*Tr(IIR,)R,S* = Tr(c2I)S*R,S¥ = Tr(II)U
—TITr(S*2R,)RyII = —TIITr(S¥R,S#)R,IT = —Tr(U)IIL.

Finally after a close examination, all the contributions of R;BTR’ ; and
agaBagall in E(STIr) vanishes because ITIR’y = O and ITa, = 0
respectively, and consequently (IIL.6) is proved. |
Relation (IV.1) is proved in the same way by replacing Ry, IT and S by
Ry, IIand S respectively and using the relations JI7J =11, J§#Ty =
S# and JS#2" J = S$#2 because S# and $#2 are structured as IT in the
form ©) (x) ]
() @
To simplify the expression of E(gAlgNC (0)), introduce M &ef

a(f)a’’ (f) and N <f a(0)aT' (9) for which we have:

g 'BNC(9) = Tr(IT; M) Tr(T; 7 M) — Tr(IT5 7 N)Tr(M, 7 N*),
which gives

Blp™C@) = g*Eeo)
2Tr[E(0TLy 7)M]Tr(II; M) — 2R (Tr[E(6T2 7)N*|Tr(IT5N))

+ o+

E [TI‘((;HLTM)TI‘((;HLTM)} —E [Tr(ér[;,TN)Tr(él'[g,TN*

The first-order terms of (A.1) are deduced from (IV.2) and (IV.3) which gives
from Tr[II) = 2Tr[II;) = 2M — K where a <f a(0) for sake of brevity.

1

TY[E(STL, 1) M] ((2M K)(@"Usa) - 2Tr(U1) (a7 Tha) ) + of )

((2M — K)(aflUsa*) — 2Tr(U1)aHH2a*) + ().

Nl ==
— 31

TI'[E(JI_IQ’T)N*} =



Introducing these expressions, the first-order terms of (A.1) are given by

2Tr[E(6ITy,7)M] Tr(I1, M)

2R (Tr[E(6T2,7)N*|Tr(II3N))

The second-order terms of (A.1) are given by
E [Tr(6I1;, 7 M)Tr(6II; 7 M)] =
= —vec
E[’I‘r(&l’I;TN)’I‘r(él'IgyTN*)] -
1
= ?VECT(N)CT—[?VQC(N*) + o(?
where Crp; and Cpy, denote the covariance matrices of the asymptotic
distribution of ITy 7 and II 7 respectively, whose following expressions

are proved in [17].

Cr,
Cr,

(I} @ Uy) 4+ (U @ ;) + K [(TI2 @ U3) +
(I+K)(IT; ® Uy) + (U; @ ).

(Uz @ II3)]

Introducing these expressions in (A.4) and (A.S5) gives after straightforward
algebra manipulations

E [Tr(6T1;,7 M) Tr (6111, 7 M)]

=R[(

2 1

E [Tr(m;,TN)ﬂ(mQ,TN*)] ~(a"Usa)(@" 1a) + o
Incorporating expressions (A.2), (A.3), (A.6) and (A.7) in (A.1) proves relation
(Iv.4). | |
To give the expressions of the blocks Uj, Us and IIy, ITy from

= _ ( Uil U2 = I, IIp
U = U; U and IT = ;IO
to deriving the two eigenvectors and associated eigenvalues of the rank two

.0~ def a,
matrice S = o2 (a1al + a2all) with a;, = a;;e—k?id% L k=1,2.

respectively, amounts

The nonzero eigenvalues (Ag)g=1,2 of S are derived from their sum and
product, and consequently given by the roots of the quadratic equation

afl )( a1, s )) _o,

A2 — Tr(S)A + Det <a§ ( sz
) )-

i def affas .
AM2od (1 — 02 cos?(¢p — A¢)) where 012 = eV = % is the
spatial complex-valued correlation coefficient between the two sources and

Ao X 41— ¢

~H
ay

which gives using Tr(S) = 4M o2 and Det (0320 ( Al
2

e =2Mo? (14 (—1)Focos(v — A)), k=1,2. (A1)
The associated eigenvectors (vj)g—1,2 span the two-dimensional signal
subspace generated by (&1,4a2) and therefore they are linear combinations
of a; and az with Svi = Agvg, K = 1,2. Solving this linear system, we
obtain

a1 + (—1)ke="A%a,

= , A2
2¢/M(1+ (—1)*gcos(i) — Ad)) A2

1,2.

With U & 02 S#R S# = 628#(S + 021)S# = o2S# + 048# and
S= )\1v1v1 + )\2v2v§1, we obtain

. o2 o o2 4 .
U= (—"Jr—)vlvl + ()\—2+F)v2v2 .

Developing U wrt. physical parameters by using the expressions of
(Ak)k=1,2 and (Vi )k=1,2 given in (A.1) and (A.2), we obtain after tedious
but straightforward algebra manipulations

Uy vi(arafl + azaf) +72(e"2arall + e " Pazafl)  (A3)
U, y1(e21aral + e?%2a5a] ) 4 2?1 792) (a;al + agall)

((2M K)(a HU1a)(aH1‘11a)—2Tr(U1)( HI, a) )l+o ;) (A2)

T ((QM - K)R ((aHUza THQa )7_ QTY% 1) |a 0829? C((%L)

vecT (MT)E (Vec(6H1 7)vect (51'&&131:
T(MT)Cry, vec(M) + 0(711

vecT (N)E (Vec(5H2 )vecT (81, n)b vec(N

* * 1
allUsa )(aTHQa)} + d@fé) and o ”

JA7)

where 71 and 72 are the following ASNR (defined by r < Mo2/02)

dependent geometric terms

( 0% cos® (i) — Ag) +

(1 n 34 0% cos® (¢ — A¢)
(1= 2 co2(b — AG))
Final ]( and II5 are deduced from IT =T — (vlv1 + vav, ) and the
i‘(ﬁfs

M)vl and va given in (A.2). After tedious but straightforward
algebra manipulations, we obtain
A4

2rM (1 — g2 cos?(¢ — A¢))2

= I+m7(a1al +agall) + m(e2Pajall + efiA¢a2a1 )A.5)
2i¢1a 8 + e?2a5al) + T e(P1+92) (4 al +a
(e 1 2 2 1 264.6)

, where 71 audsye are the following purely geometric terms

1
T T2MA = P eos? (v — Ag))
o = —1i0cos(¢p — Ag).

For simplify the notations to derive the two expressions of the threshold
ASNR &7 and &2 given by the Cox and the Sharman and Durrani criteria
respectively, we first consider centrosymmetric arrays®. This assumption’ that
means that the steering vectors a(6) satisfy Ja(f) = a* (), implies that the

. . . . def afla,
different spatial correlation coefﬁcwnts 01,2, Ok,m = % k=12
def da 9)
- |9 Om,

H ’
a(0m), .Q;c’m def ak 2 , k=1,2 with a,,

17
def afl . 1 def
meLk—12w1tha ﬁda(9|

used i 1n "the proof are real-valued.
Consider the Cox criterion. From (IV.4)

. def
with a,, =

0=6,, that will be

2
E(gp ¥ (61)) = *(2M—3)[(afIUlal)(afﬂlal)—%[(anﬁ’{)(a
Expressing aj Hy,a; and ap Hygya* as function of the ASNR r using (A.3)
and (A.4) respectively, and also aj’IT1a; and alTl'[’Q‘al as function of the
spatial correlation coefficient g1 2, using (A.5) and (A.6) respectively, we
obtain after tedious but straightforward algebraic manipulations

B 00) = 1. (1h(012.80) + Ghaler2.80)) + o).

(A.1)
with
_ M- 3)M2(1— Q%,z)
hi(o1,2,A¢) = S
h A
ha(o1,2, A¢) = 1(01,2, A¢)

2(1 — 9%72 cos2(A¢))

To derive E(g?lgNC (Om)), af’,{LU1am and a,f,{UQa,’fn are expressed as
function of the ASNR 7 using (A.3) and (A.4) respectively, and also
af,{l'[lam and a%ﬂgam as function of g1, and g2, using (A.5)
and (A.6) respectively, we obtain after tedious but straightforward algebraic
manipulations

) 1 1
E(g?lgNC (em) — gAlgNC (Hm) + ? ( hl ,m -|- hg m) + o(?)7
(A2)
where g#leNc (0m ), hi,m and ho ,, depend on 1.2, 01,m, 02,m and A¢,
and are given by
M2

Algnc (g
g (Om) 1-— Q%,z cos?(A¢) (

2 2
1—072—01m

14 302 cos?(¢yp —
2r(1 — 02 cos2(yp —

).

Iz +o(;

- Q%,m + 291,291,7‘@92,7‘@

+5in2(A¢)(01,m 02,m (01,m 02,m

2g1ENC (01 ) + (2M = 3)m
1-— Q%Q cos2(Ag)
gMENC (0,) + (2M — 3)m2

h = ,
2m 1- 9%72 cos2(Ag)

h/l,m =

SWe note that this structure is very used in practice because uniform linear,
uniform circular and regular hexagonal shaped arrays [26] are centrosymmet-
ric.

7We note that this assumption necessarily implies that the origin of the
coordinate system is at the array centroid.



where

M2
m =

M2 2 2 2 2 2
ne = (1 + of 2 cos?(A¢)) (207,103 1, — O1.m

4(1 = of 5 cos?(A))

+ 2c0s?(A0) (201,201,m02,m — 03 (03 + 03, T W8) 7 o3 (T @RZ ggmpgasm)}(ﬂ'ﬁ@l,z

Finally, the threshold ASNR given by the Cox criterion is deduced from the
value &1 of r for which expressions (A.1) and (A.2) are equal

Elz%al <1+”1+ﬁ1>

. def h1—h1 m def hi—him .
with a1 = Wg’(e) and 81 = 4gA1g1\§cl(9m;(h2) v which
depend on Af, A¢p, M and the specific array. Using expansions of the
spatial correlation coefficients® 01,2, 01,m and 02, w.rt. Af for closely
spaced sources and a symbolic calculus akin to a high level language to
achieve the algebra manipulations, completes the proof of (IV.5). |

To consider now the Sharman and Durrani criterion for which the threshold
ASNR &3 is deduced from nulling the second derivative of the mean null
spectrum at the midpoint 6, (see (II1.4)), we follow the same steps used
for deriving the threshold ASNR associated with the conventional MUSIC
algorithm detailed in [10]. The main steps are given in the following in which
the mean null spectrum given by (IV.4) is written for K = 2 as
B(gE (0) = (1 — Trrun)gene (o) - 22 =3 pig) 4o ),

(A3)
with

def
Where kl ﬁ Ql mQQ m + 'gl m@2,m + 2Ql 'mQQ m and k2 =

+Ql 91m+92m92¢21

’

2
Ql m +
and Where the spatial correlation coefficients

2(1 — 9%2 cos2(Ag)) (cos®(A¢) (201,m02,m (2012 — 01,me2, mz; 91 3(91 7nk+-Q2 Iné) depéhdr on QA@'L T2 8hanbe @r)emﬁc array. From

the expreﬂﬂon of Uy given by (A.3), where here 1,2 is real-valued and

goyg?%liently ¢ = 0, we obtain

1 1+ .91 o COS (Aqb)) 1
gz 2 A0

Inserting (A.6) and (A.5) into (A.4), we obtain after straightforward algebraic
manipulations

d?E(g AlgNC(6))| _ d2ghlexc ©), 171, L
o2 0=0m = " ggz 0= Tp [ m T2 2m

5 Al (A7
where lecw)b:gm, h/l,m’ h;7m depend on Af, A¢, M and the
specific array are given by
ngAlch (0) 2M2
— s lo=0,, = (1 = o1 2 cos®(Ag))(o1,2k1 cos’(

do? (1- g%’Q cos2(Ag))? ( 1,2

+  sin®(A¢) (1 — o 5 cos®(A¢))(1,m 0, m + 01,m02,m)
W def 2(hm + (2M — 331/1(1 — g%,Q cos?(A¢)))
’ 1 — 07 5 cos?(Ag)
. dof hm (14 932 cos?(A¢)) + 2(2M — 3)v2(1 — 9%,2 cos? (A
’ (1= of 5 cos?(A¢))?
Finally, the threshold ASNR given by the Sharman and Durrani criterion is

deduced from the value &2 of r for which expression (A.7) of the second
derivative of the mean null spectrum at the midpoint 6, is null

1 T
def o= ax|1+4/1+—],
£(0) = R (Tr(UxN*)Tr(TIEN)) — Tr(TH M) Tr(U1 M), T V'R
Differentiating (A.3) twice w.r.t. 0, leads to, with g def hlr ™ and Ba def h127n which depend on A8, A¢, M and
2hm dhm 2 m

d*E(gp Alenc 9)) 4 d?ghlenc (g) _2(2M — 3)the fORYi ﬁc dITdy Usi ng expdnslons of the spatial correlation coefficients
d02 T de? T o1ge2e19nlwsn md o 91 m 92 O s 92 m WL or closely
. (A4 spaced sources and a symbohc calculus akin to a high level language to
with achieve the algebra manipulations, completes the proof of (IV.6). |

d?ghlenc (9) "2 ;
72“9:97” = 2 ((Tr(Hle)) + Tr(Hle)Tr(HlM \Tﬁ(ﬁﬁsﬂ’ﬂ)}?pm@f(fﬁﬂmmﬁaymmmls ):)lvement to use the general
d02 parametrization proposed by Lee et al [6] that hds been recalled at the end
d 9 ’ ’ " 1 = —

d];(2 )|9:6m - » (QTI-(UQN,,;)T‘I“(Hsz) + Tr(UaN *)Tr(fz{,? tiqn I in rby A0 = 01 — 05 rather than A =
, , , A m—1 m("ZOl) —1i H;YL[ rel.8]. In this case, all the steps of the
- 2Tr(II1M,,,)Tr(UM,,) — Tr(I1: M,,, )Tr(U@év@us—lﬁFw(JfkpM;dﬁ)ﬂﬁt(hby\l\ﬂm}paual correlation coefficients 01,2, 0k, m
,Qk’ and gk7 , k = 1,2 are generally complex-valued and consequently
where M,,, def M(6y,), Ny, N N(6m), M/, def dM(g) lo=6,,> N7, def the T?lotation a?'é much cumbersome and furthermore the expansions of the
2 2 . . - . -

dN(e) lo—s.... M'Ir;z def d ;\;(6) |0 6. and N7, " def d ;\;ge) lo—o,.. By spatial correlation coefficients are much more involved. For example in the

expressmg Tr(UiMp), Tr(UlM ) and Tr(Ule), and Tr(U2N7},),
Tr(UQN/n’{) and Tr(UgM *,) as a function of the ASNR r using
(A.3) and (A.4) respectively, and expressmg Tr(II1 My, ), Tr(I14 M;n) and
Tr(l/'IlMl ). and Tr(I1N7, ), Tr(II;N*) and Tr(II;N,*) as a function
of Ok m and Qk, , using (A.5) and (A.6) respectively, we obtain after tedious
but straightforward algebraic manipulations

derivation of 01,2 and @1, we obtain:

Z e T’"rmlo sln( ) and 01m = — Z e Tﬂ , ((cos( A9) 1)1m+sm(A‘

m=1 m=

01,2 =

where ip is the unit vector parallel to iy — iz and i, is the bisector of i
and ig, which gives the expansions

d2f(9) r1 1) M 2 3
— = -+ = 1 a a +
g0z lo=0m =+ 5 A3 g, = 1- 7 (é' (80)? +i=2(80)° — O+ G (A9)4) +0((26)%)
with v
1 2, a2
def M? 2 .. 2 / / 4.m = 1- ( m(% ne . 3bm)(A ) - (
= 8M A kY~ A ”hk 384
= 2(1 - 03 , cos2(Ag))? (8M2 sin® (AQ) (01, 0, m + 0. 02.m° T 01,m 02, m k)l &2 cos 3 )@@1 1))
def M? 2 °For xample d{g a ULA sing the parametrization re-
= SM A 1 A ’ /
V2 41— g2, cos?(A9))? (M7 sin®(Ag) (1 + o1 5 cos” (A0) (o1 Pm Jf Onya B b0t el ML oy, = —oum

8For example, for a ULA, usmg the parametrization recalled at the end

A0 )
of Section III, 012 = %I(Ae)) and 01,;m = 02,m = %{(Ae; with
sin(M &%) M2P_1)(A8)2 | (M2—1)(3M—7)(AB)"

2 =1 ( 2;( ) + ( >(5760 )( ) —i—O((AG)G).

Msin(%) -

A0y i (AL DB Gin(MAE

M cos(M 57 ) sin( ‘.)z( S (S0 (M5 +g§§0082(é%$%1)(7A9) n
S1n = )
M2-1)(3M2-7)(A0)® " .
WL_DEMDAO L O((A0)°) and o), = —eoy.,
W’d(%") (sin(M%)(g — (14 M?)sin?(42)) - Mcos(M%)sin(%)) -
M2o1  (MP-1)EMEPoTy(Ae)? | (MP-1)(3M*-18M2131)(A6)*

_ + 1920 - 516096 +

O((A9)5).



with am, def 27"1'3;Li0 and by, def 2T”r;pnim.
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