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Cramer-Rao bounds of DOA estimates
for BPSK and QPSK modulated signals
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LSTA, Université Paris VI.
Fax: +33-1-6076 44 33, e-mail: jean-pierre.delmas(habti.abeida)@int-evry.fr.

Abstract— This paper focuses on the stochastic Cramer-
Rao bound (CRB) of direction of arrival (DOA) estimates
for binary phase-shift keying (BPSK) and quaternary
phase-shift keying (QPSK) modulated signals corrupted
by additive circular complex Gaussian noise. Explicit ex-
pressions of the CRB for the DOA parameter alone in
the case of a single signal waveform are given. These
CRB’s are compared, on the one hand, with those ob-
tained with different a priori knowledge, and on the other
hand with CRB’s under the non-circular and circular
complex Gaussian distribution and with different deter-
ministic CRB’s. It is shown in particular, that the CRB’s
under the non-circular [resp. circular] complex Gaussian
distribution are tight upper bounds on the CRB’s un-
der the BPSK [resp. QPSK] distribution at very low and
very high signal to noise ratios (SNR) only. Finally, these
results and comparisons are extended to the case of two
independent BPSK or QPSK distributed sources where
an explicit expression of the CRB for the DOA parame-
ters alone is given for large SNR.

Keywords— Stochastic Cramer-Rao bound, DOA esti-
mation, Fisher information matrix, BPSK and QPSK sig-
nals.

I. INTRODUCTION

ETERMINISTIC and stochastic CRB’s play an im-

portant role in DOA estimation because they serve
as a benchmark for the performance of actual esti-
mators (see e.g., [1]). Moreover, the stochastic CRB
can be achieved asymptotically (in the number of mea-
surements) by the stochastic maximum likelihood (ML)
method. Unfortunately, this stochastic CRB appears to
be prohibitive to compute for non-Gaussian processes
including discrete signal waveforms. And to the best of
our knowledge, no contribution has dealt with stochas-
tic CRB for discrete signal waveforms in DOA estima-
tion yet, despite some recent works on stochastic CRB
for non-circular signals (e.g., [2],[3]). To cope with this
difficulty, a method sometimes used is to assume that
the signals are arbitrary deterministic sequences while
the noise is circular complex Gaussian, so that the dis-
tribution is still Gaussian and the associated determin-
istic CRB is easily deduced (see e.g., [4, rel. (2.13)]).
But the corresponding deterministic (or conditional) ML
method does not achieve this deterministic CRB because
the deterministic likelihood function does not meet the
required regularity conditions. Consequently, this deter-
ministic CRB is only a non-attainable lower bound on

the variance of any unbiased DOA estimator. To deal
with non-Gaussian processes, another solution is to sup-
pose that the signals are Gaussian but not necessarily
complex circular. In that case, the associated CRB is
under rather general conditions (see e.g., [5, p. 293]) the
largest CRB among the class of arbitrary distributions
with given covariance matrices. This approach was used
in [6] for non-circular complex signal waveforms such as
discrete signals. But the associated CRB is only an up-
per bound on the true stochastic CRB. Faced with the
drawbacks of the two aforementioned approximations,
we need an explicit expression of the stochastic CRB
under non-Gaussian distributions.

In this paper, we derive explicit expressions of the sto-
chastic CRB for the DOA parameter alone in the case
of BPSK and QPSK signal waveforms observed in addi-
tive circular complex Gaussian noise. More specifically,
the main contribution of this paper is devoted to the
case of a single BPSK and QPSK signal waveform. Be-
cause the distribution of these models are simple mixed
Gaussian, an explicit expression of the Fisher informa-
tion matrix (FIM) is derived using well known properties
of the Gaussian distribution. An explicit expression of
the stochastic CRB for the DOA parameter alone is de-
duced. We note that apart from the DOA applications,
the recent papers (e.g., [7], [8]) that deal with stochastic
CRB?’s for estimating the carrier phase and frequency of
BPSK and QPSK waveforms, do not give analytic solu-
tions (see e.g., [7, rels.(9)(16)], [8, rels.(16)]). Our CRB’s
are compared with those obtained with different a pri-
ori knowledge and are confronted with the non-circular
and circular complex Gaussian CRB’s and with differ-
ent deterministic CRB’s presented in [9]. It is shown in
particular, that the CRB’s under the non-circular [resp.
circular] complex Gaussian distribution are tight upper
bounds on the CRB’s under the BPSK [resp. QPSK] dis-
tribution at very low and very high SNR’s only. Finally,
the case of two independent BPSK distributed sources
is dealt with. Due to the computational complexity, an
explicit expression of the DOA parameters alone is given
for large SNR only. Furthermore numerical comparisons
of the stochastic CRB’s associated with BPSK and non-
circular Gaussian distributed sources are given for all
SNR’s. In particular, they show that the CRB under the
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non-circular Gaussian distribution is a very loose upper
bound on the CRB under the BPSK distribution. And
the difference between these CRB’s is more prominent
for small DOA and phase separation.

The following notations are used throughout the pa-
per. Matrices and vectors are represented by bold upper
case and bold lower case characters, respectively. Vec-
tors are by default in column orientation, while T, H, *,
R, & and 7 stand for transpose, conjugate transpose, con-
jugate, real and imaginary part and \/—1, respectively.
® is the standard Kronecker product of matrices. The
symbol 14 denotes the indicator function of the condi-
tion A, which assumes the value 1 if this condition is
satisfied and 0 otherwise, and the symbol N (m;v) de-
notes the univariate Gaussian distribution with mean m
and variance v.

II. DATA MODEL

Consider a BPSK or QPSK modulated signal imping-
ing on an arbitrary array of M sensors. We assume that
the array is perfectly calibrated for which the steering
vector is a kwown function of the source’s DOA. The
received signals are bandpass filtered and after down-
shifting the sensor signal to baseband, the in-phase and
quadrature components are paired to obtain complex
signals. We assume Nyquist shaping and ideal sample
timing so that the inter-symbol interference at each sym-
bol spaced sampling instance can be ignored. In the ab-
sence of frequency offset but with possible phase offset,
the signals at the output of the matched filter can be
represented as:

y¢ = Sta1 + 1y f,:l,,T

where a; is the steering vector parametrized by the
scalar DOA parameter 6;. We suppose |ai|? = M.
sy = 01e'%1¢; where (€);=1,. 1 are independent, iden-
tically, distributed (IID) random symbols taking val-
ues +1 [resp. +v/2/2 + iy/2/2] with equal probabil-
ities for BPSK [resp. QPSK] modulations, where ¢;
and o; are considered as unknown parameters. The
symbols €; are assumed to be independent from n;.
(n¢)¢=1,.. 7 are IID M-variate zero-mean complex cir-
cular Gaussian random vectors with E(nnfl) = 021).
Consequently (y;)i=1,..r are IID M-dimensional ran-
dom variable whose probability density function (PDF)
is mixed circular Gaussian:

1 Lo lyi—o1e’®1epaq)?

E e R

LM g2M
noo=1

p(ysa) = (1)

with L =2 and ¢, = £1 [resp. L =4 and ¢ = +v/2/2+
iv/2/2] for BPSK [resp. QPSK] modulated signals and

where a & (On,01,01,00)T.
IIT. StocHAsTIC CRB rOR BPSK AND QPSK
SIGNALS

The main result of the paper proved in Appendix A
is contained in the following theorem
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Theorem 1: The FIM associated with the parameter
(on,01,¢1,01) of stochastic BPSK and QPSK modu-
lated signals are given by the explicit closed-form ex-
pressions:

IBPSK 0
IEPSK =T |: Flo IEESK :| )
JQPSK _ 1 %o
F o I%DSK
with
[BPSK _ (- 201 fi(p)) 4M01f (p)
Fy = " 4M01 .
f( ) (1 f1(p))
2Mo?
— Y (1 o)
2 oi(ia; a
21(07%1(1 = f2(p))
M(l — £2(p))
202y ? 4 _
L% (1~ fu(p))
r 2
orsk _ | s TA(E) ()
L SEA) (- f(8)
i 2Mo?
[QPSK  _ o7 (1= +p)f2(5))
2.
| P (1= (14 ) f(8))
o, I H
2ol 2 (1 (14 9)fa(5))
U (1- (14 4880 ))
with p 4 Mal and a) ef @ and where fi; and f3
are the followmg decreasing functlon of p: fl( ) def
ue” def e e
\/ﬂf [} cosh(ur)du f2 \/ﬂf oo cosh ur)d

We note the similarity of the 2 x 2 top left corner of
these FIM’s with those derived in [10] used for the es-
timation of the SNR of BPSK and QPSK modulated
signals. Because these Fisher information matrices are
block diagonal, the following explicit expressions for the
CRB for the parameter DOA alone are easily derived:

CRBgpsk(01) = ;(,:1 31) (1}2( )) 1)
s - H(03) ()

’ H
where 7, is the purely geometrical factor 2a; H:;la1

H
with Hj def Iy — alj\jl . We note that thanks to the

decreasing function fo, CRBppsk(61) < CRBgpsk (61)-
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In the absence of phase offset or after correcting it
(i.e., parameter ¢; known), these CRB’s for 6; become
1

1 1 o2 1
CRB 0 = = ——-=2 _ 3
wrsc() = 7 (2||a1||202> (1—fz(p)> )
1 1 o}
CRBEC. (0;) = = (——-2
apsk(1) =7 (2||a1||2 a%)

1

Hg' |2
+ S f(8)

(4)

1-(1

Comparing (3) to (1), we note that the phase informa-
tion for a BPSK source is quite informative for all SNR’s
because 2[|a} |2 > v for the DOA perspective contrary
to a QPSK source, as shown in section V-A (Fig.3).

IV. COMPARISON WITH RELATED CRB’S

Depending on the presence of different a priori infor-

mation on the parameters and on the distribution of the
sources, several CRB’s can be considered.
Data-aided CRB: If we assume that transmitted sym-
bols are known at the array receiver, the modulation can
be removed perfectly and the resulting signal y; is circu-
lar Gaussian distributed with mean oie'®'e;a; and co-
variance 021, and consequently (y7,...,y%)T is circu-
lar Gaussian distributed as well, with mean e ® o1 e1a,
and covariance o2Iy;r where € dof (e1,...,er)T. Ap-
plying the Slepian-Bangs formula (see e.g., [5, rel.
(B.3.25)]), we obtain

1 6‘021MT aO'QIMT
IDA - T n n
( F )]@l g';ll ' ( Oay, Jday )

T . .
2 Ooie~1all 9oiet1a
o 2t el )
Oy Oék aal

then the followm FIM is straightforwardly derived by
noting that >, |&]? = 1 and [|a;||* = M which im-
plies aa) —i—(a{ial) = 0, and consequently R(al’a)) =

’ L
0 and S(afla)) =ia; ap:

a2 o 0 0
0o 2% 0 0
DA "
I =T 0 2Mo? 202 (ia; ai1)
on oh
202(ia; ajp) 202||a; |2
0 O 1 021 1021

and consequently

CRBpa (1) = (1 In )

et 01

Because lim,_,o fi(p) = lim,—f2(p) = 0, we note
that the FIM’s IEPSK and I?PSK of section IIT approach

1Where the exponent CO of CRB§O¢ (61) and CRngSK(Gl)
means coherent.

A and consequently CRBppsk (1) and CRBgpsk (61)
approach CRBP*(6,) for large SNR values. On the
contrary, because 2||aj||> > 71, CRBghsk(f1) and
CRngSK(Gl) are lower than CRBP#(6,) for large SNR
values. The phase information is quite informative com-
pared with the training symbols from the DOA perspec-
tive.

Deterministic CRB: For the deterministic or condi-
tional model of the signal waveform, the CRB for 6;
does not depend on the realization of (e;);=1

.....

cause Zle lez)> = 1 and is given by (see e.g., [4, rel.

(2.11)))
1/1a2
T (71 o %) '

We note that if side information is available such as the
constant modulus of BPSK and QPSK modulation [11]
and some training symbols among the T symbols €; [9,
rel. (50)], the previous CRB for 6; is preserved. Fur-
thermore, the data-aided and deterministic CRB are the
same, implying that knowing the signal or not is not im-
portant.

Stochastic complex Gaussian CRB: Because the
BPSK [resp. QPSK] modulation is non-circular [resp.
circular] complex to the second-order, it makes sense to
compare the stochastic CRB’s (1) and (2) to the CRB’s
associated with respectively non-circular 2 (NCG) [6, rel.
(3.14)] or circular (CG) complex Gaussian distribution
that can be considered as upper bounds on the true sto-
chastic CRB’s (see e.g., [5, p. 293]). More precisely, after
recalling these CRB’s under Gaussian distributions for
the convenience of the reader

1/1 [o2 1 o4
Brea(bh) = = (= |5+ 574
CRBnce(61) T<71{0%+ oM %})
1 /162 102
Bog(0) == — | =2+ ——24
CRBcg(6h) T<71 [0%+M Af])
we have
CRBgpsk (01) _ 1
CRBnca(fh) (1= fa(p))(1+ 3;)
and
CRBqpsk(61) _ 1
CRBcq (1) (1—f2(§))(1+%).

2
Moy

We note that these ratios depend on p def only and

tend to 1 when p tends to co. However this aependence
in p is not monotone as it is numerically shown in the
next section.

2Because E(e?) = E|e?| for the BPSK modulation, we consider
the non-circular complex Gaussian distribution assomated with
E(e?) = Ele?| = 1, ie., with p1 = 1 in [6, rel. (3.14)] where
the non-circularity rate p1 and the circularity phase ¢ of €; are
defined here by E(e?) = p1e2i?1E|€Z|.
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V. NUMERICAL EXAMPLES

The purpose of this section is to illustrate the re-
sults of section IV and to extend them to the case of
two independent BPSK distributed sources. We con-
sider throughout this section, one or two independent
sources impinging on a uniform linear array (ULA) of

M sensors spaced a half-wavelength apart for which
ap = (1,e%% ... (M=1)0)T

A. Single source case

The first experiment illustrates the results of section

IV. Fig.1 shows the ratios %j’&(gg and %ﬁé%)
def Mo'l

. We see from that figure that

the CRB’s under the non-circular [resp. circular] com-
plex Gaussian distribution are tight upper bounds on
the CRB’s under the BPSK [resp. QPSK] distribution
at very low and very high SNR’s only.

Figs.2 and 3 show the different CRB’s ® as a func-
tion of the SNR for the BPSK and QPSK modula-
tions respectively. From these figures, we see that
the CRB’s achieved in the absence of phase off-
set outperform all the other CRB’s except for very
low SNR’s. It is shown that there is no signif-
icant difference between the bounds for non-data-
aided and data-aided estimations except at low SNR.

as a function of p =

)

-10 "5 U‘ 5‘ 1‘0 1‘5 Z‘U 2‘5 30
o (dB)

i : def CRBppsk (01) def CRBgpsk (01)
Fig.1 Ratiosri(61) = CRBuce(01) andr1(01) = CRBoG(0D)
def MU%

on

as a function of p =

107 L —+— BPSK-CO

CRB(O,)

SNR (dB)

3All the CRB’s are computed for T' = 1. That means that the
actual CRB’s associated with the signal model defined in section
II are obtained from the results given in this section by dividing
by T.

Fig.2 Normalized (T' = 1) CRB’s for BPSK modulation:
CRBnca(61), CRBppsk(61), CRBBAgk (61) and CRBEPgk (61)
as a function of the SNR.

CRB(O,)

SNR (dB)
Fig.3 Normalized (T' = 1) CRB’s for QPSK modulation:
CRBcq(61), CRBopsk (61), CRBESgx (61) and CRBE Ry (61) as
a function of the SNR.

B. Two sources case

We consider now two independent BPSK or QPSK
distributed sources. Because the PDF of y; is a mixture
of 4 or 16 Gaussian PDF's, the associated stochastic CRB
appears to be prohibitive to compute. Consequently we
use a numerical approximation derived from the strong
law of large numbers, i.e.

CRBpsk (01,02) = (IE})(H 70,14 7))

with

T/
1 o1 O p(ys; )\ (O p(ys; @)
T (L) = s T tz:; ( Doy, doy
(5)

where (I ) denotes the 2 x 2 submatrix of I;l

([4 71,14 7))
derived from the rows and columns 4 and 7.
1 L Iy —As; 12
p(ysa) = T2 g2 2. ° on

with s; def (Ulnj’1€i¢1,0277j’2€i¢2)T with L = 2
[resp. L = 4] for BPSK [resp. QPSK] modu-
lated signals where (;,1,7,2)=1...,02 = (£1,%1) [resp.
(£v2/2 + V22, £V2/2 + i\f/2)] and where o %
(On,01,01,01,09,¢2,02)T and A = (al,ag) At high
SNR’s (more precisely for M Z+ > 1 and M— > 1) it
is proved in Appendix B that ‘the FIM assomated with

BPSK and QPSK signals are approximated by the same
following explicit expression:

4M OT OT
SK o
B~ ~7| 0 1, O (6)
0 0O I,
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2M
u 0 0
1 H
. 2Mo 202(ia, ap
with Ik = 0 o2 k k(gé ) y k= 1,2.
’;LH 7L/
0 207 (ia;, ay) 207 ||la, |2
o2 o2

n

We clearly see that the entries corresponding to sources 1
and 2 are decoupled. Consequently, for large SNR’s and
independent sources, the CRB for the DOA of one source
is independent of the parameters of the other source and

CRBgpsk(01,02) ~ CRBqpsk(b1,62)

2
1 9n
~ L] wed f (7)
T 0 10,
Y2 03
def +H [ . . .
where v, = 2a, Hi‘iai, i = 1,2. This quite curious

result reminds one of a similar result in cissoid para-
meter estimation (see e.g., [12]) where the asymptotic
CRB of the frequencies is independent of the frequency
separation. Furthermore, the CRB’s CRBppsk (0;) ~
CRBgpsk (0k) and CRBEPgk (k) ~ CRBGRsk (0k) for
each DOA are those of the single source case (because
the 4 x 4 top left corner of the FIM (6) is the FIM given
in theorem 1 for high SNR). We note that this property
is quite different from the behavior of the CRB under
the Gaussian distribution and the deterministic CRB,
for which the CRB for the DOA of one source depends
on the DOA separation. More precisely, it is proved [4,
result R9] that these latter two CRB’s tend to the same
limit as all SNR’s increase. For independent sources,
they are given by (from e.g. [4, rel. (2.13)])

CRBpgr(61,02) = CRBcg(61,02)

102
LN e
T 19,
0 B2 03
with By < 2 (Jlag|? = w(61,62)), k = 1,2, where
def r H ' H
Yi(01,02) = mMﬂak apl> + |a, az_xl?) —

H ’ H ’ H
2R(a;'a a; ara, as_i), k=1,2.

If the transmitted symbols are known, the deriva-
tion of the FIM IEA follows the same lines that for
the single source case. And more specifically because
limr_ o % 23:1 €162 = E(e1€,2) = 0, the parame-
ter associated with the two sources are decoupled and
it is straightforward to prove that the asymptotic (for
T > 1) FIM IR is given by (6) as well.

The second experiment considers two independent and
equipowered BPSK or QPSK distributed sources. Fig.4
compares CRBgppsk(61) given by (5) with the CRB
under the non-circular complex Gaussian distribution.
And to be fair, this comparison must be done under
the same a priori that the two sources are indepen-
dent with (pr = 1)k=12, i.e., with the same parame-
)T

def
ter « = (op,01,d1,01,09, P2, 02 For that reason,

we use the non-explicit expression of CRBycg(61) ob-
tained in [13] which can take this a priori information
CRBgpsk (01)
CRBNcg(el)
function of the DOA separation 05 — 0, for three values
of the phase separation A¢ def 02 — ¢1. We see that
the CRB is very sensitive to the phase separation except
for large DOA separation. This figure shows, that con-
trary to the single source case, the CRB under the non-
circular complex Gaussian distribution is a very loose
upper bound on the CRB under the BPSK distribution
except for large values of the DOA and phase separation.

into account. Fig.4 exhibits the ratio as a

0)

DOA separation (rd)

Fig.4 Ratio ro(61) def gﬁ%’?ficsgg;)) as a function of the DOA

separation for different values of the phase separation A¢ for M =
6 and SNR = 20dB.

Fig.5 exhibits the domain of validity of the high SNR,
approximation. We see from this figure that this domain
depends not only on M, SNR and DOA separation, but
also on the distributed sources. It is shown that this
domain reduces for QPSK sources compared to BPSK
sources. The larger the DOA separation is or the larger
M is, the larger the domain of validity of the approxi-
mation is.

Since the CRB under the noncircular [resp. circular]
Gaussian distribution is a very loose upper bound on
the CRB under the discrete BPSK [resp. QPSK] distri-
bution, specifically for small DOA or phase separation,
the ML estimators that take these discrete distributions
into account outperform the stochastic ML estimator un-
der the circular Gaussian distribution (see e.g., [4]) and
the weighed subspace fitting estimator (see e.g., [14])
which both reach CRBcg(#1). Consequently, the EM
approaches [15] that are iterative procedures capable of
implementing the stochastic ML estimator under these
discrete distributions outperform the ML estimator un-
der noncircular or circular Gaussian distribution.
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S~ exact QPSK (48=0.05rd)
—#— exact QPSK (A6=0.1rd)
—»— exact BPSK (A6=0.05rd)
—6— exact BPSK (46=0.1rd)
—__ approximate (SNR>>1)

107‘0 ‘5 1‘0 15
SNR (dB)

Fig.5 Approximate and exact value (obtained thanks to (5) with

T’ = 10000) of CRBgpsk (¢1) and CRBqpsk (f1) as a function of

the SNR for different values of the DOA separation.

107° T T T T

5d8

CRB(S,)
&

.. 12d8

DOA separation (rd)
Fig.6 CRBgppsk(61) and estimated MSE E(61 7 — 61)? given by
the deterministic EM algorithm (10 iterations) as a function of the
DOA separation for A¢ = 0.1rd.

10°

— NCG
- - BPSK
o EM

CRB(B,)

s I I I I 1
0 2 a 6 8 10 12
SNR (dB)

Fig.7 CRBgpsk(61), CRBncag(61) and estimated MSE E(6, 7 —
61)? given by the deterministic EM algorithm (5 iterations), for
A6 = 0.3rd and A¢p = 0.1rd, versus SNR.

Fig.6 exhibits CRBgpsk (1) and the estimated mean
square error (MSE) E(6; 7 — 61)? given by the deter-
ministic EM algorithm initialized by the estimate given
by the MUSIC-like algorithm described in [16], as a
function of the DOA separation for two SNR’s. We
see that contrary to CRBNcg(61), CRBgpsk(61) does
not increase significantly when decreasing the DOA
separation. Fig.7 compares the MSE E(0; 1 — 61)2
given by the deterministic EM algorithm (initialized
as in Fig.6) to CRBgpsk(f1) and CRBNcg(01), as a
function of the SNR. We see from this figure, that
the EM estimate reaches CRBppsk(61) which largely
outperforms CRBncg(61). To show the asymptotic
domain (domain of sample size and SNR for which
E(0; 17 — 61)? ~ CRBppsk(61)), Figs.8 and 9 compare

these CRBs to the estimated mean square error given
by the deterministic EM algorithm initialized by val-
ues 6019 and 620 in the vicinity of 6; and 6. We
see that the estimates given by the ML estimator un-
der the discrete distribution reach CRBppsk(61) in a
very large domain (from SNR=-5dB for 7' = 500
and from T = 5 for SNR=10dB) in our scenario.

— nce
— - BPSK
10° | : ¢ H H H o EM
10'
10°
107
g
g Wiy ; ; ;
& <
A o T
10k B o, TN H H
HEHE] .
0=
ol
10 o
R
Oy
10 Tonsi

SNR (dB)

Fig.8 CRBppsk(01), CRBxca(61) and estimated (1000 inde-
pendent runs) mean square error E(f; 7 — 61)? given by the de-
terministic EM algorithm (10 iterations), for 7' = 500, M = 6,
A0 = 0.05rd and A¢ = 0.1rd, versus SNR.

— NCG

CRB(O,)
5

To--o
: il T S

L L L L L L L L L
100 200 300 400 500 600 700 800 900 1000

number of samples

Fig.9 CRBgpsk(f1), CRBncc(01) and estimated (1000 inde-
pendent runs) mean square error E(6; 1 —601)? given by the deter-
ministic EM algorithm (10 iterations), for SNR= 10dB, M = 6,
A0 = 0.05rd and A¢ = 0.1rd, versus T

VI. CONCLUSION

This paper developed explicit expressions for the sto-
chastic CRB of the DOA parameter estimates for BPSK
and QPSK modulated signals corrupted by additive cir-
cular complex Gaussian noise. These stochastic CRB’s
have been compared, on the one hand, with those ob-
tained with different a priori knowledge, and on the
other hand with CRB’s under the non-circular and cir-
cular complex Gaussian distribution and with different
deterministic CRB’s.

For a single source, we have proved that the CRB’s
under the non-circular [resp. circular] complex Gaussian
distribution are tight upper bounds on the CRB’s under
the BPSK [resp. QPSK] distribution at very low and
very high SNR only. And for the case of two indepen-
dent BPSK [resp. QPSK] distributed sources, we have
exhibited an important difference of behavior of the sto-
chastic CRB compared to those obtained under the non-
circular [resp. circular] Gaussian distribution. Because
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we have proved that the stochastic CRB for the DOA of
one source is independent of the parameters of the other
source over wide SNR ranges, the CRB under the non-
circular [resp. circular] complex Gaussian distribution is
a very loose upper bound on the CRB under the BPSK
[resp. QPSK] distribution except for large values of the
DOA and phase separation. Consequently, ML imple-
mentations such as the EM approaches outperform the
ML estimator under the circular Gaussian distribution,
specifically for small DOA or phase separation.

APPENDIX

I. APPENDIX: PROOF OF THEOREM 1

The Fisher information matrix is given (elementwise)
by:

kl=1,....4,
(8)

where the PDF (1) are written after straightforward ma-
nipulations as

1 B 0’In p(y; @)
7 It =—F (aakaal)

1 CyelP+mo? o1
2
BPsK(Yi @) = ————¢ “n cosh t
pBPSK (Yt; @) 520 Ung(y)
1 Iyl Mo}
2
PQPsSk\Yt; &) = —3——577€ Tn

cosh (

05\1@91(%0 cosh ((7%0\1/5/61 (Yt))

def

with g1 (y¢) 2R(e!ryHar) and ki (yy)

25 (etryHay).

We evaluate (8) for the BPSK modulation by taking
partial derivatives as follows:

9In p(ys; o) _ 2M | gi(ye) 1
do? o2 op cosh2 (‘71901-7253%))
0%In p(ys; ) _ oM 20193 (y+t) 1
do100m, oy 95 cosh? (Zlg(;éYt))

2915) oy (Jlgl(yt))

2
On

0%In p(ys; ) 202M — 6(a2M + |y4|?)
o2 ol
40tgi (y1) 1

G
9 cosh?® (7619;2(”))

n

+ 60191(y¢) tanh (01912(}’15) >
Un

o
P p(ysa) _ oiki(ye) 1
99t o

cosh? (7019;2(”))

n

_ 0191(yt) tanh (0191 (Yt)>
aa

2
On

Pnplysa) _  o1gi(y)ki(ye) 1
0010¢1 on cosh? (Zlg;éyt))
_ kl(z’t)tanh (01912(}’t)>
n O-'”/
P plysa) _ 20791(ye)ki(ye) 1
00,001 od

cosh? (7”19012(”))

n

201k
n g1 lg(y”tanh (01912(}’t)>
Un Un
Plplyse) _ o101(yi)gi(ye) 1
80'1891 0'% COSh2 (a )
n 91(3’0,5 <0191(}’t)>
an
P plyse) _ 20101(ye)g:(ye) 1
= = - :
0o,,001 oy COShz( 19013(Ly,))
_ 201913(}’t)ta h( 191:5}’15))
U’ﬂ Un
/2
9%In p(ys; o) _ %1% (yt)
89% U;IL COSh2 (0191(Yt )
I 019/1/2(}’15),5& ( 191 )
O’TL
O’ plyse) _ olgi(ye)ka(y:) 1
= . - :
001001 (o COSh2 ( 19;35)’ ))
ok 2(yt) - (0191 2(Yt)>
On O‘Tl

. / def . ’ " def . "
with g, (y:) = 2R(eya)), g, (y¢) = 2R(e"1yfa))

and ky(y,) & 23(¢1yfa)).

Using the regularity condition % [p(y;a)dy =

[oyied gy (see e.g., [17, rel. (a.9)]) which is ful-
Oay

filled for finite mixtures of Gaussian distributions, the
o plviel) — 0. With

60'1

following property holds: E(
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Oln p(yeo) _ _21;4201 + gl(gt)tanh (01!1;2(yt)>7 we obtain

doy
E <gl(yt)tanh (‘”galéyt)» =9Moy.  (9)

n

This identity enables us to straightforwardly derive
the terms (IF)(UmUn)’ (IF)(an,al) and (IF)(U1,O'1) of IEPSK
thanks to the definition of the function fi(p).

To evaluate (Ir)(g,4,), we note that gi(y;) =
2Moie; + (ei‘i’lnflal + e’id’la{[nt) and ki(y;) =
%(ewlnflal — e*i‘blaflnt). Because ¢; and the cou-
ple (e/”'nfla; + e~"*1alln,, 1(e''nffa; — e *1alln,))
are independent, and that these last two Gaussian ran-
dom variables are uncorrelated and consequently inde-
pendent, the three random variables ¢, e**nffa; +
e “afln, and 1 (e''nffa; — e "1alln,) are collec-
tively independent and thus gi1(y;) and k;i(y:) are in-
dependent. Therefore

k2 (y
B —H0) ) g )
cosh (7019012(”))
1
el
COSh2 (019;2(Yt))
with E (K2(y1)) = 2Mo2. With B[ — 21— | =

f2(p) and thanks to the identity (9), (Ir)(g,,4,) is
straightforwardly derived.
’ . ’ .  H
Noting that g, (y¢) = e**'nfa; + e *%1a; n,, thanks
! H ’

to a; a; +afla; = 0 derived from |la;||*> = M. Con-
sequently for the same reason that gi(y:) and ki(y:),
g1(y¢) and g, (y;) are independent as well. And be-

cause ki (y;) and g;(y;) are zero-mean, the expectations

.o OIn p(ysie) 9%In p(ysse) 9%In p(yssa)
of the two terms of D006, Border 1 09,00,

vanish and therefore (Ir)(s,,q4,)

cosh? ( a1 9{712(Yt) )

9%In p(yi;o)
and 90,00,

Ir) (0 .61) = IF)(01,00) = (IF)(00,00) = O-

£ 8%In p(y:;a)

Considering the first term o 502 , in the same
1

way

/2
E g1 (yt)
cosh? (7019;2(”))

n

cosh? (701%2(”))

. ’2 ’
With E(g,” (y¢)) = 2[|a; |07

£ 9%In p(y+;a)

98,06, > We note that the ran-

For the first term o
dom variables ¢; and

e“mfla; + e allng, (g, (ve). ki(1)) )
And since the zero-mean Gaussian random

are inde-

pendent.

variables e*'nfa; + e"**1alln, and (gi(yt),kl(yt))
are independent too, the three random variables e,
e 1nfla; + e 1alln, and (gll(yt)Jfl (yt)) are collec-
tively independent. Consequently the sum g;(y;) of
these first two random variables is independent of the
last random variable (g,l (yt), k1 (yt)) and thus

E W = E (gll(yt)k’l(Yt))

n

. r
cosh? (701%2(”))

n

E

with E (g/l (ye)kq (yt)) = —202 (ia;Hal) (see Section 4).

£ 8%In p(y:;a)

Finally, regarding the second term o 207
1

and 9’In p(ys;00)

o000, We have to elaborate a little bit.

—2||a} 2016 + =, with 2 %ef

17
Because g¢; (y:) =
. 1" . //H .
e nfla; +e a; n; and g1(y;) = 2Maye; + ¢ with
def — " .
7y = e®1nfla; +e~"1alln, where (z, , ;) is zero-mean
Gaussian distributed, we have 4

!
[EN&
M

r def

R 5 do

91 (yi) = M

g1 (ye) + x; with

/ . . . . .
where (x¢, ;) is zero-mean Gaussian distributed with

’ ” "2 ’
E(zw,) = Blaa,) + 5LE@}) = —20a)|202 +
’io ,
%(2]\40%) = 0 and thus z; and z, are independent.
Because g1(y:) = 2M 01 €;+x; where the discrete random
variable ¢; is independent of the noise random variables
x4/, the random variables g1 (y;) and z; are independent

and then

E (o] (vraun (220)) )
- E <—”alj\14291(yt)tanh (019;5‘“)»
B(z))E (tanh (‘“gfgy”))

- —”alj\}zE (91 (y¢)tanh (‘719;2(%)))

n

+

and (Ir)gg, 9,) follows from identity (9). The same

approach applies to evaluate E (kll(yt)tanh (%))

and gives the term (Ir) g, ,)-
For the QPSK modulation, evaluating the partial

. . 2] ; . . .
derivatives %gglﬂ) and taking their expectation are

derived in the same way, provided the log-likelihoods

H

. . 42 2 " ”
4Because ||a1||> = M implies % = alla] +a; a; +
1

2[lay | = 0.
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associated with gq(y:) and k;(y:) are gathered as well
as the hypothesis of independence of R(e;) and J(e;) is
taken into account.

II. ApPENDIX: PROOF OF (6)

The derivation of (6) results from the following alter-
native form of the FIM:

1 (O p(ys; a) Oln p(yy; o)
T (IF)k,z =E ( Aoy, Oqy (10)

k,Jl=1,...,7.

We consider only the terms of (10) associated with ¢;
and ¢o because the other terms follow along the same
lines. For the BPSK derivation, the PDF of y; is a
mixture of 4 Gaussian PDFs and

h;

4 dh; —=F

O plyssa) 1 2j-1gg¢ " k— 1.9

0 o 2 _ky T

oy On Z?:le o2
(11)
with

hi = g1+g2+g12, ha=g1—g2— g1,
hs = —g1+92—¢g12 and hy=—g1 — g2+ 12

where the random variable (gj)r=1,2 are defined by gy, def
2R (et yHay) = op(eryHay + e~ ¥rally,) with y, =
016i¢1€t,1al + 0'2€i¢2€t7232 + ng, k = ].,2 and 91,2 déf
o109(e D192 alla) 4 e~ (P1=02)all ay).

Because the random variables (e 1,€;2) and n; are
independent, we can condition the random vari-

able 2n g;y“a) 9in g(y“o‘) the different couples
k ay

(€1, €2) = (M1,M.2)i=1,4 of symboles to compute the

expectation (10). In the following, we prove, that among

the four exponentials in (11), three of them are insignif-

icant w.r.t. one of them that is dominant. For example,

for (mi1,m,2)1=1 = (—1,—1), we have for k =1,2

w.r.t.

gr = —2Mo} — 912+ Uk(eid”“nf[ak + e_w"‘aant),

2 2
and for MZ+ > 1 and MZ3 > 1:

h1 2M 0'2 +O'2 ’
-4 = ( 12 3) —ny+ glf
. 2M(0f +03) g2
on on
hy QM(U%—UE) 912
s e B &
_ 2M(of —03) R
on on
h3 2M (02 — o2 ' 1,2
. ( 22 i) g+ QT
. 2M(03 — %) L 912
o on

ha . 2M(O’% + 0%) ’ 39172
T T
N QM(O'% + 05) 391,2
T a2 - a2

’ . .
where (n,)g=1,2 are zero-mean Gaussian random vari-
ables of variance

2 )
— (M(af tod) - (—1)%(0102&(%—¢2>a{fa2))
n

2M (02 + 03 — 0103)
> 2
Un

Consequently
h h 2Mo3
2-(3) ~ B

hy ( h3>
—S |\ =) = 2
o: o: o:

hl ( h4> 4M(O’% —|—0‘%) 491’2
T2\ 2 ~ 2 +—
On On On On

>1

> 2
> 8M01022(1 —a)
Un
> 8M(1— a)inf(a%,a%) > 1
Un
where « defined by Inf(g12) = —2Mao 0, is related

to the height of first sidelobe of the beam pattern of

the array and satisfies for all standard array a < 0.5°.
hq

Therefore it is proved that the term e °» is dominant

hg h3 hyg
— s _hg

w.r.t. the terms e “%,e °% and e °# and

O p(yw: @) L0 1 (Og 012
oJoln o2 Oy, o2 \0¢r  Oox
z‘afk

i H —igy o H
5 (e Penfla, — e " alln,)

On

and for an arbitrary couple of symbols:
Ol p(y:; o) ioy

0o, - o2
k
(Lerrreen)=(-1,-1) = (=1)"Le er ) =(~1,41)

(" nfla, — e7"Pxalln,)

F(=D e e =(+1-1) = Lerniern)=(+1,41)) »

5For a uniform linear array of M sensors, g1,2 = 20102 cos(Ad+

in MA6
(Mfl)A9)(s (75 )) and o ~ 0.224.

2 sin( %)
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k =1,2. Consequently

Oln p(yt; @) Oln p(y; @)
01 092
0109, i
- (@t e afm)

(e'2nflay — e7"%2alln,)
(l(ft,l,ﬁt,z):(—l,—l) - 1(€t,1;€t,2):
Ve ) =(+1,-1) T Ler1er2)=(+1.41))

(=1,+1)

Iln p(y4; o) Oln p(ye; )
O, Oox,
2
Ok (i —i
~ —J—Z(em’“nfak — e ralln,)?

(Lerreen)=(=1,-1) + Lier 1 e02)=(~1,41)
+1(6t,176t,2):(+1,*1) + 1(6t,1,6t,2):(+1,+1))

and because (€1, €.2) and n; are independent and the
four couples of symbols are equiprobable

B (3111 p(ys; @) 9ln p(y; a))

091 092
0102

4
n

. E ((e"'nffa; — e a’'n,)

(e'?nf'ay — e""*2aln,))

(Pl(et1,€t,2) = (=1, =1)] = Pl(et,1, €1,2) = (=1, +1)]
—Pl(et,1,€1,2) = (+1 —D]+ P(er1,€t2) = (+1,41)])
Ol p(y+; @) 8ln p yt,
B ( eloln

& Uk +E (( “b’“nf[ak - e*id"“aant)Q)

(Pl(et,1,€r,2) = (=1, —1)] + Pl(et, €,2) = (=1, +1)]
+P[(6t71, 6,572) = (+1, —1)] + P[(Etﬁl, Et72) = (-‘rl, —|—1)])
_ 2M0,%

Using a mixture of 16 Gaussian PDFs, the extension to
two QPSK sources follows along the same lines.
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