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On the Deterministic CRB for DOA Estimation in
Unknown Noise Fields Using Sparse Sensor Arrays

Martin Kleinsteuber and Abd-Krim Seghouane, Member, IEEE

Abstract—The Cramér—Rao bound (CRB) plays an important role in di-
rection of arrival (DOA) estimation because it is always used as a bench-
mark for comparison of the different proposed estimation algorithms. In
this correspondence, using well-known techniques of global analysis and
differential geometry, four necessary conditions for the maximum of the
log-likelihood function are derived, two of which seem to be new. The CRB
is derived for the general class of sensor arrays composed of multiple ar-
bitrary widely separated subarrays in a concise way via a coordinate free
form of the Fisher Information. The result derived in [1] is confirmed.

Index Terms—Cramér—Rao bound (CRB), differential geometry, direc-
tion of arrival (DOA) estimation, maximum likelihood.

[. INTRODUCTION

The maximum likelihood technique is a widely used tool for direc-
tions of arrival (DOA) estimation. Many log-likelihood functions and
estimation algorithms have been proposed in the literature depending
on the structure of the noise covariance matrix which make them sensi-
tive to the assumed noise model. In most practical situations, the noise
model is unknown and to effectively handle unknown noise environ-
ments several methods have been proposed. The most recent one con-
sists of spacing the array geometry in certain ways. In this correspon-
dence, the general case of sensor arrays composed of multiple arbitrary
widely separated subarrays [1] is considered. In such arrays, intersub-
array spacings are substantially larger than the signal wavelength and
the noise covariance matrix of the whole array is block-diagonal.

The classical way for deriving the maximum likelihood estimate of
the DOA is by setting the derivative of the log-likelihood function with
respect to the DOA parameters to zero and solving the formed equa-
tion set. Note, that two different types of data models are used in appli-
cations for DOA estimation. The so-called conditional model, where
the signal is supposed to be nonrandom, and the unconditional model,
where the signal is assumed to be random [2]. Since the results derived
in this correspondence are extensions of previous results derived in [1],
we exclusively focus on the first case—the conditional model and the
corresponding likelihood function.

To assess the performance of these derived maximum likelihood es-
timators, the Cramér—-Rao bound (CRB) plays an important role be-
cause it is always used as a benchmark for comparison. The derivation
of closed-form expressions for the CRB for the general unknown noise
model have been approached in [3]-[5] and obtained for the uniform
and nonuniform white noise case in [6] and [7]. An extension of the
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work provided in [6] was used in [8] to derive a closed-form expres-
sion for the CRB in the most general case of an arbitrary unknown noise
field.

In this correspondence, we consider the general class of sensor arrays
composed of multiple arbitrary widely separated subarrays [1]. Using
well-known techniques of global analysis and differential geometry,
the derivative and the Hessian form of the log-likelihood function are
computed. The latter one is used to derive a coordinate free form of
the Fisher information. In contrast to earlier approaches, this allows us
to directly compute the CRB of linear transformations for the DOA.
Choosing a standard basis yields the results obtained in [1].

The rest of this correspondence is organized as follows. Some basics
in differential geometry are provided in Section II. Necessary condi-
tions for the existence of the maximum likelihood are derived in Sec-
tion III. In Section IV, the general closed-form expression for the CRB
is derived and the relation with the particular case of [1] is discussed.
A conclusion is given in Section V.

II. PRELIMINARIES ON DIFFERENTIAL GEOMETRY

We recall some basic facts and definitions on global analysis (cf.
[9] and [10]). Let M be a smooth manifold of dimension n. A curve
through = € M is a smooth map

y: Il — M

where I C R is an open interval containing 0 and v(0) = «. Let U be
a neighborhood of = and let ¢ : U — R" be a chart. Then

6oy:I— o) CR"

is differentiable. Two curves i and ~2 through = € M are said to be
equivalent if (¢ 0 v1)'(0) = (¢ 0 ~2)'(0) holds for some and therefore
any chart ¢. This defines an equivalence relation on the set of all curves
through x. A tangent vector at z is then an equivalence class £ := [7]
of a curve v and the tangent space T, M is the set of all tangent vectors.
It can be shown to be an n-dimensional real vector space.

A trivial example of a manifold is an open subset U of R" together
with the identity mapping as the chart. In this case, the tangent space
at any point of U can be identified with R™.

Now let M. N be manifolds and let f : M — N be smooth. If v
is a curve through & € M, then f o is a curve through f(z) € N and
equivalent curves through 2 are mapped to equivalent curves through
f(x). We can therefore define the derivative of f at @ € M as the
linear map

Df(x): ToM — Tpy N

given by D f(x)[y] = [f o 7] for all tangent vectors [y] € T, M. If
f+ M — Ris asmooth real valued function, we identify 7,,(R) = R
for all y € R and define a critical point of f as a point x € M such
that D f(x)€ = 0 forall £ € T, M. The Hessian of f at a critical point
x then is the symmetric bilinear form

Hy(x) : TeM x T, M — R
(6,6) — ()6 + 660+ 62)
— Hyp(w) (&, &) — Hy(w)(€2,€2)) (1)

where H ¢ (x)([7],[7]) := (f o )" (0). It can be shown that this defi-
nition is independent of the choice of the representative v only if v(0)
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is a critical point of f. The Hessian is therefore only well defined at
critical points of f. A critical point is nondegenerate if its Hessian is
nondegenerate. If = is a local maximum (minimum), then Hs(x) is
negative (positive) semidefinite. On the other hand, if H f(x) is nega-
tive (positive) definite, then x is a local maximum (minimum).

II. LOG-LIKELIHOOD FUNCTION

Let an array of n sensors having unknown gains and phases receive
signals from m (m < n) narrowband far-field sources with unknown
DOAs {#1,...,0,}. The n x 1 array snapshot vectors can be modeled
as [1]

y(&) =T(NAG)z(t) +ov(t) t=1,...,N 2)

where § = [61,... ,Bm]T is the m X 1 vector of signal DOAs, A(#) =

[a(f1),....a(fmn)]is the n x m source direction matrix, a () is the n x
1 steering vector, z(t) = [x1(t), ..., zm(t)]" isthem x 1 vector of the
source waveforms, v(t) = [v1(1),..., v, ()] isthe n x 1 vector of

sensor noise, I'(+y) is a diagonal matrix containing the unknown com-
plex-valued sensor responses, i.e., ['(A) = diag{\i,..., A}, ()7
denotes transpose and NV is the number of statistically independent
snapshots. In this case, the array model can be rewritten as [1], [11]

Y=TMABGDX +V =TAX +V 3)
where Y = [y(1),...,y(N)], X = [z(1),...,z(N),V =
[v(1),...,v(V)] are the n X N array data matrix, the m X NN source
waveform matrix, and the n X N sensor noise matrix, respectively.

In this correspondence, we consider the case of sparse arrays
composed of ¢ arbitrary subarrays whose intersubarray displacements
are substantially larger than the signal wavelength. As a result, sensor
noises can be assumed to be statistically independent between different
subarrays. This leads to a noise covariance matrix, say (), that has a
block form. The size of each block, say n;, corresponds to the numbers
of sensors in the corresponding subarray (n = > % | n;). In other
words, () € Q with

(N
|Qi e C"7 " ,Q; >0
Qq

=: bdiag(Q1,...,Q,) = E{v()v(t)"} “4)
where we write shortly (); > 0 for the positive definite noise covari-
ance matrix of the 7th subarray ();, bdiag{ } denotes the block-diagonal
matrix operator, ( - )* denotes conjugate transpose, and E{} is the sta-
tistical expectation. Note, that Q is open in the set of Hermitian block-
diagonal matrices of appropriate blocksize and therefore a manifold

whose tangentspace at each point can be identified with

ToQ = {bdiag(H,,....H).H; € C"*" Hl = H;}. (5

Taking into account the special structure of the (n X m ) source direction
matrix, it varies over the set

1 1
Z1 R Zm

A= : |z € C |z =1 (6)
i !
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which is diffeomorphic to the m-torus via the obvious mapping

1 1
Z1 ~m
D:(21,00y2m) — .
n—1 n—1
z1 ez

and hence a smooth and compact manifold. Note that the set of structure
matrix variation of the source direction matrix (6) also covers the n
sensors nonuniform linear array. Indeed, by definition, an n-element
nonuniform linear array can be viewed as a subarray of the n -element
uniform linear array. For the corresponding n . -element uniform linear
array, the source direction matrix is of Vandermonde structure [12].

In the following, the tangent space is derived according to Section II.
To this end, let A = ®(ay,...,an) € A and let v be a curve through
A given by

vil— A, t ®(agexp(ithy),...,amexp(itdy))  (7)
where 6 := (61,...,0,,) € R™ and i := +/—1. Differentiating with
respect to ¢ and setting ¢ = 0 yields the tangent space

ToA={iAcns" .0 € R} ®)

where ) denotes the matrix Hadamard product and the vector

n:= ((),1,...,7L—1)T6Hn.

Similarly, the normalized diagonal matrix I that contains the unknown
sensor responses varies over

T = {diag(z1,...,2n) | zi € C,|z| =1} )

which is diffeomorphic to the n-torus with tangent space

TrT = {iCD| D € R"*"is diagonal} (10)

atT' € 7. Let the array data matrix Y € C™*" be given. The condi-
tional log-likelihood function (LL-function) is given by [11]

f:OXxT xAxC™YN SR
(Q.T, A, X) —Nlog det Q —tr[(Y —TAX)TQ (Y ~TAX)].
1D

For convenience, we further shortly write

G:=Y —-TAX.

The derivatives of f with respect to  will be denoted by D¢ f and
similar the notation Drf, D4 f and Dx f is used. In what follows,
R(z) represents the real part of z.

Lemma 1: The partial derivatives of the LL-function are given by

Dof:ToQ — R, Hw— tr[Q7'GG'Q™'H] — Ntz[Q™"H]

(12)

Drf:TrT — R, ¢~ 2Rtr[GTQ1¢AX] (13)
Daf:TaA—R, ¢ 2Rt [GTQ ' TwX] (14)
Dxf:C™N SR, S~ 2Rtr[GTQ 'TAS]. (15)
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Proof: Equations (13)-(15) follow straightforwardly by the
product rule since the second term of the LL-function is the squared
norm of G with respect to the real inner product Rtr[GiQ™"Ga]
with G1,Gs € C™*¥ . Since they all are derived in a very similar
way, we restrict ourself to deduce (14). Let v be given as in (7) with
¥ == %(0) € TaA. Then

Daf(€)

% |+=0f(Q,T,~(t), X)

= —Rer[(—-IH(0)X)"Q ™' (Y = T5(0)X)]
— Rtr[(Y — Dy(0)X)TQ ™' (-T'%(0)X)]

= 2Rtr[GTQ Ty X]. (16)

For (12), note that log det Q = trlog @, implying

Dq(logdet Q)(H) = tr[Dq(log Q)(H)] = t:[Q ™ "H]

and differentiating Q)" = T on both sides yields

DoQH) Q™'+ Q- Do(Q~')y(H)=0

and hence Do(Q ™ )(H)= -Q *HQ™. [

From the above Lemma, we immediately have the following the-
orem, where part 1) and 4) have already been derived in a different
way in [8]. These results have been used in [1] to derive an algorithm
that iteratively estimates the DOA.

Theorem 1: Let p denote the orthogonal projection from the set of
Hermitian » X n-matrices onto T @ with respect to the inner product
tr[Q1Qz]. Necessary conditions for a critical point (Qo, o, Ao, Xo)
of the LL-function are:

1) p(GoGY) = NQo:

2) the diagonal entries of ['g.A¢ X G’gQO— ! are real;

3) the vector (47 ® Xy GSQJLFU) - has real entries;

4) AITIQ ToA0 X = AITTQy Y, which simplifies if and only
if A has full rank into

—1 .
Xo = (Agrgcgglrvo) AT Y.
Note, that since A is a Vandermonde matrix, it has full rank if and only
if the entries z; are pairwise distinct.
Proof: We will drop the index “0” during the proof. At a critical

point (@, T, A, X), all partial derivatives have to vanish.
1) For Dg f = 0, this means that

tr[(QT'GGTQT - NQ HH] =0

for all H € Ty Q, implying

QGG QT = NQTH) = 0.
Now taking into account the block structure of () ~*, this is equiv-
alent to p(GGT) — NQ = 0 and 1) is shown.

2) Setting Dr f = 0 and using the special structure of the tangent
space elements (10), one has

RtriIAXGTQ™'D] =0

for all real diagonal (n X n)-matrices D.
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3) Note, that for three matrices of appropriate size the identity

tr(A ©B)CT = tr(A© C)BT

holds (cf. [9]). Hence, D 4 f = 0 yields

Re[iXGTQ™'T(A®nd ") =0

for all # € R™, which is equivalent to

Rir[i(4" © XG'Q 'T)nd "1 =0

forall # € R™.
4) For Dx f = 0, we have equivalently

AT G =0e ATTIQ™'Y = A'TTQ™'TAX.

Now let A have full rank and let € C™ \ {0}. Then, y :=
T'Az # 0 and by the positive definiteness of ', we obtain
2T ATTTQ T Az > 0. Therefore, ATTTQ T A is positive def-
inite and hence invertible. If, on the other hand, A does not have
full rank, there exists € C™ \ {0} such that Az = 0 and in
this case, ATTTQ 71T A has eigenvalue 0 and is not invertible

]

IV. CRAMER-RAO BOUND

To derive the CRB, the Hessian at the critical point po =
(Qo, o, Ay, Xo) has to be computed. We shortly denote

Dqof(Hy, Hz) = Do(Dq f(po)(H1))(Hz)

and similar Dga f(H,¥) = Do(Daf(po)(v))(H),and so on. Note
that the Hessian is symmetric, i.e., Doaf(H,v) = Dagf(v, H),
etc. Again, the index O for indicating the critical point is dropped in the
following. From (12)—(15), we derive

Doq f(Hy, Ha) = Ntr[Q ™' HoQ™ ' H |
— Q7 H.Q 7' GGTQ T H]

—tr[QT'GGTQTH.Q T HY). (17)
With &; = i['D; as in (10), i = 1, 2, one obtains
Dyr f(&1,&2) = Drr f(D1, Ds)
= —2Rtr[(IDAX)'Q 'I'D, AX]
— 2Rtr[GTQ'I'D. D, AX]. (18)
For ¢; = id ® nz] asin (8),7 = 1,2,
Daaf(ii,e)
=Daaf(6,62)
— _2Rtr [( (A ) né) )A) Q'T (A ® n91T) \]
— 2Rt [G"'Q_ll“ (A( 'né) ©n] )x] (19)
holds and
Dxxf(S1.52) = —2Rtr[(TAS,) Q'TAS, ). (20)

863
Moreover
Dorf(H,D) = —2Rtr[G’ Q”HQ—HFDA\] 1)
Doaf(H.0) = —2Rtr[GTQT'HQ'iN(A & nd " )X] (22)
Dox f(H,S) = —2Rt[G'Q 'HQ 'TAS] (23)
Dyaf(D,§) = —2Rtr[(CDAX) Q' T'(A ® no ")X]
—2Rtr[GTQ 'TD(A © nf ")X] (24)
Drx f(D,S) = 2Rtr[i(TDAX)"Q 'TAS]
+ 2Rtr[iGTQ ™' TDAS] (25)
and, finally
Daxf(8,8) = 2Rtr[i(T(A ©nf " )X)"Q™'TAS)
+2Rtr[iGTQT'T(A®ns")S].  (26)

In order to derive the Fisher information matrix, we have a look at the
expectation value E[-] of the above terms (17)—(27). Using the fact that
at the maximum E[G] = 0 and E[G'G] = N Q immediately yields

E[Dqq f(H:, H2)]

= —Ntr[Q 'H.Q 'Hy]
E[Drr f(D1, D2))

= —2Rtr[(TD2AX) Q™' TD; AX]
E[Daaf(61,62)]

— _9Rtr {(r (A ® nag) \) Q7'T (A © nef) \]
E[Dxx f(51,52)]
= —2Rtr[(TAS2) Q7 'TAS]
E[Dqorf(H,D)]=0
E[Dqaf(H,0)]=0
E[Dox f(H.S)] =0
E[Draf(D,8)]

= —2Rtr[(TDAX)'Q 'T(A © nf " )X]
E[Drx f(D,5)]

= 2Rtr[i(TDAX) Q™' TAS)
E[Dax f(6,9)]

= 2Rtr[i(D(A © nd HX)TQ™'TAS). @27

Gathering the derived results yields the following theorem.
Theorem 2: The bilinear form corresponding to the Fisher informa-
tion is given by

F((H1,D1,l91,51), (HZ-/D%HZ: SZ))
= Ntr[Q~'HoQ™'Hy)
+ 2Rtr[(TD2AX)TQ™'I'D, AX]
t
1 2Rtr {(r (A o nej) x) Q'r (A ® nef) X}
+ 2Rtr[(TAS:)TQ™'TAS, ]
+ 2Rtr [(FDlAX)"Q_lF (A ® nel) \]
+ 2Rtr [(rDZAX)*Q*r (A ® n@T) \]
— 2Rtz[i(TD; AX)TQ 'TAS,]
— 2Rtr[i(TD2AX) () 'TAS,]
. T\ v\ At \
— ORtr {1 (r (A © 0, )x) Q FASZ]
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i
— 2Rtr {i (r (A & nby ) X) Qfersl] . (28)
Clearly, a matrix representation of F depends on the choice of
a basis B of the tangent space at the maximum, which is given by
ToQ x Tr'T x TaA x C"*™ . Let Byr, Bp, By, and Bs be basis of
T2, 1Ty 7T, TaA, and C™ XN respectively. If BB is chosen to be

B := (By, Bp, Bs, Bu) (29)
then the matrix representation of F takes the form
Fyy Fyp Fys 0
Ffr Foo Fps 0
F =
PTIUFRL Fhs Fs 0 G0
0 0 0 Fun

The matrices F;; depend on the choice of the basis B; and B; fori, j €
{6, D, S, H}. Using the partitioned matrix inversion formula, the (m x
m) CRB-matrix for 8 is given by

FDD FD5:| |:F9TD:|>71
Cy = | Fyo — [F Fys . (3D
0 < 9o — [Fop 05) |:FES Fas FeTs

Now denote by e;, fi, gi the standard basis vectors of R™, R", R",
respectively, i.e., having ith entry 1 and zeros elsewhere. By choosing
the basis

By = (iAg @ne;r,i:L...,m)
Bp = (irof,,ff,i - ln)

Bs = (ez-gf, feigli=1,...,mj=1,.., N) (32)
equation (31) is equivalent to (89) in [1]. More generally, if T € R™*™
is a change of coordinates in T4 A, i.e.,

Bo = ido O n ((Tel)T, e (Tem)T) (33)
then the CRB-matrix with respect to this new basis is given by
Co=T'CoT ", (34)

Example: We illustrate the above by means of a simple example.

1

Let the source direction matrix 49 = be given, where

az
a = 1 and ay = Y2 and #1, 62 are the directions of arrival. Differ-
entiating Ao with respect to 8, yields (d/d8;) Ao = ido ® e; bi,
which corresponds to the canonical basis 3y in (32) that finally gives
the CRB (Y for (61,62) as in [1]. Assume now that we are interested
in #1, 62 such that

(35)
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for some invertible 2 x 2 matrix 7". Then

d ., o NTA
d_éiAD =ido ® {1] (Te;) 6. (36)
Hence, choosing a basis
., |0 T .
By = (ido ® 1 (Te;) , 1=1,2 (37)

in (29) leads to the CRB C for (61, 62 ) for which C; = T~*Cy T~ T
holds, without explicitly computing 7',

V. CONCLUSION

Using well-known techniques of global analysis and differential ge-
ometry, the determination of the derivatives of the maximum likelihood
function is easy and concise.

The Fisher information has been derived in terms of a coordinate
free bilinear form. Different choices of basis in the tangent space at
the maximum of the log likelihood function lead to different Fisher
information matrices and hence to different CRBs. The connections
between these CRBs have been explained in (34).

One of the benefits of the proposed approach is, that in order to derive
the CRB for 8, satisfying T8 = 6, the matrix 7" does not have to be
computed explicitly.
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