Appendix B

Crameér-Rao Bound Tools

B.1 INTRODUCTION

In the text, we have kept the discussion of statistical aspects at a minimum for conciseness reasons.
However, we have presented certain statistical tools and analyses that we have found useful to
the understanding of the spectral analysis material discussed. In this appendix, we introduce some
basic facts on an important statistical tool: the Cramér—Rao bound (abbreviated as CRB). We
begin our discussion by explaining the importance of the CRB for parametric spectral analysis.

Let ¢ (w, ) denote a parametric spectral model, depending on a real-valued vector 6, and
let ¢ (w, 6) denote the spectral density estimated from N data samples. Assume that the estimate
6 of 6 is consistent, so that the estimation error is small for large values of N. Then, by making
use of a Taylor series expansion technique, we can write the estimation error [¢ (w, é) — ¢ (w, 0)]
approximately as a linear function of 6—0, namely,

[¢(w,8) — p(w,0)] =y (w,0)@ —0) (B.1.1)

where the symbol ~ denotes an asymptotically (in N) valid approximation and v (w, 8) is the
gradient of ¢ (w, ) with respect to 6 (evaluated at the true parameter values):

¢ (w, 0)

Vi 0)=—2

(B.1.2)

It follows from (B.1.1) that the mean squared error (MSE) of ¢ (w, 6) is approximately given by

MSE[¢ (0, 0)] ~ ¥ (w, )P (w,0)  (for N > 1) (B.1.3)
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where
P = MSE[0] = E {(é —9)(@—9)T} (B.1.4)

We see from (B.1.3) that the variance (or MSE) of the estimation errors in the spectral domain
is linearly related to the variance (or MSE) of the parameter vector estimate 6, and so we can
get an accurate spectral estimate only if we use an accurate parameter estimator. We start from
this simple observation, which reduces the statistical analysis of ¢ (w, é) to the analysis of é, to
explain the importance of the CRB for the performance study of spectral analysis. Toward that
end, we discuss several facts in the paragraphs that follow.

Assume that 8 is some unbiased estimate of 6 (e, E {é } = 0), and let P denote the covariance
matrix of 6 (cf. (B.1.4)):

P=E {(é—@)(é—@)T} (B.1.5)

(Note that here we do not require that N be large.) Then, under quite general conditions, there is
a matrix (which we denote by P,,) such that

P>P, (B.1.6)

in the sense that the difference (P — P,,) is a positive semidefinite matrix. This is basically the
celebrated Cramér—Rao bound result [CRAMER 1946; Rao 1945]. We will derive the inequality
(B.1.6) along with an expression for the CRB in the next section.

In view of (B.1.6), we may think of assessing the performance of a given estimation method
by comparing its covariance matrix P with the CRB. Such a comparison would make perfect
sense whenever the CRB is achievable—that is, whenever there exists an estimation method such
that its P equals the CRB. Unfortunately, this is rarely the case for finite N. Additionally, biased
estimators with MSEs smaller than the CRB can exist. (See, for example, [STOICA AND MOSES
1990; Stoica AND OTTERSTEN 1996].) Hence, in the finite sample case (particularly for small
samples), comparing with the CRB does not really make much sense, because

(i) there might be no unbiased estimator that attains the CRB and, consequently, a large differ-
ence (P — P.) would not necessarily mean bad accuracy; and

(ii) the equality P = P, does not necessarily mean that we have achieved the ultimate possible
performance, because there might be biased estimators with lower MSE than the CRB.

In the large sample case, on the other hand, the utility of the CRB result for the type of parameter
estimation problems addressed in the text is significant, as explained next.

Let y € R¥*! denote the sample of available observations. Any estimate 6 of 6 will be
a function of y. We assume that both 6 and y are real valued. Working with real 6 and y
vectors appears to be the most convenient way when discussing the CRB theory, even when the
original parameters and measurements are complex-valued. (If the parameters and measurements
are complex-valued, 6 and y are obtained by concatenating the real and imaginary parts of the
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complex parameter and data vectors, respectively.) We also assume that the probability density
of y, which we denote by p(y, 6), is a differentiable function of 8. An important general method
for parameter estimation consists of maximizing p(y, ) with respect to 6:

6 = argmax p(y. 0) (B.1.7)

The p(y, ) in (B.1.7) with y fixed and 6 variable is called the likelihood function, and 0 is called
the maximum likelihood (ML) estimate of 6. Under regularity conditions, the ML estimate (MLE)
is consistent (i.e., limNﬁooé = 6 stochastically), and its covariance matrix approaches the CRB
as N increases:

P~P, for a MLE with N > 1 (B.1.8)

The aforementioned regularity conditions basically amount to requiring that the number of free
parameters not increase with N, which is true for all but one of the parametric spectral estimation
problems discussed in the text. The array processing problem of Chapter 6 does not satisfy
the previous requirement when the signal snapshots are assumed to be unknown deterministic
variables; in such a case, the number of unknown parameters grows without bound as N increases,
and the equality in (B.1.8) does not hold; see [STOICA AND NEHORAI 1989A; STOICA AND NEHORALI
1990] and also Section B.6.

In summary, then, in large samples, the ML method attains the ultimate performance corre-
sponding to the CRB, under rather general conditions. Furthermore, there are no other known
practical methods that can provide consistent estimates of 6 with lower variance than the CRB.!
Hence, the ML method can be said to be asymptotically a statistically efficient practical estimation
approach. The accuracy achieved by any other estimation method can therefore be assessed by
comparing the (large-sample) covariance matrix of that method with the CRB, which approximately
equals the covariance matrix of the MLE in large samples (cf. (B.1.8)). This performance-
comparison ability is one of the most important uses of the CRB.

With reference to the spectral estimation problem, it follows from (B.1.3) and the previous
observation that we can assess the performance of a given spectral estimator by comparing its
large sample MSE values with

v (@, )P 1Y (w, 0) (B.1.9)

The MSE values can be obtained either by the Monte Carlo simulation of a typical scenario
representative of the problem of interest or by using analytical MSE formulas whenever they are
available. In this book, we have emphasized the former, more pragmatic way of finding the MSE
of a given spectral estimator.

IConsistent estimation methods whose asymptotic variance is lower than the CRB, at certain points in the parameter
set, do exist! However, such methods (which are called “asymptotically statistically superefficient”) have little practical
relevance (they are mainly of a theoretical interest); see, for example, [STOICA AND OTTERSTEN 1996].
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Remark: The CRB formula (B.1.9) for parametric (or model-based) spectral analysis holds in
the case where the model order (i.e., the dimension of #) is equal to the “true order.” Of course,
in any practical spectral analysis exercise using the parametric approach, we will have to estimate
n, the model order, in addition to 6, the (real-valued) model parameters. The need for order
estimation is a distinctive feature and an additional complication of parametric spectral analysis,
as compared with nonparametric spectral analysis.

There are several available rules for order selection; see Appendix C. For most of these rules,
the probability of underestimating the true order approaches zero as N increases (if that is not the
case, then the estimated spectrum could be heavily biased). The probability of overestimating the
true order, on the other hand, may be nonzero even when N — oo. Let n denote the estimated
order, ng the true order, and p, = Pr(n = n) for N — oo. Assume that p, = 0 for n < ng and
that the CRB formula (B.1.9) holds for any n > ny (which is a relatively mild restriction). Then it
can be shown (see [SANDO, MITRA, AND STOI1CcA 2002] and the references therein) that, whenever
n is estimated along with 6, the formula (B.1.9) should be replaced with its average over the
distribution of order estimates:

nMAX

> Pt (@, 0)[Pern ]t (@, 6,) (B.1.10)

n=ny

Here we have emphasized by notation the dependence of ¥, 6, and P, on the model order n,
and nyax denotes the maximum order value considered in the order-selection rule. The set of
probabilities {p,} associated with various order-estimation rules is tabulated e.g., in [MCQUARRIE
AND Tsar 1998]. As expected, it can be proven that the spectral CRB in (B.1.10) increases (for
each w) with increasing npax (see [SANDO, MITRA, AND StoicAa 2002]). This increase of the
spectral-estimation error is the price paid for not knowing the true model order. ]

B.2 THE CRB FOR GENERAL DISTRIBUTIONS

Result R36: (Cramér—Rao Bound) Consider the likelihood function p(y, ), introduced in the
previous section, and define

T —1
P~ (E Halnp(y,e)] |:81np(y,9)i| }) B2
30 30

where the inverse is assumed to exist. Then

P>P, (B.2.2)
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holds for any unbiased estimate of 6. Furthermore, the CRB matrix can alternatively be
expressed as

—1
P, —— (E {M}) (B.2.3)
30 967

Proof: As p(y, 0) is a probability density function,
/p(y, O)dy =1 (B.2.4)
where the integration is over R". The assumption that 6 is an unbiased estimate implies

/ Op(y,0)dy =6 (B.2.5)

Differentiation of (B.2.4) and (B.2.5) with respect to 6 yields, under regularity conditions,

ap(y,0) [ dlnp(y,0) o folnpG.o)]
/789 dy = / BT p(y,0)dy =E {789 } =0 (B.2.6)
and
A0p(y,0) [ ,3Inp(y,0) _ o )a0np(. )|
/9 50 dy = /9789 p(y,0)dy =E {9789 }_I (B.2.7)

It follows from (B.2.6) and (B.2.7) that

(B.2.8)

E{(é—@)%} -7

Next note that the matrix

6 -6 . r
E{| alnp@y,0) [(e—e)T (W) } :[113 PI_I} (B.2.9)
89 cr

is, by construction, positive semidefinite. (To obtain the equality in (B.2.9), we used (B.2.8).) This
observation implies (B.2.2) (see Result R20 in Appendix A).
Next, we prove the equality in (B.2.3). Differentiation of (B.2.6) gives

921 ,0 9l O Tal .01t
/—ﬁ%%lm»m@+/[ fg q[‘ﬁg)}pmm@=o
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or, equivalently,

{[8lnp(y,9)]|:81np(y,9)i|T} {821np(y,9)}
E — {7
36 Y 30 96T

which is precisely what we had to prove. ]

The matrix

J_k {[81np(y,9)i| [Blnp@,G)]T}
30 30

_ {821np(y,9)} 7

B.2.10
20 30T ( )

the inverse of which appears in the CRB formula (B.2.1) (or (B.2.3)), is called the (Fisher)
information matrix [FISHER 1922].

B.3 THE CRB FOR GAUSSIAN DISTRIBUTIONS

The CRB matrix in (B.2.1) depends implicitly on the data properties via the probability density
function p(y, 6). To obtain a more explicit expression for the CRB, we should specify the data
distribution. A particularly convenient CRB formula is obtained if the data vector is assumed to
be Gaussian distributed—that is,

1 T -1
— - CT (y—n)/2
p(,0) = Q)] |1/2€ I IR (B.3.1)

where p and C are, respectively, the mean and the covariance matrix of y and C is assumed
to be invertible. In the case of (B.3.1), the log-likelihood function that appears in (B.2.1) is
given by

N 1 1 _—
Inp(y.0) = == 2w — - |Cl— 5 =) €7y — ) (B.3.2)

Result R37: The CRB matrix corresponding to the Gaussian data distribution in (B.3.1) is given
(elementwise) by

1
[Pl = 5 [c—lci’c—lcj’] + [M;Tc—lﬂj’.] (B.3.3)

where C/ denotes the derivative of C with respect to the ith element of 6 (and similarly
for u}).
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Proof: By using Result R21 and the notational foregoing convention for the first-order and
second-order derivatives, we obtain

2inp(y, 001 = — [—w[c7'¢/]+2 ¢ v = o)

d
26,
+o - w'cT'gc o - w)
_ [c—lci’c—lcj’] —r [c—lc,.;’]
/
+2 {[M;Tc—l]i (v — ) — M;TC‘IMQ}
~2 CICICT Oy = )
+uf{o-wo - w'
X [_C—lci/c—lq/c—l + C—lCi}/C—l _ C—ICj/C—ICi/C—l]}
Taking the expectation of both sides of the preceding equation yields
2[P;']; = —u|cT e+l ciey |+ 2w c 7y
+ufclcie'g] —ulc ] +u[c /e ¢
=w[cic/eq w2 ey
which concludes the proof. ]

The CRB expression in (B.3.3) is sometimes referred to as the Slepian—Bangs formula. (The
second term in (B.3.3) is due to Slepian [SLEPIAN 1954] and the first to Bangs [BANGS 1971].)

Next, we specialize the CRB formula (B.3.3) to a particular type of Gaussian distribution.
Let N = 2N (hence, N is assumed to be even). Partition the vector y as

yi | IN
= - B.3.4
y [ yz] W (B.3.4)
Accordingly, partition i and C as
123
= B.3.5
g [ Mz} (B.3.5)

and

Cn Ci2
C = B.3.6
By (B30
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The vector y is said to have a circular (or circularly symmetric) Gaussian distribution if

Ci1 =Cxp (B.3.7)
CIT2 =—-Cp2 (B.3.8)
Let
A .
y =yn+tin (B.3.9)
and
Ho= 1 +ipn (B.3.10)

We also say that the complex-valued random vector'y has a circular Gaussian distribution when-
ever the conditions (B.3.7) and (B.3.8) are satisfied. It is a straightforward exercise to verify that
the aforementioned conditions can be more compactly written as:

E{y-my-mw'}=0 (B.3.11)

Both the Fourier transform (see Chapter 2) and the complex demodulation operation (see Chapter
6) often lead to signals satisfying (B.3.11) (see, e.g., [BRILLINGER 1981]). Hence, the circularity
is a relatively common property of Gaussian random signals encountered in spectral analysis
problems.

Remark: If a random vector y satisfies the “circularity condition” (B.3.11), then it is readily
verified that y and ye® have the same second-order properties for every constant z in [—, 7].
Hence, the second-order properties of y do not change if its generic element y; is replaced by
any other value, ykeiz, on the circle with radius |y;| (recall that z is nonrandom and it does not
depend on k). This observation provides a motivation for the name “circularly symmetric” given
to such a random vector y. |

Let
r=E{y-mo-m (B3.12)

For circular Gaussian random vectors y (or y), the CRB formula (B.3.3) can be rewritten in a
compact form as a function of I' and w. (Note that the dimensions of I' and u are half the
dimensions of C and p appearing in (B.3.3).) In order to show how this can be done, we need
some preparations.

Let

C=Cy=Cn (B.3.13)
C=Cch=-Cp (B.3.14)
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Hence,

(@ NeY

) O
| N |

(B.3.15)
and

r=2(C+iC) (B.3.16)

To any complex-valued matrix C = C +iC we associate a real-valued matrix C as defined in
(B.3.15), and vice versa. It is a simple exercise to verify that, if

A=BC <= A+iA=B+iB)(C +iC)

(B.3.17)
then the real-valued matrix associated with A is given by

A —-A B -B|[C —-C
A:BC<:>|:A A]z[é B][é C} (B.3.18)

In particular, it follows from (B.3.17) and (B.3.18) with A = I (and hence A = I') that the matrices
C~! and C~! form a real-complex pair as just defined.

We deduce from the results previously derived that the matrix in the first term of (B.3.3),

D =c-'c/c7'c/ (B.3.19)
is associated with

D=c7'cicT'c;=T7'TT7'T]

(B.3.20)
Furthermore, we have

1 _
7 tr(D) = tr(D) = tr(D) (B.3.21)
The second equality in (B.3.21) follows from the fact that C is Hermitian, and hence

tw(D*) =w(C/c~'c/c™!) = w(C~'C/CTC)) = (D)

which in turn implies that tr(D) =0 and therefore that tr(D) = tr(D). Combining (B.3.20) and
(B.3.21) shows that the first term in (B.3.3) can be rewritten as

(')

(B.3.22)
Next, we consider the second term in (B.3.3). Let

<[] 2]
X2 22
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be two arbitrary vectors partitioned similarly to w, and let x = x; +ix; and z =z; +izp. A
straightforward calculation shows that

xTAz = xlTAzl + szAzZ + szAzl — xITAZ2

=Re {X*Az} (B.3.23)
Hence,
w7y =Re {wyre )
—2Re {u;*r—lu;} (B.3.24)

Insertion of (B.3.22) and (B.3.24) into (B.3.3) yields the following CRB formula, which holds in
the case of circularly Gaussian-distributed data vectors y (or y):

[Py =t [0 |+ 2Re [T (B.3.25)

The importance of the Gaussian CRB formulas lies not only in the fact that Gaussian data are
rather frequently encountered in applications, but also in a more subtle aspect, explained in what
follows. Briefly stated, the second reason for the importance of the CRB formulas derived in this
section is that

Under rather general conditions and (at least) in large samples, the Gaussian
CRB is the largest of all CRB matrices corresponding to different congruous (B.3.26)
distributions of the data sample.”

To motivate the previous assertion, consider the ML estimate of 6 derived under the Gaussian

data hypothesis, which we denote by 0. According to the discussion around equation (B.1.8),
the large sample covariance matrix of 6 equals PG —as with fc, we use an index G to denote
the CRB matrix in the Gaussian-hypothesis case. Now, under rather general conditions, the large
sample properties of the Gaussian ML estimator are independent of the data distribution. (See, for
example, [SODERSTROM AND Stoica 1989].) In other words, the large sample covariance matrix
of O is equal to PG for many data distributions other than the Gaussian one. This observation,
along with the general CRB inequality, implies that

PS¢ > P, (B.3.27)
where the right-hand side is the CRB matrix corresponding to the data distribution at hand.

2A meaningful comparison of the CRBs under two different data distributions requires that the hypothesized distri-
butional models not contain conflicting assumptions. In particular, when one of the two distributions is the Gaussian, the
mean and covariance matrix should be the same for both distributions.
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The inequality (B.3.27) (or, equivalently, the assertion (B.3.26)) shows that a method whose
covariance matrix is much larger than PC cannot be a good estimation method. As a matter of
fact, the “asymptotic properties” of most existing parameter estimation methods do not depend on
the data distribution. This means that PZ is a lower bound for the covariance matrices of a large
class of estimation methods, regardless of the data distribution. On the other hand, the inequality
(B.3.27) also shows that, for non-Gaussian data, it should be possible to beat the Gaussian CRB
(for instance, by exploiting higher order moments of the data, beyond the first- and second-order
moments used in the Gaussian ML method). However, general estimation methods with covari-
ance matrices uniformly smaller than P are yet to be discovered. In summary, comparing against
the PS makes sense in most parameter estimation exercises.

In what follows, we briefly consider the application of the general Gaussian CRB formulas
derived in this section to the three main parameter estimation problems treated in the text.

B.4 THE CRB FOR LINE SPECTRA

As explained in Chapter 4, the estimation of line spectra is basically a parameter estimation
problem. The corresponding parameter vector is

O=[ar ... 0,1 oo Ouy 01 ... 0y, 0] (BA4.1)
and the data vector is
y=[myw] (B.4.2)
or, in real valued form,
y = [Re[y(D]--Re[y(W)] Im[y(1)]---Im[y(N)] ]" (B4.3)

When {¢;} are assumed to be random variables uniformly distributed on [0, 27r] (whereas {oy}
and {wy} are deterministic constants), the distribution of y is not Gaussian and, hence, neither of
the CRB formulas of the previous section is usable. To overcome this difficulty, it is customary
to consider the distribution of y conditioned on {¢y} (i.e., for {¢} fixed). This distribution is
circular Gaussian, under the assumption that the (white) noise is circularly Gaussian distributed,
with the following mean and covariance matrix:

eiw| . eiwn

w=Et=| | : : (B44)

alei(pl

- - i¢n
piN=Dor . LiN=Doy Une

F=E{y-my-w}=0’ (BA.5)
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The differentiation of (B.4.4) and (B.4.5) with respect to the elements of the parameter vector
6 can be done easily; we leave the details of this differentiation operation as an exercise to the
reader. Hence, we can readily obtain all ingredients required to evaluate the CRB matrix in
equation (B.3.25). If the distribution of y (or y) is Gaussian but not circular, we need additional
parameters, besides o2, to characterize the matrix E {(y —w({y— [L)T}. Once these parameters
are introduced, the use of formula (B.3.3) to obtain the CRB is straightforward.

In Section 4.3, we gave a simple formula for the block of the CRB matrix corresponding to
the frequency estimates {@y }. That formula holds asymptotically, as N increases. For finite values
of N, it is a good approximation of the exact CRB whenever the minimum frequency separation
is larger than 1/N [StoICA, MOSES, FRIEDLANDER, AND SODERSTROM 1989]. In any case, the
approximate (large-sample) CRB formula given in Section 4.3 is computationally much simpler
to implement than the exact CRB.

The computation and properties of the CRB for line-spectral models are discussed in great
detail in [GHOGHO AND SwaMI 1999]. In particular, a modified lower bound on the variance of
any unbiased estimates of {o;} and {wy} is derived for the case in which {¢;} are independent
random variables uniformly distributed on [0, 27 ]. That bound, which was obtained by using
the so-called posterior CRB introduced in [VAN TREES 1968] (as indicated above, the standard
CRB does not apply to such a case), has an expression that is quite similar to the large-sample
CRB given in [SToiCA, MOSES, FRIEDLANDER, AND SODERSTROM 1989] (see Section 4.3 for the
large-sample CRB for {@y}). The paper [GHOGHO AND SwaMI 1999] also discusses the derivation
of the CRB in the case of non-Gaussian noise distributions. The extension of the asymptotic CRB
formula in Section 4.3 to the case of colored noise can be found in [STOICA, JAKOBSSON, AND L1
1997].

B.5 THE CRB FOR RATIONAL SPECTRA

For rational (or ARMA) spectra, the Cramér—Rao lower bound on the variance of any consistently
estimated spectrum is given by (B.1.9). The CRB matrix for the parameter-vector estimate, which
appears in (B.1.9), can be evaluated as outlined in what follows.

In the case of ARMA spectral models, the parameter vector consists of the white-noise power
o2 and the polynomial coefficients {ay, by }. We arrange the ARMA coefficients in the following
real-valued vector:

6 = [Re(a)) - --Re(a,) Re(by) - Re(by) Im(ar) - - - Im(a,) Im(by) - - - Im(by)]"

The data vector is defined as in equations (B.4.2) or (B.4.3) and has zero mean (u = 0). The
calculation of the covariance matrix of the data vector reduces to the calculation of ARMA

covariances—that is,
rk) =0“E {[A(Z)w(t) A(z)w(t k)

where the white-noise sequence {w (¢)} is normalized in such a way that its variance is 1. Methods
for computation of {r;} (for given values of o> and #) were outlined in Exercises C1.12 and 3.2.
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The method in Exercise C1.12 should perform reasonably well as long as the zeroes of A(z) are
not too close to the unit circle. If the zeroes of A(z) are close to the unit circle, it is advisable to
use the method in Exercise 3.2 or in [KINKEL, PERL, SCHARF, AND STUBBERUD 1979; DEMEURE
AND MuULLIS 1989].

The calculation of the derivatives of {r(k)} with respect to o> and the elements of 6, which
appear in the CRB formulas (B.3.3) or (B.3.25), can also be reduced to ARMA (cross)covariance
computation. To see this, let o and y be the real parts of a, and b, respectively. Then

r®) _ g2 {[B(Z) (1 —p)] [@w(t —k)}

w
da A%(2) A(z)
B(z2) B(z) *
+ o] [Egme—-n] |

and

| ]2 ]
oy =0“E A(z)w(t P) A(z)w(t k)

B(z) 1 *
* [mwm} [mw K "’)] }

The derivatives of r (k) with respect to the imaginary parts of a, and b, can be similarly obtained.
The differentiation of r (k) with respect to o' is immediate. Hence, by making use of an algorithm
for ARMA cross-covariance calculation (similar to the ones for autocovariance calculation in
Exercises C1.12 and 3.2) we can readily obtain all the ingredients needed to evaluate the CRB
matrix in equation (B.3.3) or (B.3.25).

As in the case of line spectra, for relatively large values of N (e.g., on the order of hundreds),
the use of the exact CRB formula for rational spectra could be burdensome computationally (given
the need to multiply and invert matrices of large dimensions). In such large-sample cases, we might
want to use an asymptotically valid approximation of the exact CRB, such as the one developed
in [SODERSTROM AND STOICA 1989]. Below we present such an approximate (large-sample) CRB
formula for ARMA parameter estimates.

Let

A=E {[Eﬁgg;} } [ Refe(r)] Im[e(r)] ]} (B.5.1)

Typically, the real and imaginary parts of the complex-valued white-noise sequence {e(?)} are
assumed to be mutually uncorrelated and have the same variance o>/2. In such a case, we
have A = (6%/2)I. However, this assumption is not necessary for the result discussed below
to hold; hence, we do not impose it. (In other words, A in (B.5.1) is constrained only to be a
positive definite matrix.) We should also remark that, for the sake of simplicity, we assumed that
the ARMA signal under discussion is scalar. Nevertheless, the extension of the discussion that
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follows to multivariate ARMA signals is immediate. Finally, note that, for real-valued signals,
the imaginary parts in (B.5.1) (and in equation (B.5.2)) should be omitted.
The real-valued white noise vector in (B.5.1) satisfies the equation

Re[e()] Re [@] —Im [@} Re[y (1)]
| s B() ®52)
A(z) A(z) o

&(t) H () v(t)

where z ! is to be treated as the unit delay operator (not as a complex variable). As the coefficients

of the polynomials A(z) and B(z) in H(z) above are the unknowns in our estimation problem,
we can rewrite (B.5.2) in the following form to stress the dependence of (¢) on 6:

e(t,0) =H(z,0)v() (B.5.3)
Because the polynomials of the ARMA model are monic by assumption, we have
H(z,0)|,-1_g=1 (for any 0) (B.5.4)

This observation, along with the fact that e(¢) is white and the “whitening filter” H (z) is stable and
causal (which follows from the fact that the complex-valued (equivalent) counterpart of (B.5.2),

e(t) = %y(t), is stable and causal), implies that (B.5.3) is a standard prediction error model,

to which the CRB result of [SODERSTROM AND STOICA 1989] applies.
Let
el (t,0)
A(t) = —— B.5.5
Q) 9 ( )

(e(t, 0) depends on 0 via H (z, 0) only; see (B.5.2)). Then, an asymptotically valid expression for
the CRB block corresponding to the parameters in 6 is given by

P = (E{AOATAT@0)]) (B.5.6)

The calculation of the derivative matrix in (B.5.5) is straightforward. The evaluation of the statis-
tical expectation in (B.5.6) can be reduced to ARMA cross-covariance calculations. Equation
(B.5.6) does not require handling matrices of large dimensions (on the order of N), so its imple-
mentation is much simpler than that of the exact CRB formula.

For some recent results on the CRB for rational spectral analysis, see [NINNESS 2003].
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B.6 THE CRB FOR SPATIAL SPECTRA

Consider the model (6.2.21) for the output sequence {y (t)}i\’= | of an array that receives the signals
emitted by n narrowband point sources:

y(t) =As(t) +e(t)

B.6.1
A=1a®).....a6)] @6
The noise term, e(t), in (B.6.1) is assumed to be circularly Gaussian distributed, with mean zero
and the following covariances:

E{et)e* (D)} = 0’16, ; (B.6.2)

Regarding the signal vector, s(¢), in the equation (B.6.1), we can assume that either
Det: {s(7)} is a deterministic, unknown sequence
or

Sto: {s(¢)} is a random sequence that is circularly Gaussian distributed with mean
zero and covariances

E [s)s* ()} = P5,.. (B.6.3)

Hereafter, the acronyms Det and Sto are used to designate the case of deterministic or stochastic
signals, respectively. Note that making one of these two assumptions on {s(z)} is similar to
assuming in the line-spectral analysis problem that the initial phases {¢;} are deterministic or
random. (See Section B.4.) As we will see shortly, both the CRB analysis and the resulting
CRB formulas depend heavily on which of the two assumptions we make on {s(¢)}. The reader
may already wonder which assumption should then be used in a given application. This is not
a simple question, and we will be better prepared to answer it after deriving the corresponding
CRB formulas.

In Chapter 6, we used the symbol 8 to denote the DOA vector. To conform with the notation
used in this appendix (and by a slight abuse of notation), we will here let & denote the entire
parameter vector.

As explained in Chapter 6, the use of array processing for spatial spectral analysis leads
essentially to a parameter estimation problem. Under the Det assumption the parameter vector to
be estimated is given by

0=1[01,....0,; 5" (D),....5"WN);...; 57D, ....5T(N); 02]T (B.6.4)

whereas under the Sto assumption

L L . T
0= [91,---,9;1; P11, P12, Pio, ..., Pin, Pin, Pro, Po3, Po3, .o, Py, s 02] (B.6.5)
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Hereafter, 5(¢) and 5(¢) denote the real and imaginary parts of s(¢), and P;; denotes the (i,j)th
element of the matrix P. Furthermore, under both Det and Sto assumptions, the observed array
output sample,

Yo =T,y (B.6.6)

is circularly Gaussian distributed with the following mean p and covariance I':

Under Det:

As(1) o2l 0
w=| : |. r= ' (B.6.7)
As(N) 0 o2
Under Sto:
R 0
w=0 I=| -. (B.6.8)
0 R
where R is given by (see (6.4.3)
R =APA* + 0’1 (B.6.9)

The differentiation of either (B.6.7) or (B.6.8) with respect to the elements of the parameter
vector 6 is straightforward. Use of the so-obtained derivatives of p and I' in the general CRB
formula in (B.3.25) provides a simple means of computing CRBpe; and CRBg, for the entire
parameter vector 6 as defined in (B.6.4) or (B.6.5).

Computing the CRB as just described may be sufficient for many applications. However,
sometimes we may need more than just that. For example, we may be interested in using the
CRB for the design of array geometry or for getting insights into the various features of a
specific spatial spectral analysis scenario. In such cases, we might want to have a closed-form
(or analytical) expression for the CRB. More precisely, as the DOAs are usually the parameters
of major interest, we often will want a closed-form expression for CRB(DOA) (i.e., the block
of the CRB matrix that corresponds to the DOA parameters). Next, we consider the problem of
obtaining such a closed-form CRB expression under both the Det and Sto assumptions just made.

First, consider the Det assumption. Let us write the corresponding p vector in (B.6.7) as

u = Gs (B.6.10)

where

G=1| - |, s=|: (B.6.11)
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Then, a straightforward calculation yields

ou ou
R £ _iG: B.6.12
057 95T ! ( )
and
) sars (D) disi (1)
R : = : . k=1,...,n (B.6.13)
a@k i . .
3505 (N) di sk (N)
where s (t) is the kth element of s(¢) and
da (6
a4 = 2409 (B.6.14)
30 lp=g,

Using the notation

disi(1) -+ dysy(1)
A=| . Wxn (B.6.15)
disi(N) -+ dps,(N)

we can then write

du

o = [A,G,iG,0] (B.6.16)

which gives the following expression for the second term in the general CRB formula in (B.3.25):

aw* __, du J 0
In this equation
2 A
J = SRe G* |[A G iG] (B.6.18)
o .
—iG
Furthermore, I depends only on o2, and
1 0
dar .
do?

0 1



390 Appendix B Cramér-Rao Bound Tools

so we can easily verify that the matrix corresponding to the first term in the general CRB formula,
(B.3.25), is given by

0 0
tr[r—lrgr—lrjf] = [o ,,,N], =12 ... (B.6.19)
o

Combining (B.6.17) and (B.6.19) yields the following CRB formula for the parameter vector 6
in (B.6.4), under the Det assumption:

J71 o
CRBpe; = 0 < (B.6.20)
mN

Hence, to obtain the CRB for the DOA subvector of 8, we need to extract the corresponding
block of J~!. One convenient way of doing this is by suitably block-diagonalizing the matrix J.

To this end, let us introduce the matrix
B = (G*G)~'G*A (B.6.21)
Note that the inverse in (B.6.21) exists, because A*A is nonsingular by assumption. Also, let

I 00
F = 0 (B.6.22)
I

I
0

o OO

where B = Re{B} and B = Im{B}. It can be verified that
[A G iG]F =[(A—-GB) G iG] = [HéA G iG] (B.6.23)
where
i =1-G(G*G)™'G*

is the orthogonal projector onto the null space of G* (see Result R17 in Appendix A); in particular,
observe that G*Hé = 0. It follows from (B.6.18) and (B.6.23) that

A*

2
F'JF = =Re{F*| G* [[A G iG]F
o .
—iG*
[ A*TIE
= —Re G [MGA G iG]
| —iG
[A*TIEA 0 0
= —Re 0 G*G iG*G (B.6.24)
“ | 0 —iG*G G*G
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and hence, that the CRB matrix for the DOAs and the signal sequence is given by

J7' =F(FTJF)"' FT

o2 [ 1. 007 [[Re(a*niga)]™ 0 0] [1 —BT —BT
=—|-B 10 0 X x 0 I 0
2l _Bo1 0 xx|l0 0 1
2 [Re(A*NEA)] " x x
= X X X (B.6.25)
X X X

where we used the symbol x to denote a block of no interest in the derivation. From (B.6.4) and
(B.6.25), we can immediately see that the CRB matrix for the DOAs is given by

2
CRBpe(DOA) = % [Re(A*TTEA)] ™ (B.6.26)

It is possible to rewrite (B.6.26) in a more convenient form. To do so, we note that
né = — = (B.6.27)

and, hence, that

N
[A*TIEA],, = Y disi (OTid,s, (1)

t=1

Lo
=N [d{ T d,] |:ﬁ Z Sp (t)s,f(t)i|
t=1

=~ [p*n3p], [P7], (B.6.28)
P
where
D=[di ... d,] (B.6.29)
1 N
P = v tzzls(t)s*(t) (B.6.30)

It follows from (B.6.28) that

A*TIZA =N (D*TIID) o PT (B.6.31)



392 Appendix B Cramér-Rao Bound Tools

where © denotes the Hadamard (or elementwise) matrix product, defined in Result R19 in
Appendix A. Inserting (B.6.31) in (B.6.26) yields the following analytical expression for the
CRB matrix associated with the DOA vector under the Det assumption:

CRBpe (DOA) = % {Re [(D*njD) o ﬁT] }_1 (B.6.32)

We refer the reader to [SToicA AND NEHORAI 1989A] for more details about (B.6.32) and its
possible uses in array processing. The presented derivation of (B.6.32) has been adapted from
[Stoica AND LaRrssoN 2001]. Note that (B.6.32) can be applied directly to the temporal line-
spectral model in Section B.4 (see equations (B.4.4) and (B.4.5)) to obtain an analytical CRB
formula for the sinusoidal frequencies.

The derivation of an analytical expression for the CRB matrix associated with the DOAs
under the Sto assumption is more intricate, and we give only the final formula here (see [StoICA,
LARSSON, AND GERSHMAN 2001] and its references for a derivation):

2
CRBgo(DOA) = - {Re [(D*T15D) © (PAR™'AP))]} (B.6.33)

At this point, we should emphasize the fact that the two CRBs, CRBp,; and CRBg,, corre-
spond to two different models of the data vector y (see (B.6.7) and (B.6.8)); hence, they are not
directly comparable. On the other hand, the CRBs for the DOA parameters can be compared
with one another. To make this comparison possible, let us introduce the assumption that the
sample covariance matrix P in (B.6.30) converges to the P matrix in (B.6.3), as N — oo. Let
CRBpe(DOA) denote the CRB matrix in (B.6.32) with P replaced by P. Then, the following
interesting order relation holds true:

CRBg,(DOA) > CRBp(DOA) (B.6.34)

To prove (B.6.34), we need to show (see (B.6.32) and (B.6.33)) that
(Re[(011;D) © (AA'RAPY)]} ' = [Re[(D*1}D) 0 7]}
or, equivalently, that
Re[(D*II1D) ® (P — PA*R™'AP)")] = 0 (B.6.35)
The real part of a positive semidefinite matrix is positive semidefinite itself:

H >0 = Re[H] >0 (B.6.36)
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(Indeed, for any real-valued vector 42 we have: h*Re[H]h = Re[h*Hh] >0 for H > 0.)
Combining this observation with Result R19 in Appendix A shows that, to prove (B.6.35), it
is sufficient to verify that

P > PA*RT'AP (B.6.37)
or, equivalently,
1 >P'2A*R™'AP? (B.6.38)
where P!/2 denotes the Hermitian square root of P; see Definition D12 in Appendix A. Let
Z =AP'?
Then (B.6.38) can be rewritten as
[—2* (22" +0%) "' 2 >0 (B.6.39)

To prove (B.6.39), we use the fact that the following matrix is evidently positive semidefinite:

1 z* 1 0 0
[z 7z* +021] = [z] (1 z*]+ [0 Oz,} >0 (B.6.40)

and therefore

1 —z*(zz*+o2) "|[1  2* I 0
0 1 Z 722+ oM | |- (22* + o) Z 1

-1
_ [1 —z* (22" + o) Z 0 ] >0 (B.6.41)
0 77" + o’

The inequality in (B.6.39) is a simple consequence of (B.6.41), and so the proof of (B.6.34)
is concluded.

To understand (B.6.34) at an intuitive level, we note that the ML method for DOA estimation
under the Sto assumption, MLgy,, can be shown to achieve CRBg,(DOA) (for sufficiently large
values of N). (See, e.g., [SToICA AND NEHORAI 1990] and [OTTERSTEN, VIBERG, STOICA, AND
NEHORAI 1993].) This result should in fact be no surprise, because the general ML method of
parameter estimation is known to be asymptotically statistically efficient (i.e., it achieves the
CRB as N — o0) under some regularity conditions that are satisfied in the Sto assumption case.
Specifically, the regularity conditions require that the number of unknown parameters not increase
as N increases, as is indeed true for the Sto model (see (B.6.5)). Let CMLg,,(DOA) denote the
asymptotic covariance matrix of the MLg, estimate of the DOA parameter vector. According to
the preceding discussion, we have that

CMLg;,(DOA) = CRBg,(DOA) (B.6.42)
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At the same time, under the Det assumption, the MLgy, can be viewed as some method for
DOA estimation, and hence its asymptotic covariance matrix must satisfy the CRB inequality
(corresponding to the Det assumption):

CMLso(DOA) > CRBpe(DOA) (B.6.43)

(Note that the asymptotic covariance matrix of MLg, can be shown to be the same under either
the Sto or Det assumption.) This equation, along with (B.6.42), provides a heuristic motivation for
the relationship between CRBg,(DOA) and CRBp(DOA) in (B.6.34). Note that the inequality in
(B.6.34) is, in general, strict, but the relative difference between CRBg,(DOA) and CRBpe(DOA)
is usually fairly small. (See, e.g., [OTTERSTEN, VIBERG, STOICA, AND NEHORAI 1993].)

A remark similar to the one in the previous paragraph can be made on the ML method
for DOA estimation under the Det assumption, which we abbreviate as MLp.. Note that MLpg
can be readily seen to coincide with the NLS method discussed in Section 6.4.1. Under the Sto
assumption, MLpg, (i.e., the NLS method) can be viewed as just some method for DOA estimation.
Hence, its (asymptotic) covariance matrix must be bounded below by the CRB corresponding to
the Sto assumption:

CMLpe(DOA) > CRBg,o(DOA) (B.6.44)

Like MLg,,, the asymptotic covariance matrix of MLp¢ can also be shown to be the same under
either the Sto or Det assumption. Hence, we can infer from (B.6.34) and (B.6.44) that MLpe
does not attain CRBp,(DOA), as is indeed the case (as is shown in, e.g., [STOICA AND NEHORAI
19894]). To understand why this happens, note that the Det model contains (2N + 1)n + 1 real-
valued parameters (see (B.6.4)), which must be estimated from 2mN data samples. Hence, for large
N, the ratio between the number of unknown parameters and the available data samples approaches
a constant (equal to n/m), which violates one of the aforementioned regularity conditions for the
statistical efficiency of the ML method.

Remark: CRBp(DOA) depends on the signal sequence {s (t)}?'zl. However, neither
CRBpe(DOA) nor the asymptotic covariance matrix of MLg,, of MLpg, or, in fact, of many
other DOA estimation methods depends on this sequence. We will use the symbol C to denote
the (asymptotic) covariance matrix of such a DOA estimation method for which C is independent
of the signal sequence.

From CRBp(DOA) we can obtain a matrix, different from ﬁDet(DOA), which is inde-
pendent of the signal sequence, in the following manner:

ACRBp(DOA) = E {CRBpe(DOA)} (B.6.45)

Here E is an averaging operator and ACRBpg, stands for Averaged CRBp.. For example, E{-}
in (B.6.45) can be a simple arithmetic averaging of CRBp(DOA) over a set of signal sequences.
Using the fact that E {C} = C (because C does not depend on the sequence {s (t)}f’zl), we can
apply the operator E{-} to both sides of the CRB inequality

C > CRBp(DOA) (B.6.46)
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to obtain
C > ACRBp(DOA) (B.6.47)

(Note that the inequality in (B.6.47) and, hence, that in (B.6.47), hold at least for sufficiently large
values of N.) It follows from (B.6.47) that ACRBp(DOA) can also be used as a lower bound
on the DOA estimation error covariance. Furthermore, it can be shown that ACRBpe(DOA) is
tighter than CRBp(DOA):

ACRBpe(DOA) > CRBpe (DOA) (B.6.48)

To prove (B.6.48), we introduce the matrix
2N N
X = =T Re [(D*l’[jD) o) PT] (B.6.49)
o

Using this notation, along with the fact that E {13} = P (which holds under mild conditions), we
can rewrite (B.6.48) as follows:

E{x~')z[E {X}]_l (B.6.50)

To prove (B.6.50), we note that the matrix

AL b= {on Jooe )

(where X'/2 and X ~!/2 denote the Hermitian square roots of X and X ~!, respectively) is clearly
positive semidefinite, and therefore so must be the following matrix:

[g L ix}]_l} [E {)51_}1 EiX}} [— E fx}]_1 ﬂ
_ |:E {(x~1) - [E {X}] 0 J -

0 E{X

(B.6.51)

The matrix inequality in (B.6.50), which is somewhat similar to the scalar Jensen inequality (see,
e.g., Complement 4.9.5) readily follows from (B.6.51).

The inequality (B.6.48) looks appealing. On the other hand, ACRBp.(DOA) should be less
tight than CRBg(,(DOA), in view of the results in (B.6.42) and (B.6.47). Also, CRBg¢(DOA)
has a simpler analytical form. Hence, we may have little reason to use ACRBp(DOA) in lieu of
CRBgso(DOA). Despite these drawbacks of ACRBp(DOA), we have included this discussion for
the potential usefulness of the inequality in (B.6.50) and of the basic idea behind the introduction
of ACRBp(DOA). ]
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In the remainder of this section, we rely on the previous results to compare the Det and Sto
model assumptions, to discuss the consequences of making these assumptions, and to draw some
conclusions.

First, consider the array output model in equation (B.6.1). To derive the ML estimates of
the unknown parameters in (B.6.1), we must make some assumptions on the signal sequence
{s(¢)}. The MLg, method for DOA estimation (derived under the Sto assumption) turns out to be
more accurate than the MLpe method (obtained under the Det assumption), under quite general
conditions on {s(¢)}. However, the MLg, method is somewhat more complicated computationally
than the MLp,; method; see, e.g., [OTTERSTEN, VIBERG, STOICA, AND NEHORAI 1993].

The previous discussion implies that the question about which assumption should be used
(because “it is more likely to be true”) is in fact irrelevant in this case. Indeed, we should see
the two assumptions only as instruments for deriving the two corresponding ML methods. Once
we have completed the derivations, the assumption issue is no longer important, and we can
simply choose the ML method that we prefer, regardless of the nature of {s(t)}. The choice should
be based on the facts that (a) MLp, is computationally simpler than MLg,, and (b) MLg, is
statistically more accurate than MLpe, under quite general conditions on {s(¢)}.

Second, regarding the two CRB matrices that correspond to the Det and Sto assump-
tions, respectively, we can argue as follows: Under the Sto assumption, CRBg(DOA) is the
Cramér—Rao bound and, hence, the lower bound to use. Under the Det assumption, CRBg;,(DOA)
is no longer the true CRB, but it is still a tight lower bound on the asymptotic covariance matrix
of any known DOA estimation method. CRBp(DOA) is also a lower bound, but it is not tight.
Hence, CRBg;,(DOA) should be the normal choice for a lower bound, regardless of the assumption
(Det or Sto) that the signal sequence is likely to satisfy. Note that, under the Det assumption, MLg;,
can be seen as some DOA estimation method. Therefore, in principle, a better DOA estimation
method than MLg,, could exist (where by “better” we mean that the covariance matrix of such
an estimation method would be smaller than CRBg;,,(DOA)). However, no such DOA estimation
method appears to be available, in spite of a significant literature on the so-called problem of
“estimation in the presence of many nuisance parameters,” of which the DOA estimation problem
under the Det assumption is a special case.




