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Abstract

The field of signal processing has witnessed an ongoing quest for mathematical models de-
scribing natural phenomena, together with a search for techniques utilizing these models in
applications such as signal quality improvement. Two common types of mathematical mod-
els for estimation problems are the Bayesian scenario, in which a prior probability distribution
quantifies information about the unknown parameter, and structural constraints in a frequen-
tist setting, where the parameter is deterministic, but belongs to a pre-specified set or fam-
ily within a larger space of conceivable values. For example, the recently popular concept of
sparsely representable signals can be modeled using either of these approaches: One can de-
fine a Bayesian model in which the prior probability of obtaining non-sparse signals is small or
zero; alternatively, one can adopt a frequentist approach in which the unknown, deterministic

parameter belongs to a set of sparse signals.

The goal of this work is to analyze the performance of various signal estimation techniques
in both the Bayesian and structured frequentist settings. The theoretical foundations of our
work are based on several extensions on the Cramér—Rao bound (CRB). Specifically, in the fre-
quentist setting, our results rely on a novel interpretation of the effect of parametric constraints
on the CRB, as well as a generalization of the CRB for estimating continuous-time functions.
While the CRB is a bound for the frequentist (or deterministic) scenario, we show that with an
appropriate adaptation, the bound can be applied in the Bayesian world as well, and derive a

general lower bound on the minimum achievable MSE in Bayesian estimation settings.

The aforementioned results are complemented by upper bounds on the performance of
specific estimators. Such upper bounds can be thought of as guarantees which ensure that a
specific approach will never be worse than an analytically computable limit. The combination
of upper and lower bounds identifies cases in which state-of-the-art techniques approach the
theoretically optimal performance, while illuminating scenarios in which existing methods can

be improved.



2 ABSTRACT

We demonstrate the applicability of our work in three practical estimation problems:
sparsely representable signals, block-sparse parameters, and the finite rate of innovation (FRI)
scenario. We demonstrate that under appropriate assumptions, sparse and block-sparse es-
timation algorithms come fairly close to the theoretical limit. The situation is less favorable
in the case of FRI estimation, where there is often a large gap between existing techniques
and the lower bound, implying that there is still room for improvement of FRI methods. This
analysis allows us to distinguish fundamental limitations in the problem setting from flaws in
existing algorithms, thus pinpointing directions for the development of improved estimation

techniques.
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Vector

Matrix
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Hermitian conjugate (for matrices)
Matrix inverse
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Spectral norm (largest singular value of M)
Frobenius norm

Null space

Range space (column span)



NOTATION



Abbreviations

BB
BOMP
BPDN
BTH
CRB
DS
ERC
FIM
FRI
GDS
HCRB
11D
KLT
LMVU
LS
MAP
ML
MMSE
MP
MSE
OBB

Barankin bound

block orthogonal matching pursuit
basis pursuit denoising

block thresholding

Cramér—Rao bound

Dantzig selector

exact recovery coefficient

Fisher information matrix

finite rate of innovation

Gauss-Dantzig selector
Hammersley—Chapman—Robbins bound
independent and identically distributed
Karhunen-Loeve transform

locally minimum variance unbiased
least squares

maximum a posteriori

maximum likelihood

minimum mean squared error
matching pursuit

mean squared error

optimal bias bound



OMP
pdf
RIC
RIP
ROP
SNR
SSNM
UMVU
WWB

orthogonal matching pursuit
probability density function

restricted isometry constant

restricted isometry property

restricted orthogonality property
signal-to-noise ratio

sparse signal in noise model

uniformly minimum variance unbiased

Weiss—Weinstein bound

ABBREVIATIONS



Chapter 1

Introduction:

Structured Estimation Problems

A central challenge of engineering is to formulate realistic models of physical phenomena
which are amenable to mathematical analysis. Indeed, many of the great successes of signal
processing can ultimately be attributed to the introduction of a novel mathematical technique
which effectively describes particular types of signals. A classical example is the theory of
wavelets, which has considerably improved the analysis and processing of signals containing
transient effects [1]. A more recent example is the model of sparsely representable signals,
which has attracted much research in the past decade [2]. This model is based on the obser-
vation that many signals can be approximated by a linear combination of a small number of

atoms chosen from a large, suitably constructed dictionary.

An idea such as the sparse representability of signals can be modeled mathematically in
various ways. In our work, we will be primarily interested in two types of model formalisms,
namely, the Bayesian setting and the imposition of structural constraints in a frequentist sce-
nario. In the Bayesian setting [3], the structure takes the form of a prior distribution on the
signal to be estimated, as, for example, when sparse signals are assigned a higher prior prob-
ability than their non-sparse counterparts [4,5]. By contrast, the frequentist (or deterministic)
approach [6] models the unknown signal as a deterministic quantity having no prior distri-
bution [7,8]. The model then takes the form of a constraint set of possible signal values. For
instance, one can adopt the assumption that the signal belongs to the set of all vectors having
a sparse representation, while refraining from assigning a probability to each element within

this set. The frequentist approach is thus more appropriate when one cannot make precise

7



8 CHAPTER 1. INTRODUCTION: STRUCTURED ESTIMATION PROBLEMS

statements about the a priori likelihood of different signals [6, § 1.1].

The goal of this dissertation is to analyze the performance achievable when various signal
models are employed. Specifically, we focus on problems of signal estimation in the presence of
noise. Our analysis is performed both in the Bayesian and constrained frequentist worlds. To
this end, we develop general theoretical tools, which are suitable for a variety of models, and
then apply our results to models of particular interest, such as sparsely representable signals.

To understand the performance of estimation algorithms, we develop two complementary
types of results, namely, lower bounds and performance guarantees. Lower bounds are fun-
damental limits on the achievable performance in a given model. They provide a means for
quantifying the difficulty of a model and, occasionally, for understanding how the model can
be changed in order to facilitate estimation. In some cases, lower bounds can also be compared
with the actual achievements of practical techniques. However, it is not always feasible to fully
ascertain the performance of an estimator: The space of parameters or settings under which
an estimator is required to function may be too large for an exhaustive analysis. In these cases
it becomes necessary to derive upper bounds on the performance of the estimator under con-
sideration, stating that under certain assumptions, a given technique performs no worse than
a specified level. These bounds are specific to a particular technique and can be thought of as
guarantees on its performance, in lieu of a complete description of the estimator’s capabilities
under all conceivable scenarios.

Ideally, one would like the lower bound to be close to the performance guarantee of a prac-
tical estimator: this indicates that the best achievable performance is known, and an estimator
which approaches this optimal performance is available. Conversely, when a gap exists be-
tween the upper and lower bounds, this may indicate a flaw in the algorithm, or it may be the
consequence of an overly weak bound. By exploring the situations in which such gaps occur,
we will glean hints of the directions in which improvements can be made to both the estimator
and the bound.

Several specific models will serve as practical examples of the theory developed in this dis-
sertation. These include the aforementioned sparse representation setting; the extension of this
scenario to block sparsity; and the related model of signals having a finite rate of innovation.
Notably, many instances of these models are unions of subspaces: the set of feasible signals is
a union of several subspaces within a larger space of conceivable values [9]. This structure will
prove useful in developing a geometrical interpretation of the constraint sets. In the remain-

der of this chapter, we place our work in context by briefly summarizing prior work on these
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estimation settings.

1.1 Sparsity

As is often the case with good ideas, precursors of the concept of sparse representation ap-
peared some time before the explosion of research on sparsity in the last decade. Indeed, the
idea of feature selection (finding a small set of features or variables which best explain observed
phenomena), a fundamental concept in statistics and machine learning, can be framed in a way
that is equivalent to the basic problem of sparsity pattern recovery [10]. However, as a model
for signal representation, sparsity arose from the coming of age of the theory of wavelets in the
1990s [1,11]. Practical work on wavelets led to the realization that real-world signals are best
described as a linear combination of a small number of elements, or atoms, from a large and

overcomplete dictionary. Thus, a signal y € R can be approximated as
y=Hxy+w (1.1)

where H € R"*7 is a dictionary, typically having far more columns than rows; xo € R” is a
sparse vector; and w represents noise or model mismatch. The sparsity requirement can be

manifested, for example, as the structural constraint
[x0llo <'s (1.2)

where |[|xq||o is the number of nonzero entries in the vector x(, and s is a sparsity level which is
usually assumed to be known. Thus, the support pattern of x( effectively chooses columns of
H to be included in the representation of y, giving rise to the relation with the feature selection
problem. It is not difficult to see that this structure forms a union of subspaces of R”: Each
choice of an s-element support for xo forms an s-dimensional subspace, and the set of allowed
values of xg is thus the union of all such subspaces.

In early sparsity applications, the dictionary H was chosen manually so as to combine dif-
ferent atoms which were thought to be likely candidates for describing the family of signals at
hand. For example, H could be the concatenation of the Fourier basis, the trivial basis, and one
or more wavelet bases. In time, the sparsity model (1.1) came to be used in a variety of set-
tings unrelated to wavelet models. For example, much research has been devoted to the setting
in which H is selected randomly, e.g., by choosing its entries independently from a Gaussian

distribution [8,12,13]. As another example, H can be constructed empirically from a training
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set of signals, resulting in a dictionary which has no pre-designed structure [14]. Regardless
of the method by which H is chosen, we will assume throughout that the columns h; of H are
normalized, ||h;|| = 1, which ensures that issues of SNR can be analyzed independently of the
choice of the dictionary itself.

The fundamental estimation problem arising from the sparsity model (1.1) is that of recov-
ering xp, either from y or from linearly transformed measurements thereof. Many important
signal processing applications can be derived from this estimation problem. For example, y can
be considered as a noisy version of the sparsely representable signal Hx,, and denoising can
thus be performed by estimating xy and then pre-multiplying it by H. Interpolation, deblur-
ring, inpainting, and super-resolution are further examples of applications in which sparsity
has been successfully applied, often leading to state-of-the-art results [15].

How does one go about estimating xy from the measurements y? A standard approach is
to assume a probabilistic model for the noise and then compute the maximum likelihood (ML)
estimator [16]. In our case, assuming independent, unimodal, zero-mean noise model (such as

white Gaussian noise) implies that the ML estimator is the solution of the optimization problem
mxinHy—HxH% s.t. [|x]jo <s. (1.3)

Unfortunately, solving (1.3) is NP-complete, i.e., to the best of our knowledge, finding the ML
estimator is infeasible computationally, even for small dictionary sizes. In light of this, it is
perhaps surprising that a number of practical algorithms can often accurately estimate x( in
many cases of interest. These practical approaches can be broadly divided into two classes:
greedy approaches and /; relaxation techniques.

Greedy approaches are iterative algorithms in which, at each iteration, one selects the “most
likely” atom in H for inclusion in the estimated support of xy. For example, in matching pursuit
(MP) [11], a residual r is maintained which represents the components of y not yet accounted
for by the atoms already chosen from H. In each iteration, the atom most highly correlated
with r is added to the estimated support set. Other algorithms of the greedy variety include
orthogonal matching pursuit (OMP) [17], thresholding, and CoSaMP [18].

As an alternative to the greedy approach, ¢; relaxation methods attempt to change the NP-
complete problem (1.3) into a convex (and thus efficiently solvable) optimization problem. This
is done by replacing the ¢y constraint ||x||p < s with a constraint based on the ¢; norm. The

most straightforward approach is then to solve

min ||y — Hx||7 s.t. |[x]l < 7. (1.4)
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This technique is referred to as the lasso [19] or basis pursuit [20]. Note that the constraint
lx[[1 < T no longer directly controls the sparsity level s of the outcome. However, tightening
the constraint by decreasing the value of T tends to promote sparsity in the solution of (1.4).
A related technique, also based on replacing the ¢y “norm” with an ¢; norm, is known as the
Dantzig selector [8].

With the availability of practical techniques for estimating xo from the measurements (1.1),
the question of performance analysis becomes pertinent. Consequently, various types of per-
formance guarantees are available for the algorithms mentioned above. The strength of these
results obviously hinges on the assumptions introduced in the model. For example, very pow-
erful results can be obtained if one assumes that both xp and w are chosen randomly from
a known distribution [21], while much weaker guarantees are available if nothing is known
about the distribution of xp and w [7,12,22]. As an example of the latter type of guaran-
tee, in the adversarial setting, nothing is assumed about the noise w except that it is bounded,
|lw]|2 < e. Thus, it is possible that the noise happens to align itself so as to maximally damage
the measurements, an event which is highly improbable if the noise is random. Consequently,
performance guarantees in the adversarial setting typically ensure that the estimation error is
on the order of the noise power e. As we will see shortly, when the noise is random, much

better guarantees are possible.

In our work on sparse representations, we take the middle ground of structured frequentist
estimation. Specifically, we assume that the signal x( is deterministic (or that its distribution is
unknown), but conforms to the sparsity requirement ||xg|/o < s. On the other hand, we assume
that the noise w is random, and specifically follows a white Gaussian distribution with variance
0?. This is a standard estimation model, which can be motivated by observing that the noise
typically has multiple independent sources, to which the central limit theorem can be applied,
whereas the signal itself results from a complex process for which any structural assumptions
are tentative. Thus, one is often more comfortable assigning a probability distribution to the
noise than to the signal.

Previous results on the performance of sparse estimation algorithms in the structured fre-
quentist estimation setting can be summarized as follows. Under suitable conditions on the
dictionary H, and for sufficiently sparse vectors xp, various ¢; relaxation techniques & can be

shown to satisfy [8,23]

|& — x0]|3 < Cso?logp  with high probability (1.5)
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where C is a constant depending on the properties of H. Contrary to the case of adversar-
ial noise, in this setting we observe a significant denoising capability: The total noise power
E{||wl|3} is equal to mo?, which is typically much larger than the guarantee (1.5), since gen-
erally s < m. Notably, such a guarantee comes within a nearly constant factor of so?. The
expression so? is significant since, again up to a constant, it equals the error achievable by the
oracle estimator, which knows the true support of xg. Results such as (1.5) are therefore referred
to as “near-oracle” performance guarantees. As we will see in Chapter 4, the expression so?
can also be given a more precise interpretation as the Cramér—Rao bound (CRB) for unbiased
estimators in the sparse setting. Finally, we note in passing that the log p factor in (1.5) can be

shown to be a necessary result of the lack of knowledge about the support of xq [24, §7.4].

Performance guarantees of the form (1.5) must invariably make some assumptions on the
matrix H. For example, if H contains two identical atoms, then clearly no algorithm will be able
to distinguish between the corresponding elements in xy. The assumptions on H typically take
the form of requirements on the behavior of sets of atoms, in order to ensure that the subspaces
spanned by sets of s atoms are distant from one another. The restricted isometry property (RIP)
[25] is the most well-known of these measures. Such properties can be guaranteed (with high
probability) for many types of randomly constructed dictionaries. However, if one must use
a matrix H fixed by external constraints (for example, an empirically constructed dictionary),

then it is NP-complete to compute the RIP (or related properties).

There are some properties of H which can be readily computed, and which are relevant for

sparse estimation. The most useful of these is the mutual coherence y, which is defined as
A *
= max |hih; (1.6)
H oy |h; ]’

where h; is the ith column in H. Thus, y is the maximum correlation between dictionary atoms.
The coherence can be calculated in O(p?) time by enumerating over all pairs of atoms. Further-
more, one can bound the value of various more complex properties, including the RIP, using
the coherence; this is the standard technique for applying RIP-based performance guarantees
when the dictionary is fixed a priori. However, as we show, the resulting guarantees lose much
of their tightness. Moreover, we demonstrate that direct utilization of the coherence can lead
to considerably improved performance guarantees, as well as novel guarantees for greedy al-

gorithms, which were not possible using previous methods.
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Figure 1.1: Example of a wavelet transform. The existence of nonzero components in a given
detail level are correlated with nonzero values in the corresponding entries of other detail lev-

els.
1.2 Block Sparsity

Incorporating knowledge about signal structure can justifiably be expected to improve estima-
tion performance. Consequently, the more one assumes about a signal, the better one should
be able to perform estimation tasks such as denoising and interpolation. In this respect, while
sparsity is a powerful assumption which can be used to great advantage, it does not always
capture all of the structure inherent in the signal. In particular, it has long been known that
in many cases, the support pattern of signals tends to form clusters, with “similar” atoms
appearing together in the support. For example, atoms representing nearby frequencies are of-
ten conjunctively used to represent signals whose precise frequency is not defined by a single
atom. Another example is demonstrated in Fig. 1.1, where the wavelet transform of an image is
shown. In this example, there is a clear correlation between corresponding entries in different
detail levels.

A straightforward modification of the sparse representation model which can take such
effects into account is the block sparsity approach [9,26-28]. In this setting, the unknown
parameter xo € R” is assumed to be divided into blocks of size d, and the number of nonzero
blocks is no greater than s. If a certain block is nonzero, however, then any or all of its constituent

entries can have nonzero values. With an appropriate choice of blocks containing similar atoms,
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this scenario can accurately model the clustering of nonzero entries described above. Note that
this model is once again a union of subspaces: Each choice of s nonzero blocks defines a sd-
dimensional subspace of IR, and the set of all block sparse signals is the union of all such
subspaces.

Much of the development of the block sparse estimation problem can be performed in anal-
ogy to the ordinary (or “scalar”) sparsity model of Section 1.1. As before, the problem of finding
the maximum likelihood estimator is NP-complete. Practical techniques overcome this diffi-
culty using either an /; relaxation or a greedy approach. In particular, block sparse versions of
the thresholding algorithm [29], MP [28], OMP [27,28], and the lasso [9,27] have been proposed
in the literature.

Being a relatively new model, there have only been a handful of analytical guarantees on
the performance of block sparse estimators. Successful recovery of xy from noiseless measure-
ments y = Hxp has been demonstrated, under suitable conditions on H, for both block-OMP
and L-OPT (a block-sparse version of the lasso) [9,27]. A performance guarantee for L-OPT
has also been demonstrated in the presence of adversarial noise [9]. However, to the best of
our knowledge, there have been no guarantees for any block sparse technique under random
noise. Our work (see Chapter 7) begins to fill this gap by providing guarantees for greedy
block sparse algorithms, which are generalizations of the corresponding results for non-block
methods. These results not only provide numerical guarantees for specific estimation scenar-
ios, but also illustrate the qualitative improvement over scalar sparsity which is achieved by

the incorporation of the block sparse model.

1.3 Finite Rate of Innovation

The sparsity and block sparsity models of the previous sections defined a structure on signals
in the finite-dimensional space IR”. By contrast, in this section we consider structure in a space
of continuous-time signals. Specifically, we investigate signals having a finite rate of innova-
tion (FRI) [30,31]. As we will see, the transition to infinite-dimensional spaces increases the
complexity of the analysis, but it is still possible to obtain a performance analysis from which
much insight is gained concerning the strengths and limitations of state-of-the-art techniques.

The power of the FRI model becomes evident when contrasted with the classical notion
of Shannon-Nyquist sampling [32]. In classical sampling theory, a bandlimited signal whose

maximum frequency is fmax is sampled at the Nyquist rate 2 fmax or greater. As is well known,
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the signal can then be perfectly reconstructed from its samples. Unfortunately, real-world sig-
nals are rarely truly bandlimited, if only because most signals have finite duration in the time
domain. Even signals which are approximately bandlimited often have a fairly high Nyquist
rate, requiring expensive sampling hardware and high-throughput digital machinery.

Classical sampling theory necessitates a high sampling rate whenever a signal has a high
bandwidth, even if the actual amount of information in the signal is fairly low. For instance,
a piecewise linear signal is non-differentiable; it is therefore not bandlimited, and moreover,
its Fourier transform decays at the fairly low rate O(1/ f?). However, the signal is completely
described by the positions of knots (transitions between linear segments) and the signal values
at those positions. In this sense, as long as the knots are known to have a minimum separation,
this signal has a finite information rate. The basic motivation of FRI is that it seems wasteful to
sample such signals at the Nyquist rate.

To be specific, suppose that a function x(t) has the following property: Any length-T, seg-
ment of x(t) is completely determined by no more than K parameters. For example, the afore-
mentioned piecewise linear signal has this property. In this case, the function x(t) is said to
have a Tp-local rate of innovation of K/Tj [30]. In general, a signal is said to have a finite rate
of innovation if its Tp-local rate of innovation is finite for any sufficiently large Tp.

There are many families of FRI signals with wide-ranging applications. For example, the
piecewise linear model can be written as

x(t) =Y an(t —tn)Liss, (1.7)
nez

where a, and t, are parameters, and 1f is an indicator function for the event E. To satisfy
the FRI requirement, we must assume a minimum separation between the knots, such that
|ty — tm| > tmin for some fmin > 0. This is the simplest case of the class of signals known as
splines, which are often used in image processing, and can also be described as FRI signals [33].

Another example of a family of FRI signals is the family of time-delayed pulses
x(t) =Y aph(t —ty) (1.8)

nez

where /(-) is a known pulse shape, and again a minimum separation is assumed between the
pulses. Such signals find uses in radar, ultrasound, and multipath channel estimation prob-
lems [34,35]. Signals corresponding to the models (1.7) and (1.8) are examples of FRI families
which are also unions of subspaces: Indeed, fixing t, and varying a, yields a subspace of the

set of continuous-time functions, and the entire set of allowed signals is the union of all such
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subspaces. However, the FRI model can also be used to describe non-union signals. For exam-
ple, consider a generalization of (1.8) in which the pulses are controlled by a generic parameter

0, so that

x(t) =Y h(t,6y) (1.9)

nez

where 6, describes one or more parameters controlling the shape and position of the nth pulse.
While the time-delay setting (1.8) is clearly a special case of (1.9), one can easily conceive of
other families of FRI signals which cannot be described as unions of subspaces. Still, the union

model is a useful scenario and will receive special attention in the sequel.

The power of the FRI model is summarized by the rule of thumb which states that FRI
signals can typically be reconstructed without error from samples taken at the rate of innovation
[30,36]. The advantage of this result is self-evident: FRI signals need not be bandlimited, and
even if they are, the Nyquist frequency can be much higher than the rate of innovation. There
are, however, several caveats to this result. First, the sampling technique sometimes requires
the use of analog filters designed for the specific family of signals, so some hardware flexibility
is a prerequisite. Second, the reconstruction algorithm is again designed based on the family
of FRI signals under consideration; there is no single algorithm guaranteeing reconstruction
for any FRI model. Finally, and most importantly for our point of view, this rule of thumb
only holds in the absence of noise. Indeed, empirical observations indicate that, for some noisy
FRI signals, substantial performance improvements are achievable when the sampling rate is

increased beyond the rate of innovation [34,37].

The deterioration in observed performance in the presence of even minor levels of noise is
clearly of practical relevance, and motivates the study of FRI techniques under noise. In partic-
ular, there has been some work in the past which derived the CRB on the ability to estimate the
parameters of the FRI signal in the presence of noise [31,38]. However, these results bounded
the achievable performance from a given set of samples, and consequently were based on the
assumption that the sampling rate and sampling technique are given. As we will see in Chap-
ter 8, one can also derive a CRB which is independent of the sampling technique, and thus
provides a fundamental performance limit which cannot be surpassed, regardless of the type

of hardware employed.
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1.4 Summary of Main Results

The remainder of this dissertation is organized as follows. We begin in Chapter 2 with back-
ground material on various types of performance bounds, in both deterministic and Bayesian
settings. As we will see below, these bounds, and particularly the CRB, serve as the basis for

many of the developments later in the thesis, and are thus discussed in detail.

The novel results in this dissertation are divided into two parts, corresponding to the fre-
quentist and Bayesian points of view. Part I is the larger of the two and contains results which
pertain to the frequentist scenario with structural constraints. Thus, in this part the assumption
is that the parameter to be estimated is deterministic (has no prior distribution); prior knowl-
edge about the signal is encapsulated in the assumption that the parameter belongs to a known
constraint set. The arrangement within this part follows a deductive order, in which we first
derive general estimation bounds and then apply them to specific scenarios. Specifically, our
analysis begins in Chapter 3 with a derivation of the constrained CRB for estimation scenarios
involving a singular Fisher information matrix (FIM). This case is of importance in the context
of sparse estimation, where the matrix H of (1.1) is typically column rank deficient, leading to
a singular FIM. For unconstrained problems, a singular FIM leads to an infinite CRB, meaning
that no unbiased estimator exists in this case. However, as we show, the adoption of constraints
implies that estimation may still be possible even when the FIM is singular, conforming to the

fact that estimation is indeed possible in the sparse setting.

Following this general result, the CRB is derived for the specific case of sparsely repre-
sentable signals in Chapter 4. As mentioned previously, the CRB in this case coincides, for
almost all parameter values, with the error achieved by the oracle estimator. This result mo-
tivates the use of the oracle error as a standard against which the performance of practical
estimators can be judged. In particular, the CRB is known to be achieved at high SNR by the
ML estimator, and is therefore arguably more directly related to the performance of real-world

techniques.

Despite being a tight bound at high SNR, the CRB is often unreliable when the noise level
increases. To gain better understanding of the performance for a wide range of SNR values, in
Chapter 5 we consider the Hammersley—Chapman—Robbins bound for the sparse setting. As
this bound is analytically far more complicated, we restrict attention in this chapter to the case
in which H is a unitary square matrix. This facilitates the derivation of an improved closed-

form bound. We demonstrate the tightness of this bound by constructing a family of estimators
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which jointly come very close to achieving it.

With the lower bounds for the sparsity setting developed in Chapters 4 and 5, the next chal-
lenge is to determine whether any practical technique comes close to achieving these bounds.
This is accomplished in Chapter 6 through the use of estimator performance guarantees. As
we have already mentioned in Section 1.1 above, some performance guarantees have already
been developed for /;-relaxation techniques based on complex properties of the dictionary H,
such as the RIP. However, since the RIP is NP-hard to compute, we derive alternative bounds
based directly on the mutual coherence. As we show, when the RIP is unknown, our coherence
bounds provide tighter results than previously known bounds. Furthermore, our approach en-
ables the derivation of performance guarantees for greedy techniques; such greedy guarantees
have not previously been shown in the frequentist setting.

The combination of the performance guarantees of Chapter 6 and the lower bounds of
Chapters 4 and 5 demonstrates that existing estimators come fairly close to ideal performance.
As we show in Chapter 7, similar results can be obtained for the block sparse model as well:
Both the CRB and greedy performance guarantees are supplied for this generalization of the
sparse representation scenario. The comparison between the sparse and block sparse settings
provides insight into the improvement obtainable by the addition of the block sparsity struc-
ture.

Next, in Chapter 8 we move on to the FRI setting. Here we derive two types of lower
bounds, both based on the CRB. The first is a fundamental limit on the estimation quality
achievable, regardless of the sampling technique, while the second limits the performance
given a particular sampling configuration. Comparing these two bounds with the observed
quality of actual FRI estimation techniques can answer two questions: First, does a given tech-
nique optimally utilize the information given to it by the available hardware? And, second,
could an improvement in the hardware (e.g., an increased sampling rate) result in better per-
formance? We demonstrate that the answers to both questions depend on the precise setup
under consideration. When existing techniques fail to fully exploit the available information,
we identify where these methods could be improved. Finally, we propose a technique for de-
signing sampling schemes which optimally utilize a given sampling rate budget.

In Part II, we adopt the Bayesian point of view in which the unknown parameter is random
and has a known prior distribution. In the Bayesian setting, it is well-known that the condi-
tional expectation is the estimator minimizing the MSE. However, in many cases, the computa-

tional complexity of the minimum MSE (MMSE) estimator is prohibitive, requiring the use of
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alternative techniques, such as the maximum a posteriori (MAP) approach. Furthermore, the
performance of the MMSE method is itself often difficult to ascertain. It is therefore of interest
to develop bounds on the MMSE performance. These bounds can then be compared with the
achievements of practical techniques, so as to determine their proximity to the optimum. This
goal has attracted a significant research effort over the years (see Section 2.2).

We provide two contributions to the field of Bayesian performance bounds. In Chapter 9,
we consider the optimal bias bound (OBB) [39], an unfamiliar result dating from 1971 which
uses the (frequentist) CRB to obtain a Bayesian performance bound. We rigorously demon-
strate the soundness of the bound and extend it to the general case of a vector parameter. We
also prove the asymptotic tightness of the bound both in the high SNR and in the low SNR
regimes, a property which, to the best of our knowledge, has not been demonstrated for any
other bound. Indeed, we demonstrate through examples that the OBB is often substantially
more accurate than more standard approaches. Next, in Chapter 10, we consider the much
more famous Weiss—Weinstein bound. We demonstrate that the standard statement of this
bound is inaccurate in particular cases, specifically when the prior distribution is limited to a
bounded support set. Indeed, we show examples in which this standard statement produces
incorrect results: values which are not bounds on the MMSE performance, and may even be

infinite. The source of this inaccuracy is identified and a corrected version is presented.
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Chapter 2

Background: Performance Bounds

The main goal of this dissertation is to study the capabilities of estimation techniques in struc-
tured settings through the analysis of lower and upper performance bounds. As discussed
in the Introduction, an upper bound is a performance guarantee for a given estimator. Con-
sequently, proofs of upper bounds tend to be specialized to the peculiarities of the technique
under consideration. By contrast, lower bounds are often based on more generic concepts. In-
deed, many of the results in this dissertation are based on several extensions of the Cramér-Rao
bound (CRB), be it an extension for the case of a singular Fisher information matrix (Chapter 3),
various types of constraint sets (Chapters 4 and 7), infinite-dimensional spaces (Chapter 8), or
applications to the Bayesian framework (Chapter 9). Therefore, to provide a basis for the up-
coming chapters, we now review the CRB and other lower bounds on estimation performance.
Specifically, Section 2.1 deals with bounds in the frequentist (or deterministic) estimation sce-

nario, while Section 2.2 summarizes lower bounds in the Bayesian world.

2.1 Frequentist Bounds

The frequentist estimation setting is based on the assumption that an unknown deterministic
parameter x is to be estimated from random measurements y [6,16]. The probability density
function (pdf) of y depends on x and is denoted p(y; x), where the semicolon is intended to
serve as a reminder that x is not random, merely a parameter which influences the distribution.

A standard objective in estimation is to achieve low mean-squared error (MSE), defined
as E{|lx — %/|*}, where # is the estimator under consideration. In the frequentist context, this
quantity is a function of the parameter x. Consequently, the MSE does not form a complete

ordering of estimator performance, since one estimator may be better than another for some
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values of x but worse for other values. In particular, the trivial estimator & = xp (for some
constant xp) achieves zero MSE when x = x, but is a very poor estimator for other parameter
values.

Our goal in this section, and indeed in much of the dissertation, is to construct lower bounds
on the MSE achievable in a given estimation problem. However, to construct these bounds, es-
timators such as ¥ = xp must be excluded from consideration. Otherwise, the only possible
bound on the MSE is the zero bound, since there exists an estimator achieving zero MSE at any
point xg. What is needed is therefore a mechanism for excluding estimators which are insensi-
tive to changes in the parameter x. There are several possible techniques for doing so, including
various types of minimax approaches, in which one seeks the estimator whose worst-case error
is minimal [40-42]. However, probably the most common technique for the expurgation of triv-
ial approaches is the notion of unbiasedness, which will be adopted throughout the frequentist

chapters in this dissertation. An estimator is said to be unbiased if it holds that
b(x) 2 E{#} —x=0 forallx. (2.1)

In this sense, the bias b(x) (or more accurately, the lack of bias) can be viewed as an assurance
of the sensitivity of the estimator to changes in the parameter values. Conveniently, the MSE
of an unbiased estimator is equal to its variance, so one generally searches for bounds on the
variance of estimators X satisfying (2.1).

Alternatively, frequentist bounds can be constructed for estimators which have any pre-
specified bias function b(x), not necessarily the zero function. It should be noted, though, that
there apparently exists neither a rigorous technique or nor an intuitive approach for choosing
desirable bias functions other than b(x) = 0. We will, however, find a use for biased bounds
in Chapter 9, when exploiting the biased CRB in a Bayesian context. Suppose, then, that one
desires a certain bias function b(x). This is equivalent to requiring an unbiased estimator of the
quantity x + b(x). Thus, instead of speaking of biased bounds, one can always seek bounds on
the variance of estimators of functions of the parameter x.

Beyond the desirable sensitivity of an estimator to changes in the parameter value, there
are various other justifications for the popularity of unbiasedness as a design criterion. For
example, the unbiased CRB is asymptotically achieved by the maximum likelihood (ML) esti-
mator as the number of IID measurements increases. However, this statement, as well as all
other formal justifications of unbiasedness, are based on asymptotic analyses. Indeed, in many

cases biased estimators can perform better than any unbiased techniques, and indeed better
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than bounds on unbiased techniques [42—44]. Consequently, bounds based on principles of
unbiasedness should primarily be used to judge performance in the high SNR regime.

In the remainder of this section, we review the frequentist estimation bounds which will
be exploited later in the dissertation. We begin with the well-known Cramér—Rao bound. We
then discuss its non-local refinement, the Hammersley—Chapman—Robbins bound. Finally, we
discuss prior work on applying the CRB to constrained estimation settings, in which the pa-

rameter is known to have a specified structure.

2.1.1 The Cramér-Rao Bound

The CRB was independently discovered by several mathematicians, including Cramér [45],
Darmois [46], Fréchet [47], and Rao [48]. It is thus probably more historically correct to re-
fer to this bound as the information inequality [6], although the term Cramér—Rao bound is
more common in electrical engineering texts [16]. Since much of our work relies on various
extensions of the CRB, we now take the time to review the bound in some detail.

Considering the elementary nature of the CRB and its widespread use, the bound is sur-
prisingly difficult to formulate in a completely rigorous fashion. This is primarily due to the
necessity of swapping integration over y and differentiation with respect to x in the proof of the
CRB, a step which requires an application of the dominated convergence theorem, and thus ne-
cessitates domination conditions on the bias and pdf. Since these conditions are cumbersome,
not very insightful, and hold for many of the most common distributions, in our discussion
below we will simply assume that differentiation by x and integration over y can be swapped
when necessary. The reader is referred to [6, Theorem 2.5.15] for a completely rigorous treat-
ment in the case of a scalar parameter. Even with this simplification, readers not acquainted
with the CRB will likely find our discussion somewhat challenging, and may find it easier to

first follow the more friendly exposition in [16].

Theorem 2.1 (Cramér-Rao bound). Let X C R" be an open set and let {p(y; x) }rex be a family of
pdfs having a common support, i.e., the set {y : p(y; x) > 0} is independent of x. Suppose that p(y; x)
and log p(y; x) are differentiable with respect to x and assume that integration over y and differentiation

with respect to x can be interchanged whenever necessary. Define the Fisher information matrix (FIM)

o2 e{ (252) (%52)'} 2

and assume that J(x) exists and is finite and positive definite. Consider a finite-variance estimator X
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having a differentiable bias function b(x). Then,

b T
Cov (&) = <1 + $> J (%) <1 + 5) (2.3)

<1+ %) (%) <I+ %) T] . (2.4)

The bounds (2.3) and (2.4) are achieved with equality if and only if there exists a matrix function A(x)

and thus
MSE(%) > Tr

such that

dlog ply;x) apx(y; %) _ Ax) (5 —x—b(x)). (2.5)

Specifically, for unbiased estimators (b(x) = 0), the matrix function A(x) must equal the FIM J(x).

Several remarks are in order concerning Theorem 2.1. First, we observe that the condition
(2.5) for achieving the CRB with equality is rather strict. In particular, estimators achieving
the unbiased CRB (referred to as efficient estimators) are only possible when the pdf satisfies
a specific form. Rearranging terms in (2.5) and substituting the unbiasedness requirement, it
can be shown that efficient estimators exist if and only if the class of pdfs forms an exponential
family, and then only when estimating the natural parameter of that family [6]. Thus, achiev-
ability of the CRB is the exception rather than the rule. Various methods whereby the CRB can
be tightened are discussed in Section 2.1.2, below.

It is interesting to note the requirement of a positive definite FIM in the conditions for The-
orem 2.1. This condition is necessary: If the FIM is singular, then no finite-variance, unbiased
estimator exists [49]. Intuitively, when J(x) is singular, its inverse is infinite, so that (2.4) ex-
plodes. However, the fact that the FIM is singular does not preclude the existence of unbiased
estimators if the parameter is constrained to a sufficiently limited subset of R" (rather than an
open set, as in Theorem 2.1). We will return to this point in Section 2.1.3.

We next point out a common misconception concerning the CRB. The unbiased version of
the bound is commonly quoted as follows. If an estimator & is unbiased for all x € X, then its

MSE is bounded by
MSE > Tr(J 1 (x)). (2.6)

While this statement is correct, the assumption of unbiasedness for all x is stronger than re-
quired. Indeed, from the statement of Theorem 2.1, it is clear that one requires only that
b(x) = 0 and db/0x = 0 at a particular value of x in order for (2.6) to hold for that specific

x. The importance of this distinction is in the realization that the CRB is a local bound, in the
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sense that it is based only on the statistics of the estimation problem in the neighborhood of
the parameter x for which the bound is computed. This is manifested both in the requirements
of the bound and in its guarantee. In terms of requirements, one must assume only unbiased-
ness at x and near it (the latter ensured by the specification of the bias gradient). Likewise, the
guarantee provided by the CRB is based only on the local statistical properties of the setting

(specifically, derivatives of the bias and the pdf).

2.1.2 The Hammersley-Chapman-Robbins Bound

The locality of the unbiasedness assumption will provide the theoretical basis for the derivation
of the constrained CRB for sparse settings in Chapter 4. More generally, the locality of the CRB
is the main reason for its simple closed form and, consequently, its widespread use. On the
downside, though, this property is precisely the cause of the laxity of the bound, and many of
the improvements of the CRB result from a deeper analysis based on non-local properties of
the estimation setting.

One such improvement is the Hammersley—Chapman—-Robbins bound (HCRB), which was
derived independently by Hammersley [50] and Chapman and Robbins [51]. Whereas the CRB
requires unbiasedness at the point x for which the bound is computed and in its local neighbor-
hood, the HCRB is based on an assumption of unbiasedness at x and another arbitrary point
x + &, which need not necessarily be close to x. Ordinarily, the HCRB is applied to estimators
which are assumed to be unbiased for all values of x, and consequently the bound holds re-
gardless of the choice of §. One can therefore compute the bound for any § and choose the
highest value thereof as the tightest possible HCRB.

In the following, we state the HCRB for a scalar parameter x [50,51]. A vector version of this
bound is slightly more complicated, requiring the use of multiple test points. Such a derivation

can be found in the work of Gorman and Hero [52].

Theorem 2.2 (Hammersley—Chapman—-Robbins bound). Let y be a measurement vector whose pdf
is given by p(y; x) for x € X C R. Suppose' that the set {y : p(y; x) > 0} is independent of x. Then,

any unbiased estimator % of x satisfies

R &
MSE(%) > sup 7y
sxtoeX | <p(y;x+5) _ 1)
p(y:x)
1 This requirement can be replaced by a weaker, but more cumbersome, assumption on the support of p(y; x) [6,

p. 114].

2.7)
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The point x + ¢ is referred to as a test point, a concept which will reappear when discussing
Bayesian bounds of the Weiss—Weinstein family in Section 2.2. As explained in the beginning of
Section 2.1, the HCRB can easily be formulated for estimators having an arbitrary pre-specified

bias function, but this will not be necessary for our purposes.

A striking feature of Theorem 2.2 when compared with the CRB is that the former requires
far fewer regularity conditions. This, too, is a consequence of the non-locality of the HCRB.
Indeed, the CRB exploits the local properties of the setting through the use of derivatives of the
pdf and the bias. The many regularity conditions of the CRB result from the need to carefully
handle the limits implied by the differentiation operation. By contrast, the HCRB in its basic
form requires only two points of unbiasedness, x and x 4 #, and no limits are involved in the
derivations. As an example of this advantage of the HCRB, note that settings involving the
uniform distribution, such as y ~ U|[x, x 4 1], cannot be analyzed with the CRB but are readily

bounded by the HCRB.

It turns out that even more can be said: When a given estimation problem satisfies the
regularity conditions of Theorem 2.1, the CRB is obtained as a special case of the HCRB. This
can be seen in the one-dimensional case by taking the limit of (2.7) as 6 — 0 and swapping the

order of the expectation and limit, whereupon we obtain

MSE(%) > = (2.8)

where we used the definition (2.2) of the Fisher information. The resulting bound is precisely
the CRB for unbiased estimators of a scalar parameter. Thus, Theorem 2.1 can be thought of as
a HCRB with the test point chosen infinitesimally close to x, again illustrating the local nature

of the CRB.

We note that the HCRB is not the only possible extension of the CRB. Further improvements
can be achieved by increasing the number of test points, at the cost of increased computational
complexity. This technique is attributed to Barankin [53]. Moreover, the CRB is not even the
tightest possible local bound: it can be improved locally by relying on higher-order derivatives
of the pdf, as proposed by Bhattacharya [54]. However, for the purposes of this dissertation,
familiarity with the CRB and HCRB will suffice.
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2.1.3 The Constrained Cramér—-Rao Bound

A central theme in our work involves the effect of structural constraints on estimation quality,
as reflected in performance bounds. The constrained CRB is the name given to the performance
bound when the parameter is known to belong to a structure set X. Work on the constrained
CRB was pioneered by Gorman and Hero [52], who considered primarily constraints of the
form

X ={xeR":g(x) =0h(x) <0} (2.9)

where g : R" — IR” and h : R" — RY are continuously differentiable functions. It is assumed
that the definition of the set using the functions g and h is not redundant, in the sense that it
is impossible to define X using a smaller number of constraints. It is further assumed that the
constraints are consistent, i.e., X # &. We will refer to sets of the form (2.9) as continuously
differentiable constraints.

The constrained CRB of Gorman and Hero [52] can now be stated as follows. Note that
some of the regularity conditions stated below are omitted from [52], but are indeed necessary
for the theorem to hold. These regularity conditions closely follow the requirements for the

unconstrained CRB as discussed in Section 2.1.1 above.

Theorem 2.3 (Constrained CRB). Let X be a continuously differentiable set of the form (2.9) and let
{p(y; x) } xex be a family of pdfs having a common support, i.e., the set {y : p(y;x) > 0} is indepen-
dent of x. Suppose that p(y;x) and log p(y; x) are differentiable with respect to x, and assume that
differentiation with respect to x and integration over y can be interchanged whenever necessary. As-
sume that the FIM (2.2) is well-defined, finite, and positive definite. Consider a finite-variance estimator

& having a differentiable bias function b(x). Then,

T
Cov (&) = <1 + g—z> (]—1 - ]—1GT(G]—1GT)+G]—1) (1 + g—z> (2.10)

where G = 9g/9dx, and G = 0 when no equality constraints are present.

Several key points arise from an examination of Theorem 2.3. Most strikingly, the bound
(2.10) is completely indifferent to the existence of inequality constraints in the set X'. For exam-
ple, if itis known that ||x||2 < 7, the resulting CRB is identical to the unconstrained bound, even
if T is very small. While a mathematical discussion of this result is given in [52], we believe that
a more intuitive explanation arises from an analysis of the bias restrictions in the constrained

CRB, which will be presented in Chapter 4. Whatever the interpretations, all versions of the
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constrained CRB are insensitive to inequality constraints, even when the bound is computed at
the boundary of the constraint set. Indeed, later studies of the constrained CRB often simply
assume that no inequality constraints are present, as these have no effect on the bound [55-58].

Another observation follows from a comparison between the constrained bound (2.10) and
the unconstrained CRB (2.3), whence it is evident that the constraints reduce the value of the
bound. On a certain level, this seems unsurprising: More information is available concerning x,
so it should be easier to estimate it. This fact is stated as an intuitive argument for the power of
the constrained CRB by Gorman and Hero [52, Remark 4]. On deeper inspection, however, the
bound reduction is somewhat mysterious. Recall that the CRB is a bound on the performance of
all unbiased estimators at the specific point x. The bound thus applies to techniques designed
specifically for x (as long as these remain unbiased). Such techniques should not benefit from
the much less precise knowledge that x € X. How, then, can knowledge of a constraint set X
reduce the CRB? The answer lies in the class of estimators which are considered unbiased. As
we will see in Chapters 3 and 4, unbiasedness in the constrained context has a wider meaning
than the ordinary definition in the unconstrained case. Thus, the constrained CRB applies to a
wider range of techniques, and this yields a reduction in the value of the bound.

Among the many papers following the work of [52], we mention two which are particularly
relevant for our applications. The first is an analysis by Stoica and Ng [56] which examined
the case of a singular FIM. Recall that both Theorem 2.1 and Theorem 2.3 assumed that J(x)
is positive definite. As mentioned previously, in the unconstrained case, the invertibility of
J(x) is necessary for the existence of finite-variance unbiased estimators [49]. However, in the
constrained case, it is sometimes possible for unbiased estimators to exist even when the FIM
is singular [56]. Intuitively, one can think of a singular FIM as indicative of a complete lack of
measurement data concerning some parameters (or some linear combination of parameters). If
the constraints provide the missing information, then the singularity of the FIM is no longer an
obstacle. Chapter 3 provides a more detailed analysis of this situation, in which the interplay
between bias, constraints, and singularity of the FIM is explored.

An alternative perspective on the constrained CRB is obtained by examining a reparametri-
zation of the problem [52,57]. Consider a continuously differentiable constraint set X contain-
ing p equality constraints (as we have seen, the inequality constraints can be ignored as they
have no effect on the CRB). The constraint set can be locally parameterized using n — p coor-
dinates. The idea of reparametrization is to construct a CRB for the estimation of these n — p

coordinates, and transform the result into a bound on the original parameters. As it turns out,
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the result is identical to the constrained CRB of Theorem 2.3. Thus, in theory, any result on the
CRB for continuously differentiable constraints can equivalently be obtained using the classi-
cal CRB and a reparametrization. In practice, there are cases in which the reparametrization is
quite cumbersome. Nonetheless, this technique is often useful, and becomes particularly pow-
erful when the dimension of the parameter to be estimated is much higher than the dimension
of the reparameterized coordinates. An extreme example of such a construction will occur in
the case of bounds for FRI signals (Chapter 8), where the parameter is a continuous-time func-
tion (and thus belongs to an infinite-dimensional space), but the coordinates determining it
belong to a finite-dimensional space. In this case we will utilize the reparametrization scheme
in order to derive the constrained CRB.

As a final comment, we note that while continuously differentiable constraints of the form
(2.9) describe many useful types of signal structures, the sparsity models of Sections 1.1 and 1.2
cannot be described in this manner. Thus, our derivation in Chapter 4 of the CRB for sparse

estimation will require an extension of the CRB to non-differentiable constraints.

2.2 Bayesian Bounds

In this section, we adopt the Bayesian point of view, i.e., we assume that both x and y are
random vectors whose joint pdf p(y, x) is known. We denote by py(x) the prior pdf of x, and
by py«(y|x) the conditional distribution of y given x.

We are given a realization of y and wish to use it to estimate x. In this case, the MSE
E{||x — &|*} is a scalar, rather than a function of x, since the expectation is taken over both x
and y. Consequently, one can speak of the estimator minimizing the MSE. As is well known,
this minimum MSE (MMSE) estimator is the conditional expectation, &yvsg = E{x|y}.

While the conditional expectation provides the optimal performance in terms of MSE, in
many practical cases it is difficult to calculate X\msg in practice. There are various alternatives
to the MMSE estimator which attempt to provide a suboptimal estimator whose computational
cost is lower. Given such an alternative technique, one would like to know how much is lost
with respect to the optimum performance. Unfortunately, determining the MSE of the condi-
tional expectation is usually no easier than obtaining the MMSE estimate itself. Consequently,
there is an interest in easily computable lower bounds on the MMSE performance. If a prac-
tical technique comes close to such a lower bound, then the proposed approach is known to

also approach the performance of the MMSE method. We emphasize that contrary to the fre-
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quentist case, Bayesian bounds are intended merely to provide a computational benefit, since
the precise performance of the MMSE estimator can be accurately determined given sufficient
computing power.

In this section, we review the most commonly used Bayesian performance bounds. The
optimal bias bound (OBB) is described in detail in Chapter 9 and is thus omitted from the
discussion herein. We focus in particular on the effectiveness of these bounds when the prior
distribution p,(x) is constrained, i.e., when there exists a bounded set S such that p(x) = 0
whenever x ¢ S. Such priors form a natural adaptation of the constraint sets of Section 2.1 to
the Bayesian world, and will continue to play a central role in our Bayesian results in Part II of

the dissertation.

2.21 Bayesian CRB

The Bayesian CRB, which is due to Van Trees [59, pp. 72-73], follows the derivation of the
ordinary (frequentist) CRB. For simplicity of notation, in this subsection we assume that the

parameter x to be estimated is a scalar; a vector extension of this bound is straightforward.
Theorem 2.4 (Bayesian CRB). Assume the following regularity conditions:

1. The first and second derivatives of p(y, x) with respect to x exist for all x € R, and the derivatives

are absolutely integrable with respect to x and y.

2. It holds that
lim E{f —x|x} px(x) = lim E{% — x|x} p«(x) =0. (2.11)

X—»—00 X—+00

Any estimator X then satisfies

-1
E{(2-x)?} > <E{<ak’%x(y’x)>z}> . (2.12)

Note the similarity of (2.12) to the ordinary unbiased CRB (2.6). The second regularity con-
dition in Theorem 2.4 is the analog of the unbiasedness requirement for the deterministic CRB.
However, while in the deterministic case unbiasedness excludes many interesting estimators,
in the Bayesian case the condition (2.11) is usually not difficult to satisfy. This is because most
probability distributions tend to zero very quickly as x — F00, so that (2.11) typically holds for
all estimators except those with exceptional deviations from the true parameter x.

That being said, the Bayesian CRB is typically inapplicable to situations where the prior

px(x) is constrained, in the sense that p,(x) = 0 for values of x outside of a bounded set S. This
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is because oftentimes the joint pdf will not be sufficiently smooth to satisty the first regularity
condition. For example, a uniform prior will result in a discontinuous pdf, which is clearly not
differentiable.

As an alternative, one can derive the Bayesian CRB for a constrained set x € (a,b), where
a,b € R. This yields a bound which is analogous to Theorem 2.4, with minor modifications to
the regularity conditions. Specifically, the first condition now requires the derivatives to exist
only in the range (a,b), which is satisfied by most constrained distributions. However, the

second regularity condition becomes
lim E{% — x|x} px(x) = lim E{% — x|x} px(x) = 0. (2.13)
x—at x—b~

Unfortunately, in many constrained cases (e.g., under a uniform prior), p, will be nonzero on

the boundaries a4 and b. The bound then applies only to estimators satisfying
E{f —x|x =a} = E{® —x|]x =0} =0. (2.14)

However, it can be shown that any technique satisfying this requirement must produce esti-
mates outside the range [a,b] with nonzero probability. But the MMSE approach never pro-
duces estimates whose prior probability is zero. It follows that the bound is not applicable to
the MMSE technique. In other words, we have obtained a lower bound on the MSE of some
estimators, but not on the MSE of the optimal approach.

As mentioned above, Theorem 2.4 is derived in a manner analogous to the frequentist
CRB. It was pointed out by Weinstein and Weiss [60] that it is similarly possible to obtain a
Bayesian analog of the Bhattacharya bound, which is a tighter version of the CRB. However,
this Bayesian Bhattacharya bound is also inapplicable to constrained estimation, as it too fails

to meet the regularity conditions outlined above.

2.2.2 The Weinstein—Weiss Family of Bounds

As shown in Section 2.1.2, in the frequentist setting the CRB can be generalized by replacing
the use of derivatives with the more general concept of test points, resulting in the HCRB. The
elimination of derivatives also reduces the regularity conditions required by the HCRB. In an
analogous manner, one can replace the derivatives in the Bayesian CRB with test points, result-
ing in the Weiss—Weinstein bound, below. This bound again essentially requires no regularity
conditions, and is therefore appealing for situations in which the prior distribution is con-
strained to a bounded set. As before, we provide the bound for the case of a scalar parameter

X.
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Theorem 2.5 (Weiss—Weinstein bound [61]). Let s € (0,1) and h € R be two arbitrary constants.
Then, any estimator £ satisfies

WE2{L'5(y;x — h,x)}

B9 2 et v h 0 - D (b 077 _—

where

2 ply, x1)
oy, x) (210

The points x + h and x — h are referred to as test points, and are analogous to the test

L(y; x1, x2)

points of the HCRB presented in Section 2.1.2. Since Theorem 2.5 holds for any s and &, ideally
one would like to maximize over these two parameters so as to obtain the tightest possible
bound; however, this can be computationally expensive. In many situations, the tightest bound
is obtained for s = 1/2, and this value is sometimes used (even when it is not necessarily
optimal) in order to reduce the computational load. In the limit as # — 0, the bound tends to
the Bayesian CRB, which again illustrates the locality of the CRB (see Section 2.1.1).

A useful extension of Theorem 2.5 is based on adding multiple test points. This generally
tightens the bound, but increases the number of parameters which must be optimized. Even-
tually, adding too many test points will make the bound less practical than directly calculating
the MMSE by numerical integration.

The extension to the vector case is straightforward. In the vector case, in order to obtain
nontrivial results, one must use at least n test points, where 1 is the dimension of x; further-
more, the test points must span the space R”. Thus, a common approach to reduce the com-
plexity of the optimization is to choose test points {he, ..., he, }, where the e; are unit vectors.
This leaves us with a single parameter / to optimize.

Using a similar technique, one can further generalize the Weiss—Weinstein bound, as shown

below.

Theorem 2.6 (Weinstein—-Weiss bound [60]). Consider an integer m and assume we are given a set

of functions ¥1(y,x), ..., Pm(y, x) satisfying
E{¢i(y,x)ly} =0 forally. (2.17)
We then have the lower bound
E{(ic —x) (k- x)T} > yp-lyT (2.18)

where

Vij = E{xipj(y, %) } (2.19)
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and

Py = E{¢i(y, x)¥;(y, %)} . (2.20)

Intriguingly, many Bayesian bounds can be derived as special cases by an appropri-
ate choice of functions ¥;(y,x). These bounds include the aforementioned Bayesian CRB,
Bayesian Bhattacharya, and Weiss—Weinstein bounds, which are therefore said to belong to

the Weinstein—Weiss family of lower bounds [62].

The challenge in Theorem 2.6 is, of course, to find functions ¥;(y, x) which satisfy (2.17)
but yield new, hopefully tighter, bounds. This challenge can be addressed by exploiting a
geometrical interpretation of Bayesian lower bounds [63,64]. Specifically, consider the Hilbert
space L, of finite-variance functions of both x and y. The random variable representing the
true parameter value x is an element of Ly, and the MMSE estimator X\ is the projection
of x onto the subspace ) of L, containing only the functions of y. Therefore, the estimation
error is equal to the variance of the projection of x onto the orthogonal complement Y+ of .
Computing this projection is typically difficult, being in fact merely a geometrical statement of
the requirement of computing Xymvse. However, one can obtain lower bounds on the size of
the MMSE error by projecting x onto any subspace H of Y*. Any such projection is a lower
bound on the minimum MSE achievable in the given estimation setting. If the subspace H is

low-dimensional, then computing the projection becomes simple, at least numerically.

It turns out that the Weinstein—Weiss family can be viewed precisely as projections onto
specific subspaces of Y+ [63,64]. Indeed, the requirement (2.17) is precisely a statement of the
fact that ; € Y. The lower bound of Theorem 2.6 is then the Bayesian bound corresponding

to choosing the subspace

H = span{yy,..., P} C VT (2.21)

This observation can be used to great advantage in designing Hilbert subspaces H for specific
types of signals. This is done by performing a transform on known functions {¢;(y, x) }, such
that the energy of the projection is concentrated in a small number of transformed coordinates.
A lower bound can then be constructed by choosing those components having large magni-
tude. For example, measurements for which the energy is concentrated in specific frequency
components can be exploited by performing a DFT on a standard set of test points, resulting in

a bound which is substantially higher than previous bounds in the Weinstein-Weiss family [64].
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2.2.3 The Ziv-Zakai Family of Bounds

The Ziv-Zakai bound was developed originally for the specific case of an unknown scalar
parameter x which is distributed uniformly over [0, T] [65]. The bound has since been substan-
tially tightened, and also extended to vector parameters with arbitrary prior densities, albeit
with some loss of the elegance of the original idea.

Given measurements y, the bound is based on the following observation. Suppose it is
known that x equals either x; or x,, and that these two possibilities occur with equal probability.
Then, an optimal detection approach would be to test the hypothesis x = x; vs. x = x,. Let
P, min(x1, x2) be the probability of error of this optimal technique. Alternatively, we can also use
a suboptimal approach which is based on first estimating the value of x from the measurements,
and then selecting x; or x; based on whichever is closer to £. This will result in a particular

error probability P, > P, min, which is given by
Pe,min <P = %PI‘{J? —Xx1 = %‘xl} + %PI‘{XZ —%< %‘XQ} (2.22)

where A = x, — x7.

The right-hand side of (2.22) can be bounded by using the Chebyshev inequality, which
converts the probability terms into MSE terms. This results in a lower bound on the MSE
which is based on the optimal probability of error. The bound holds for any two values of x;
and xy, so that obtaining the tightest bound requires maximizing over these two functions. In
fact, it turns out that one need only optimize over their difference A = x, — x;. Working out

the math, the Ziv—Zakai bound is given by

A2 T-A
E —£)2 > — P, min(x, Adx. 2.23
{(x—2%)"} > Ar?ﬁ?] it Jo e min (X, X + A)dx (2.23)

The bound is loose in two places: First, in the transition from an optimal detection problem
to a suboptimal approach based on estimation; and, second, in the application of the Chebyshev
inequality. This latter point was improved by Chazan, Ziv, and Zakai [66] and by Bellini and
Tartara [67]. Their approach avoids the use of Chebyshev’s inequality, resulting in a bound
which is higher by at least a factor of 2.

Bell et al. [68] extended the Bellini-Tartara bound to vector parameters and to arbitrary prior
pdfs. This increases the complexity of the optimization problem, since in general one must now
optimize over an n-dimensional vector A. They also demonstrated tightness at low SNR for a

particular family of Gaussian-like location problems. However, it is unknown whether this
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bound is tight for general distributions at low SNR, nor is tightness guaranteed for high SNR

values.
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Chapter 3

The CRB with Singular Fisher

Information

This chapter is a reprint of the paper:

e Z. Ben-Haim and Y. C. Eldar, “On the constrained Cramér-Rao bound with a singular
Fisher information matrix,” IEEE Signal Processing Letters, vol. 16, no. 6, June 2009, pp.
453-456.

3.1 Introduction

A central goal in statistics and signal processing is to estimate unknown deterministic param-
eters from random measurements. The performance of estimators in such a setting is circum-
scribed by the well-known Cramér-Rao bound (CRB) [69]. Specifically, the CRB provides a
lower limit on the variance obtainable by any technique as a function of the Fisher information
matrix (FIM) and the estimator’s bias gradient.

A variant of the CRB for constrained estimation problems was developed by Gorman and
Hero [52]. They considered the setting in which the parameter vector belongs to a known set.
When this information is incorporated into the estimator, performance can be improved. As a
consequence, the constrained CRB can be lower than the unconstrained version.

The derivation of Gorman and Hero assumed that the FIM is positive definite. Stoica and
Ng [56] later extended the constrained CRB to the case in which the FIM is positive semi-
definite, and may thus be singular. In an unconstrained problem, a singular FIM implies that

unbiased estimation of the entire parameter vector is impossible [49]. However, Stoica and Ng

39
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demonstrated that, in some cases, one can obtain so-called constrained unbiased estimators,
which are unbiased as long as the constraints hold.

The work of Stoica and Ng considers only unbiased estimation. Yet even when unbiased
methods do not exist in a particular setting, biased techniques can still be found. As we will
demonstrate, when the FIM is singular, estimators can be constructed by introducing a suffi-
cient number of constraints, by specifying an appropriate bias function, or by a combination
thereof.

More specifically, in this letter we generalize the above-mentioned bounds and obtain a
biased CRB for constrained estimation with a positive semi-definite FIM. When an estimator
achieving the CRB exists, we provide a closed form for it. We further derive a necessary and
sufficient condition for the CRB to be infinite, indicating that no estimator exists in the given
setting.

The following notation is used throughout the letter. Given a vector function f : R" — Rk,
we denote by df /06 the k x n matrix whose ijth element is df;/96;. Also, R(A), N'(A), and A*
are, respectively, the range space, null space, and Moore-Penrose pseudoinverse of a matrix A,
and S+ denotes the orthogonal complement of the subspace S. Finally, A = B indicates that

A — B is positive semi-definite.

3.2 Problem Statement

Let y be a measurement vector with pdf p(y; 0), for some deterministic unknown parameter
vector 8 € ® C R". Suppose that p(y; 0) is differentiable with respect to 8. The FIM J(0) is

then defined as

J(0) = E{AAT} (3.1)
where
_ dlogp(y;0)
o= Bl (3.2)

We assume throughout that J(0) is finite for all 6 € ©.

Suppose that 0 is known to belong to a constraint set
©={0cR": f() =0} CR" (3.3)

where f : R" — RF is a continuously differentiable function of 8 with 0 < k < n. Note that
we are assuming for simplicity that no inequality constraints are present, as it has been shown

that such constraints have no effect on the CRB [52].
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We further assume that the k x n matrix F(0) = df/d0 has full row rank, which is equiva-
lent to requiring that the constraints are not redundant. Thus, there exists an n x (n — k) matrix

U(6) such that
F(e)u(e) =0, U (o)Uu(6) =1. (3.4)

Intuitively, R(U(0)) is the set of feasible directions at 6, i.e., the set of directions in which an
infinitesimal change does not violate the constraints. For notational simplicity, in the sequel we
will omit the dependence of U and ] on 6.

Let 8 = 8(y) be an estimator of 8. We are interested in the performance of 8 under the

assumption that 8 € ©. Specifically, we derive a lower bound on the covariance matrix

Cov(d) = E{ (0 - E{8}) (0 E{6})"} (3.5)

obtainable by any estimator 8. The covariance matrix, as well as the CRB, are a function of
0; we are interested in bounding this matrix for all & € ©. To obtain a nontrivial bound, we
assume that the desired bias b(0) = E{8} — 0 is specified for 8 € ©; the bias for 8 ¢ @ is
arbitrary.

Previous work on the constrained estimation setting [52,56] assumed that the estimator 0
satisfies the constraint § € ®. However, it turns out that this requirement can be removed with-
out altering the resulting bound. Furthermore, in some cases, the CRB can only be achieved
by estimators violating the constraint. In this letter, the term “constrained estimator” refers to
the situation in which the bias b(0) is specified only for 8 € ®, and the performance is evalu-
ated when the true parameter value 0 belongs to the set ®. The implications of this setting are

discussed further in the next section.

3.3 Cramér-Rao Bound

3.3.1 Main Result

With the concepts developed in the previous section, our main result can be stated as follows.

Theorem 3.1. Let @ be a constraint set of the form (3.3) with a corresponding matrix U of (3.4). Let &
be an estimator of 0 whose bias is given by b(0) for all O € ©, and define

ob
A=1+=0. (3.6)
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Assume that integration with respect to y and differentiation with respect to 0 can be interchanged,' and
suppose that
R (uuTAT) CR (uuT ]uuT> : (3.7)

Then, the covariance of @ satisfies
Cov(0) = AUUTJU)'UTAT forall 6 € O. (3.8)
Equality is achieved in (3.8) if and only if
0=0b(0)+06+AUUTTU)'UA (3.9)

in the mean square sense, for all @ € ©. Here, A is given by (3.2). Conversely, if (3.7) does not hold,

then there exists no finite-variance estimator with the given bias function.

It is illuminating to examine the influence of the constraints on the bound of Theorem 3.1.
Recall that the CRB is a bound on the covariance of all estimators having a given bias function,
at each specific point 8. The bound thus applies even to estimators which are designed for the
specific point 6, a far more restrictive assumption than the knowledge that 8 € ©. How, then,
can one expect to obtain a meaningful performance bound by imposing the constraint set ©?

The answer stems from the fact that the bias is specified in Theorem 3.1 only for 6 € ©. For
example, consider constrained unbiased estimators, for which b(0) = 0 for all 8 € ©; the bias
when 6 ¢ O is irrelevant and unspecified. This is a far larger class of estimators than those
which are unbiased for all 8 € R". Consequently, the bound (3.8) is lower than the uncon-
strained CRB. The weakened bias specification is apparent in Theorem 3.1 from the fact that
the matrix A only appears when multiplied by U, which nullifies components in directions vio-
lating the constraints. Indeed, to calculate the bound, A only needs to be specified in directions
consistent with @. This issue will be discussed further in a forthcoming paper [70].

Condition (3.7) succinctly describes the possibilities for estimation under various values of
the FIM. If J is invertible, then (3.7) holds regardless of the constraint set and the bias gradient,
implying that the CRB is always finite. The situation is more complicated when ] is singular.
In this case, one option is to choose a matrix A whose null space includes N (J); this implies
that the estimator is insensitive to changes in elements of 8 for which there is no information.

Another option is to provide external constraints for the unmeasurable elements of 6, thus

IThis condition basically requires that the bounds of p(y; 8) do not depend on 8. Such regularity conditions are

assumed in all forms of the CRB.
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changing U in such a way as to ensure the validity of (3.7) for all A. An example comparing
these approaches will be presented in Section 3.4.
Theorem 3.1 encompasses several previous results as special cases. Most famously, when |

is nonsingular and no constraints are imposed, we obtain the standard CRB
Cov(0) = AJ1AT. (3.10)

Several prior extensions [49,52,56] of (3.10) are also special cases of Theorem 3.1.

3.3.2 Proof of Theorem 3.1

The proof of Theorem 3.1 is based on the following lemmas.

Lemma 3.2. Assuming that integration with respect to y and differentiation with respect to 6 can be
interchanged, we have

E{(0-E{0})a"} =4 (3.11)
for any estimator 0. Here, A is defined by (3.2), and A is given by (3.6).

Proof. The proof is an extension of [55, Th. 1] to the case of a biased estimator. Using (3.2),
E{(0-E{8}) A"}
N R 1 dp(y;0)
= 06— E{06 ;0)d
/( { }) p(y;0) 00 p(y;0)dy
0 [ A, 0
= @/Bp(ylﬂ)dy—E{B} @/P(yzﬂ)dy (3.12)

where we interchanged the order of differentiation and integration, and used the fact that 8 is

a function of y but not of 6. Noting that the second integral in (3.12) equals 1, we obtain

R R oE{
E{(6-E{8}) AT} - a{e by % (3.13)

which completes the proof. O

The following lemma provides a family of bounds on Cov(8) for any estimator 8 having
a specified bias function. Theorem 3.1 is obtained by choosing an optimal member from this

class.

Lemma 3.3. Let 0 be an estimator of @ € ©, and suppose its bias is b(0). Under the conditions of

Lemma 3.2, for any n x n matrix W, we have
Cov(8) = wuu'AT + Auu™w?’

—wuuTjuu™wr. (3.14)
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Proof of Lemma 3.3. Let 8 = & — E{8} and note that
0= E{ (6-wuu'a) (6-wuus) T}
— Cov(d) — wuuTE{A'éT} - E{EAT} uu™w’
+ wuuTE{AAT} uu™wr. (3.15)
Using (3.1) and Lemma 3.2, we obtain (3.14). O

We recall the following properties of the pseudoinverse, which will be required for some

further developments.

Lemma 3.4. Let M and N be arbitrary matrices and let U" U = I. Then

(umu®)t = umtu’ (3.16)
(MTM)" = MMt (3.17)
MY =M MTTMT (3.18)
M=M"'"M"™M (3.19)
(MN)t = (MN)"MTTMT. (3.20)

Proof. Proofs for (3.16)—(3.19) can be found in [71, Theorem 1.2.1], while (3.20) can be demon-
strated by showing that (MN)*MTTMT satisfies the Moore—Penrose conditions for the pseu-
doinverse of MN. O

We are now ready to prove the main result.

Proof of Theorem 3.1. Our proof is based on that of Stoica and Ng [56]. Suppose first that (3.7)
holds, and let
W = Auut(uutjuu®)t. (3.21)

Applying Lemma 3.3 and using the Moore-Penrose condition M' MM' = M, we obtain
Cov(0) = Auut(uuTjuu™)'uu’A”. (3.22)
It follows from (3.16) that
(uutjuuh' = u™ Wy tut = uutyu)tu?’. (3.23)

Substituting this into (3.22) yields (3.8), as required.
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We now show that (3.9) holds if and only if
Cov() = Au(uTju)fu’A” (3.24)

in the mean squared sense, for all 8 € ©. Note first that if 0 satisfies (3.9), then the bias of 8 is
indeed b(0), since E{A} = 0. Furthermore

Cov(8) = Au(UT IU)+UTE{AAT} uuTu)tuTAT (3.25)

which yields (3.24). Conversely, suppose that (3.24) holds, and let 8 = 8 — E{f}. Using
Lemma 3.2 and (3.24), it is straightforward to show that

Cov (’é —Au’ ]u)*luTA) —0. (3.26)

Therefore, = E{8} + AU(UTJU)~'U"A in the mean square sense, as required.

It remains to show that if
R(uuTAT) ¢ R(uuTiuuT) (3.27)

then no finite variance estimator exists. Suppose that (3.27) holds. Since R (M) = N (M") " for
any matrix M, we have /\/’(ALILIT)L ¢ N(UUTIUUT)l, or equivalently, N (UU'juu’) ¢
N(AUUT). Thus, there exists a vector v € ./\/(UUT]UUT) for which v ¢ ./\/(AUUT). Now,

let W = a AUUT 09T for some scalar « to be defined below. From Lemma 3.3,

Tr(Cov(8))
>2Tr(WUUTAT) - Tr(wuu' juu™wr)
= 20 Tr(AUU v TUUT AT)
— > Tr(AUUTvoTuu JuuTvoTuu’ AT). (3.28)
The second term in (3.28) is zero since v € N (llllT J UUT), whereas the first term equals
2a||AUU v|%, which is nonzero since v ¢ N (AUUT). Thus, by choosing a appropriately,

Tr(Cov(8)) can be shown to be larger than any finite number. Therefore, there does not exist a

finite-variance estimator with the required bias. O

3.3.3 Choice of W

The bound (3.8) of Theorem 3.1 is obtained from the more general Lemma 3.3 by choosing a

specific value (3.21) for the matrix W. We now show that this choice of W is optimal, in that
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it results in the tightest bound obtainable from Lemma 3.3. Note that Lemma 3.3 provides a
matrix inequality, so there does not necessarily exist a single maximum value of the bound
(because the set of matrices is not totally ordered). However, in our case, such a maximum
value does exist and results in the bound of Theorem 3.1.

The method of obtaining W used in [56] does not seem to generalize to the case of biased

estimators. Instead, let v be an arbitrary vector in R” and observe that
o7 (wuuTAT +Auu™w’ — wuu” quTwT) v (3.29)

is concave in W. Therefore, to maximize (3.29), it suffices to find a point W at which the

derivative is zero. Differentiating (3.29) with respect to W, we obtain [72]
200" AUUT — 200" WuuTyuu’. (3.30)
Thus, if there exists a matrix W such that
uu'juu™w’ =uu’A’ (3.31)

then that value of W maximizes (3.29) simultaneously for any choice of v. Note that (3.31) can

be written as a set of n vector equations
ua'juutw, =u;, i=1,...,n (3.32)

where w; is the ith row of W and u; is the ith column of UUTAT. Clearly, (3.32) has a solution
w; if and only if u; € R(UUT ] UUT). This does indeed occur under the condition (3.7) of

Theorem 3.1, and one such solution is given by
wi=uTjuuty, i=1,...,n (3.33)

Combining these n equations, we obtain that the matrix W chosen in (3.21) simultaneously
maximizes (3.29) for all values of v. Therefore, the bound of Theorem 3.1 is the tightest bound

obtainable from Lemma 3.3.

3.4 Example

As an example of the applicability of Theorem 3.1, we consider an underdetermined linear
regression setting. Let § € IR" be an unknown vector for which measurements y = HO + v

are available. Here, v is white Gaussian noise with variance ¢ and H is a known p X n matrix
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with p < n. Since there are fewer measurements than parameters, unbiased reconstruction of

0 is clearly impossible without additional assumptions. To see this formally, note that
J=0c*H"H. (3.34)

Thus rank(J) < p < n, so that the matrix J is singular, and by Theorem 3.1, unconstrained
unbiased estimation is impossible. This also follows from earlier results [49, 56].

In order to enable reconstruction of 6, additional assumptions are required. One possibility
is to restrict 0 to some subset ® C R", and then seek an unbiased estimator over this set. An
alternative is to choose a reasonable value for E{8}, taking into account the lack of information.
As we will see, both approaches result in the same estimator, but the latter implies optimality
under wider conditions.

Beginning with the first approach, let us assume that 8 = Wa for a given n x k matrix W
and an unknown & € R¥. For example, W can define a smoothness requirement on 6. We seek
an unbiased estimator for such 6.

Choosing ® = R(W) results in U(0) = W. Thus, it follows from Theorem 3.1 that if there
exists a constrained unbiased estimator 6, which achieves the CRB, then 0, must satisfy, for all

0 € R(W),
0. =0+ WWTHTHW)"WTH" (y — H6)
=0+ W(HW) (HW)'(HW)T (y — HO)
=0+ W(HW) (y — HO) (3.35)

where we have used (3.17) in the first transition and (3.18) in the second. Since 8 € R(W), one

may write 6 = Wd, for some vector d. Thus
0. =0+ WHW)'"y - WHW) HWd. (3.36)
Suppose that
R(W)NN(H) = {0}. (3.37)

In this case, it is readily shown that N (HW) = N (W), and consequently W(HW)"HW = W.
Thus
6. = WHW)'y (3.38)

is the constrained unbiased estimator achieving the CRB. In other words, 6. has minimum MSE

among all estimators which are unbiased over ©.
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On the other hand, suppose that R(W) NN (H) # {0}. This implies that the constraints
on 0 do not sufficiently compensate for the lack of information in the measurements y. Indeed,
in this case we have R(WWTH TH WWT) - R(WWT), and it follows from Theorem 3.1 that
no unbiased estimator exists. These conclusions can also be obtained from [56].

Observe that the expectation of 8. is
E{8.} = W(HW)"'He. (3.39)

If (3.37) holds, then (3.39) is the oblique projection of 8 along N (H) onto R(W) [71]. Thus, if
8 ¢ R(W), then W(HW)'HO = 0, so that 8, is indeed unbiased under this constraint. As a
generalization, let us seek an estimator whose expectation is given by (3.39), while removing
the constraint on 0 and the assumption (3.37). If such an estimator existed, then its bias would
be given by

b(6) = WHW)'Ho — 0 (3.40)

and therefore the matrix A of (3.6) would equal
A=W(HW)H. (3.41)

Thus, we now seek an unconstrained but biased estimator. To find the minimum MSE estimator
whose expectation is (3.39), we apply (3.9) of Theorem 3.1 with U = I and A given by (3.41).
This yields

0 =W(HW)'HO + WHW)'HH"H)'H (y — HO)

W(HW)'Ho + W(HW)'HT'Hy
—~W(HW)'HH'H®
= W(HW)'HTHy

=W(HW)'y = 8, (3.42)

where we used (3.17) and (3.18) in the second line, and (3.20) in the last line.

Thus, 8. of (3.38) is the approach achieving minimum MSE among all estimators whose
expectation is (3.39). This implies that 8. is a useful estimator under a wider range of settings
than suggested by the unbiased approach. Indeed, among estimators having the required ex-
pectation, 8, is optimal even if 8 does not satisfy the constraint 8 € R(W), and, furthermore,

its optimality is guaranteed even if the intersection between R (W) and N (H) is nontrivial.



Chapter 4

The CRB for Sparse Estimation

This chapter is an expanded version of the paper:

e Z.Ben-Haim and Y. C. Eldar, “The Cramér-Rao bound for estimating a sparse parameter

vector,” IEEE Trans. Signal Processing, vol. 58, no. 6, June 2010, pp. 3384-3389.

4.1 Introduction

The problem of estimating a sparse unknown parameter vector from noisy measurements has
been analyzed intensively in the past few years [7,8,12,22], and has already given rise to nu-
merous successful signal processing algorithms [73-77]. In this paper, we consider the setting
in which noisy measurements of a deterministic vector xy are available. It is assumed that x
has a sparse representation xg = Dxg, where D is a given dictionary and most of the entries
of &g equal zero. Thus, only a small number of “atoms,” or columns of D, are required to rep-
resent xg. The challenges confronting an estimation technique are to recover either x itself or
its sparse representation «g. Several practical approaches turn out to be surprisingly successful
in this task. Such approaches include the Dantzig selector (DS) [8] and basis pursuit denoising
(BPDN), which is also referred to as the Lasso [7,20,22].

A standard measure of estimator performance is the mean-squared error (MSE). Several
recent papers analyzed the MSE obtained by methods such as the DS and BPDN [8,23,78]. To
determine the quality of estimation approaches, it is of interest to compare their achievements
with theoretical performance limits: if existing methods approach the performance bound, then
they are nearly optimal and further improvements in the current setting are impossible. This

motivates the development of lower bounds on the MSE of estimators in the sparse setting.

49
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Since the parameter to be estimated is deterministic, the MSE is in general a function of the
parameter value. While there are lower bounds on the worst-case achievable MSE among all
possible parameter values [24, §7.4], the actual performance for a specific value, or even for
most values, might be substantially lower. Our goal is therefore to characterize the minimum
MSE obtainable for each particular parameter vector. A standard method of achieving this
objective is the Cramér—Rao bound (CRB) [16,69].

The fact that xp has a sparse representation is of central importance for estimator design.
Indeed, many sparse estimation settings are underdetermined, meaning that without the as-
sumption of sparsity, it is impossible to identify the correct parameter from its measurements,
even without noise. In this paper, we treat the sparsity assumption as a deterministic prior con-
straint on the parameter. Specifically, we assume that xy € S, where S is the set of all parameter
vectors which can be represented by no more than s atoms, for a given integer s.

Our results are inspired by the well-studied theory of the constrained CRB [52, 55, 56, 58].
This theory is based on the assumption that the constraint set can be defined using the system
of equations f(x) = 0, g(x) < 0, where f and g are continuously differentiable functions. The
resulting bound depends on the derivatives of the function f. However, sparsity constraints
cannot be written in this form. This necessitates the development of a bound suitable for non-
smooth constraint sets [79]. In obtaining this modified bound, we also provide new insight
into the meaning of the general constrained CRB. In particular, we show that the fact that the
constrained CRB is lower than the unconstrained bound results from an expansion of the class
of estimators under consideration.

With the aforementioned theoretical tools at hand, we obtain lower bounds on the MSE in a
variety of sparse estimation problems. Our bound limits the MSE achievable by any estimator
having a pre-specified bias function, for each parameter value. Particular emphasis is given to
the unbiased case; the reason for this preference is twofold: First, when the signal-to-noise ratio
(SNR) is high, biased estimation is suboptimal. Second, for high SNR values, the unbiased CRB
is achieved by the maximum likelihood (ML) estimator.

While the obtained bounds differ depending on the exact problem definition, in general
terms and for unbiased estimation the bounds can be described as follows. For parameters
having maximal support, i.e., parameters whose representation requires the maximum allowed
number s of atoms, the lower bound equals the MSE of the “oracle estimator” which knows the
locations (but not the values) of the nonzero representation elements. On the other hand, for

parameters which do not have maximal support (a set which has Lebesgue measure zero in S),



4.1. INTRODUCTION 51

our lower bound is identical to the CRB for an unconstrained problem, which is substantially
higher than the oracle MSE.

The correspondence between the CRB and the MSE of the oracle estimator (for all but a
zero-measure subset of the feasible parameter set S) is of practical interest since, unlike the
oracle estimator, the CRB is achieved by the ML estimator at high SNR. Our bound can thus be
viewed as an alternative justification for the common use of the oracle estimator as a baseline
against which practical algorithms are compared. This gives further merit to recent results,
which demonstrate that BPDN and the DS both achieve near-oracle performance [8, 23, 78].
However, the existence of parameters for which the bound is much higher indicates that oracu-
lar performance cannot be attained for all parameter values, at least using unbiased techniques.
Indeed, as we will show, in many sparse estimation scenarios, one cannot construct any estima-
tor which is unbiased for all sparsely representable parameters.

Our contribution is related to, but distinct from, the work of Babadi et al. [80], in which the
CRB of the oracle estimator was derived (and shown to equal the aforementioned oracle MSE).
Our goal in this work is to obtain a lower bound on the performance of estimators which are
not endowed with oracular knowledge; consequently, as explained above, for some parameter
values the obtained CRB will be higher than the oracle MSE. It was further shown in [80] that
when the measurements consist of Gaussian random mixtures of the parameter vector, there
exists an estimator which achieves the oracle CRB at high SNR; this is shown to hold on average
over realizations of the measurement mixtures. The present contribution strengthens this result
by showing that for any given (deterministic) well-behaved measurement setup, there exists a
technique (namely, the ML estimator) achieving the CRB at high SNR. Thus, convergence to
the CRB is guaranteed for all measurement settings, and not merely when averaging over an
ensemble of such settings.

The rest of this paper is organized as follows. In Section 4.2, we review the sparse setting as
a constrained estimation problem. Section 4.3 defines a generalization of sparsity constraints,
which we refer to as locally balanced constraint sets; the CRB is then derived in this general
setting. In Section 4.4, our general results are applied back to some specific sparse estimation
problems. In Section 4.5, the CRB is compared to the empirical performance of estimators of
sparse vectors. Our conclusions are summarized in Section 4.6.

Throughout the paper, boldface lowercase letters v denote vectors while boldface uppercase
letters M denote matrices. Given a vector function f : R" — R, we denote by df /0x the k x n

matrix whose ijth element is df;/dx;. The support of a vector, denoted supp(v), is the set of
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indices of the nonzero entries in v. The Euclidean norm of a vector v is denoted ||v||2, and
the number of nonzero entries in v is ||vo. Finally, the symbols R(M), N (M), and M refer,
respectively, to the column space, null space, and Moore-Penrose pseudoinverse of the matrix

M.

4.2 Sparse Estimation Problems

In this section, we describe several estimation problems whose common theme is that the un-
known parameter has a sparse representation with respect to a known dictionary. We then
review some standard techniques used to recover the unknown parameter in these problems.

In Section 4.5 we will compare these methods with the performance bounds we develop.

4.2.1 The Sparse Setting
Suppose we observe a measurement vector y € R™, given by
y=Axo+w 4.1)

where xp € R" is an unknown deterministic signal, w is independent, identically distributed
(IID) Gaussian noise with zero mean and variance ¢, and A is a known m x n matrix. We
assume the prior knowledge that there exists a sparse representation of x(, or, more precisely,
that

x0 €S2 {x€R": x=Da,||alo <s}. 4.2)

In other words, the set S describes signals x which can be formed from a linear combination of
no more than s columns, or atoms, from D. The dictionary D is an n x p matrix with n < p,
and we assume that s < p, so that only a subset of the atoms in D can be used to represent any
signal in S. We further assume that D and s are known.

Quite a few important signal recovery applications can be formulated using the setting
described above. For example, if A = I, then y consists of noisy observations of xp, and
recovering x( is a denoising problem [73,74]. If A corresponds to a blurring kernel, we obtain
a deblurring problem [75]. In both cases, the matrix A is square and invertible. Interpolation
and inpainting can likewise be formulated as (4.1), but in those cases A is an underdetermined
matrix, i.e., we have m < n [77]. For all of these estimation scenarios, our goal is to obtain an

estimate ¥ whose MSE is as low as possible, where the MSE is defined as

MSE £ E{||% — x0[3} . (4.3)
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Note that x( is deterministic, so that the expectation in (4.3) (and throughout the paper) is taken
over the noise w but not over xp. Thus, the MSE is in general a function of xo.

In the above settings, the goal is to estimate the unknown signal xy. However, it may also be
of interest to recover the coefficient vector ag for which xy = Duwy, e.g., for the purpose of model
selection [8,22]. In this case, the goal is to construct an estimator & whose MSE E{||& — a||3}
is as low as possible. Unless D is unitary, estimating &g is not equivalent to estimating xo.
Note, however, that when estimating «(, the matrices A and D can be combined to obtain the
equivalent problem

y = Huao +w (4.4)
where H = AD is an m x p matrix and
€T ={a €R”: oo < s} (4.5)

Therefore, this problem can also be seen as a special case of (4.1) and (4.2). Nevertheless, it will
occasionally be convenient to refer specifically to the problem of estimating «¢ from (4.4).

Signal estimation problems differ in the properties of the dictionary D and measurement
matrix A. In particular, problems of a very different nature arise depending on whether the
dictionary is a basis or an overcomplete frame. For example, many approaches to denoising
yield simple shrinkage techniques when D is a basis, but deteriorate to NP-hard optimization
problems when D is overcomplete [81].

A final technical comment is in order. If the matrix H in (4.4) does not have full column
rank, then there may exist different feasible parameters a1 and a; such that Hxy = Hay. In this
case, the probability distribution of y will be identical for these two parameter vectors, and the
estimation problem is said to be unidentifiable [6, §1.5.2]. A necessary and sufficient condition
for identifiability is

spark(H) > 2s (4.6)
where spark(H) is defined as the smallest integer k such that there exist k linearly dependent
columns in H [82]. We will adopt the assumption (4.6) throughout the paper. Similarly, in the
problem (4.1) we will assume that

spark(D) > 2s. 4.7)

4.2.2 Estimation Techniques

We now review some standard estimators for the sparse problems described above. These

techniques are usually viewed as methods for obtaining an estimate & of the vector «¢ in (4.4),
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and we will adopt this perspective in the current section. One way to estimate x( in the more
general problem (4.1) is to first estimate ay with the methods described below and then use the
formula % = Du.

A widely-used estimation technique is the ML approach, which provides an estimate of ag
by solving

rr}xin ly — Hal3 st |lafo <s. (4.8)

Unfortunately, (4.8) is a nonconvex optimization problem and solving it is NP-hard [81], mean-
ing that an efficient algorithm providing the ML estimator is unlikely to exist. In fact, to the
best of our knowledge, the most efficient method for solving (4.8) for general H is to enumerate
the (?) possible s-element support sets of & and choose the one for which ||y — He/||3 is minimal.
This is clearly an impractical strategy for reasonable values of p and s. Consequently, several ef-
ficient alternatives have been proposed for estimating ay. One of these is the /1-penalty version

of BPDN [22], which is defined as a solution &pp to the quadratic program
min |y — Hal3 + 7al; ®9)

with some regularization parameter y. More recently, the DS was proposed [8]; this approach

estimates «g as a solution &pg to
rr}xin lal|; st |H (y — Ha)|joo < T (4.10)

where 7T is again a user-selected parameter. A modification of the DS, known as the Gauss-
Dantzig selector (GDS) [8], is to use &pg only to estimate the support of ag. In this approach,
one solves (4.10) and determines the support set of #ps. The GDS estimate is then obtained as

HY y on the support set of &ps
Bgps=¢ (4.11)

0 elsewhere

where H;

aps consists of the columns of H corresponding to the support of &pg.

Previous research on the performance of these estimators has primarily examined their
worst-case MSE among all possible values of ap € 7. Specifically, it has been shown [8] that,

under suitable conditions on H, s, and T, the DS of (4.10) satisfies
|@o — @ps]|3 < Cso?logp with high probability (4.12)

for some constant C. It follows that the MSE of the DS is also no greater than a constant times

so?logp for all &y € T [24]. An identical property was also demonstrated for BPDN (4.9) with



4.3. THE CONSTRAINED CRAMER-RAO BOUND 55

an appropriate choice of y [78]. Conversely, it is known that the worst-case error of any esti-
mator is at least a constant times so? log p [24, §7.4]. Thus, both BPDN and the DS are optimal,
up to a constant, in terms of worst-case error. Nevertheless, the MSE of these approaches for
specific values of «g, even for a vast majority of such values, might be much lower. Our goal
differs from this line of work in that we characterize the pointwise performance of an estimator,
i.e., the MSE for specific values of «y.

Another baseline with which practical techniques are often compared is the oracle estima-

tor, given by

H! b on the set supp(ao)
Xorace = " (4.13)

0 elsewhere

where H,, is the submatrix constructed from the columns of H corresponding to the nonzero
entries of ap. In other words, &yqcle is the least-squares (LS) solution among vectors whose
support coincides with supp (&), which is assumed to have been provided by an “oracle.” Of
course, in practice the support of & is unknown, so that &,ce cannot actually be implemented.
Nevertheless, one often compares the performance of true estimators with &,c1e, Whose MSE
is given by [8]

o Tr((Hy Hay) 7). (4.14)

Is (4.14) a bound on estimation MSE? While &, i @ reasonable technique to adopt if
supp(«p) is known, this does not imply that (4.14) is a lower bound on the performance of
practical estimators. Indeed, as will be demonstrated in Section 4.5, when the SNR is low,
both BPDN and the DS outperform &, thanks to the use of shrinkage in these estimators.
Furthermore, if supp(ag) is known, then there exist biased techniques which are better than
®oracle for all values of ag [42]. Thus, & is neither achievable in practice, nor optimal in terms
of MSE. As we will see, one can indeed interpret (4.14) as a lower bound on the achievable MSE,

but such a result requires a certain restriction of the class of estimators under consideration.

4.3 The Constrained Cramér-Rao Bound

A common technique for determining the achievable performance in a given estimation prob-
lem is to calculate the CRB, which is a lower bound on the MSE of estimators having a given
bias [16]. In this paper, we are interested in calculating the CRB when it is known that the

parameter x satisfies sparsity constraints such as those of the sets S of (4.2) and 7 of (4.5).
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(a) (b) (c)

Figure 4.1: In a locally balanced set such as a union of subspaces (a) and an open ball (b), each
point is locally defined by a set of feasible directions along which an infinitesimal movement
does not violate the constraints. The curve (c) is not characterized in this way and thus is not

locally balanced.

The CRB for constrained parameter sets has been studied extensively in the past [52, 55,56,

58]. However, in prior work derivation of the CRB assumed that the constraint set is given by
X={xeR": f(x) =0, g(x) <0} (4.15)

where f(x) and g(x) are continuously differentiable functions. We will refer to such X" as con-
tinuously differentiable sets. As shown in prior work [52], the resulting bound depends on
the derivatives of the function f. Yet in some cases, including the sparse estimation scenarios
discussed in Section 4.2, the constraint set cannot be written in the form (4.15), and the afore-
mentioned results are therefore inapplicable. Our goal in the current section is to close this gap
by extending the constrained CRB to constraint sets X encompassing the sparse estimation
scenario.

We begin this section with a general discussion of the CRB and the class of estimators to
which it applies. This will lead us to interpret the constrained CRB as a bound on estimators
having an incompletely specified bias gradient. This interpretation will facilitate the applica-

tion of the existing constrained CRB to the present context.

4.3.1 Bias Requirements in the Constrained CRB

In previous settings for which the constrained CRB was derived, it was noted that the resulting

bound is typically lower than the unconstrained version [52, Remark 4]. At first glance, one
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would attribute the reduction in the value of the CRB to the fact that the constraints add infor-
mation about the unknown parameter, which can then improve estimation performance. On
the other hand, the CRB separately characterizes the achievable performance for each value of
the unknown parameter xy. Thus, the CRB at xg applies even to estimators designed specifically
to perform well at xp. Such estimators surely cannot achieve further gain in performance if it is
known that xg € X'. Why, then, is the constrained CRB lower than the unconstrained bound?
The answer to this apparent paradox involves a careful definition of the class of estimators to

which the bound applies.

To obtain a meaningful bound, one must exclude some estimators from consideration. Un-
less this is done, the bound will be tarnished by estimators of the type & = x,, for some constant
xu, which achieve an MSE of 0 at the specific point x = x,,. It is standard practice to circumvent
this difficulty by restricting attention to estimators having a particular bias b(x) = E{&} — x.
In particular, it is common to examine unbiased estimators, for which b(x) = 0.

However, in some settings, it is impossible to construct estimators which are unbiased for
all x € R". For example, suppose we are to estimate the coefficients «y of an overcomplete
dictionary based on the measurements given by (4.4). Since the dictionary is overcomplete, its
nullspace is nontrivial; furthermore, each coefficient vector in the nullspace yields an identical
distribution of the measurements, so that an estimator can be unbiased for one of these vectors

at most.

The question is whether it is possible to construct estimators which are unbiased for some,
but not all, values of x. One possible approach is to seek estimators which are unbiased for all
x € X. However, as we will see later in this section, even this requirement can be too strict:
in some cases it is impossible to construct estimators which are unbiased for all x € X'. More
generally, the CRB is a local bound, meaning that it determines the achievable performance at
a particular value of x based on the statistics at x and at nearby values. Thus, it is irrelevant to
introduce requirements on estimation performance for parameters which are distant from the
value x of interest.

Since we seek a locally unbiased estimator, one possibility is to require unbiasedness at a
single point, say x,. As it turns out, it is always possible to construct such a technique: this is
again ¥ = x,, which is unbiased at x, but nowhere else. To avoid this loophole, one can require

an estimator to be unbiased in the neighborhood

Be(xo) = {x €R™ : ||x — xo|]2 < &} (4.16)
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of xg, for some small ¢. It follows that both the bias b(x) and the bias gradient

, 9b

B(x) = I

4.17)

vanish at x = xy. This formulation is the basis of the unconstrained unbiased CRB, a lower
bound on the covariance at xp which applies to all estimators whose bias gradient is zero at xo.

It turns out that even this requirement is too stringent in constrained settings. As we will
see in Section 4.4.1, estimators of the coefficients of an overcomplete dictionary must have
a nonzero bias gradient matrix. The reason is related to the fact that unbiasedness is required
over the set B (xp), which, in the overcomplete setting, has a higher dimension than the number
of measurements.

However, it can be argued that one is not truly interested in the bias at all points in B,(xo),
since many of these points violate the constraint set X'. A reasonable compromise is to require
unbiasedness over B¢(xp) N X, i.e., over the neighborhood of x restricted to the constraint set
X. This leads to a weaker requirement on the bias gradient B at xg. Specifically, the derivatives
of the bias need only be specified in directions which do not violate the constraints. The exact
formulation of this requirement depends on the nature of the set X'. In the following subsec-
tions, we will investigate various constraint sets and derive the corresponding requirements on
the bias function.

It is worth emphasizing that the dependence of the CRB on the constraints is manifested
through the class of estimators being considered, or more specifically, through the allowed
estimators’ bias gradient matrices. By contrast, the unconstrained CRB applies to estimators
having a fully specified bias gradient matrix. Consequently, the constrained bound applies to a
wider class of estimators, and is thus usually lower than the unconstrained version of the CRB.
In other words, estimators which are unbiased in the constrained setting, and thus applicable
to the unbiased constrained CRB, are likely to be biased in the unconstrained context. Since a
wider class of estimators is considered by the constrained CRB, the resulting bound is lower,

thus explaining the puzzling phenomenon described in the beginning of this subsection.

4.3.2 Locally Balanced Constraints

We now consider a class of constraint sets, called locally balanced sets, which encompass the
sparsity constraints of Section 4.2. Roughly speaking, a locally balanced set is one which is
locally defined at each point by the directions along which one can move without leaving the

set. Formally, a metric space X is said to be locally balanced if, for all x € X, there exists an
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open set C C X such that x € C and such that, for all ¥’ € C and for all |A| < 1, we have
x+Ax —x) €C. (4.18)

As we will see, locally balanced sets are useful in the context of the constrained CRB, as they
allow us to identify the feasible directions along which the bias gradient must be specified.

An example of a locally balanced set is given in Fig. 4.1(a), which represents a union of two
subspaces. In Fig. 4.1(a), for any point x € X, and for any point x’ € X sufficiently close to x,
the entire line segment between x and x’, as well as the line segment in the opposite direction,
are also in X'. This illustrates the fact that any union of subspaces is locally balanced, and, in
particular, so are the sparse estimation settings of Section 4.2 [9,36,83]. As another example,
consider any open set, such as the open ball in Fig. 4.1(b). For such a set, any point x has a
sufficiently small neighborhood C such that, for any x" € C, the line segment connecting x to x’
is contained in X'. On the other hand, the curve in Fig. 4.1(c) is not locally balanced, since the
line connecting x to any other point on the set does not lie within the set.!

Observe that the neighborhood of a point x in a locally balanced set X is entirely determined
by the set of feasible directions v along which infinitesimal changes of x do not violate the
constraints. These are the directions v = x’ — x for all points x” # x in the set C of (4.18). Recall
that we seek a lower bound on the performance of estimators whose bias gradient is defined
over the neighborhood of xj restricted to the constraint set X'. Suppose for concreteness that
we are interested in unbiased estimators. For a locally balanced constraint set X, this implies
that

Bv =0 (4.19)

for any feasible direction v. In other words, all feasible directions must be in the nullspace of
B. This is a weaker condition than requiring the bias gradient to equal zero, and is thus more
useful for constrained estimation problems. If an estimator * satisfies (4.19) for all feasible di-
rections v at a certain point xj, we say that & is A'-unbiased at xg. This terminology emphasizes
the fact that X'-unbiasedness depends both on the point xy and on the constraint set X'
Consider the subspace F spanned by the feasible directions at a certain point x € X'. We
refer to F as the feasible subspace at x. Note that 7 may include infeasible directions, if these

are linear combinations of feasible directions. Nevertheless, because of the linearity of (4.19),

IWe note in passing that since the curve in Fig. 4.1(c) is continuously differentiable, it can be locally approximated
by a locally balanced set. Our derivation of the CRB can be extended to such approximately locally balanced sets in

a manner similar to that of [52], but such an extension is not necessary for the purposes of this paper.
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any vector u € F satisfies Bu = 0, even if u is infeasible. Thus, X'-unbiasedness is actually a
property of the feasible subspace F, rather than the set of feasible directions.

Since X is a subset of a finite-dimensional Euclidean space, F is also finite-dimensional,
although different points in X may yield subspaces having differing dimensions. Let uy, ..., u,

denote an orthonormal basis for F, and define the matrix
u=uy,..., ul. (4.20)

Note that #; and U are functions of x. For a given function x, different orthonormal bases can
be chosen, but the choice of a basis is arbitrary and will not affect our results.
As we have seen, X'-unbiasedness at x( can alternatively be written as Bu = 0 forallu € F,

or, equivalently

BU = 0. 4.21)

The constrained CRB can now be derived as a lower bound on all X'-unbiased estimators,
which is a weaker requirement than “ordinary” unbiasedness.

Just as X'-unbiasedness was defined by requiring the bias gradient matrix to vanish when
multiplied by any feasible direction vector, we can define X'-biased estimators by requiring a
specific value (not necessarily zero) for the bias gradient matrix when multiplied by a feasible
direction vector. In an analogy to (4.21), this implies that one must define a value for the matrix
BU. Our goal is thus to construct a lower bound on the covariance at a given x achievable by
any estimator whose bias gradient B at x satisfies BU = P, for a given matrix P. This is referred

to as specifying the X-bias of the estimator at x.

4.3.3 The CRB for Locally Balanced Constraints

It is helpful at this point to compare our derivation with prior work on the constrained CRB,
which considered continuously differentiable constraint sets of the form (4.15). It has been
previously shown [52] that inequality constraints of the type g(x) < 0 have no effect on the

CRB. Consequently, we will consider constraints of the form
X ={xeR": f(x) =0}. (4.22)

Define the k x n matrix F(x) = df/dx. For simplicity of notation, we will omit the dependence
of F on x. Assuming that the constraints are non-redundant, F is a full-rank matrix, and thus

one can define an n X (n — k) matrix W (also dependent on x) such that

FW=0, Ww=1I (4.23)
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The matrix W is closely related to the matrix U spanning the feasible direction subspace of
locally balanced sets. Indeed, the column space R(W) of W is the tangent space of &, i.e.,
the subspace of IR” containing all vectors which are tangent to A" at the point x. Thus, the
vectors in R(W) are precisely those directions along which infinitesimal motion from x does
not violate the constraints, up to a first-order approximation. It follows that if a particular set X’
is both locally balanced and continuously differentiable, its matrices U and W coincide. Note,
however, that there exist sets which are locally balanced but not continuously differentiable
(and vice versa).

With the above formulation, the CRB for continuously differentiable constraints can be
stated as a function of the the matrix W and the bias gradient B [58]. In fact, the resulting
bound depends on B only through BW. This is to be expected in light of the discussion of
Section 4.3.1: The bias should be specified only for those directions which do not violate the
constraint set. Furthermore, the proof of the CRB in [58, Theorem 1] depends not on the formu-
lation (4.22) of the constraint set, but merely on the class of bias functions under consideration.
Consequently, one can state the bound without any reference to the underlying constraint set.
To do so, let y be a measurement vector with pdf p(y; x), which is assumed to be differentiable

with respect to x. The Fisher information matrix (FIM) J(x) is defined as

J(x) = E{AAT} (4.24)
where
A = 2logpy:x) (4.25)
ox

We assume that the FIM is well-defined and finite. We further assume that integration with
respect to y and differentiation with respect to x can be interchanged, a standard requirement

for the CRB. We then have the following result.

Theorem 4.1. Let % be an estimator and let B = 0b /0x denote the bias gradient matrix of X at a given
point xo. Let U be an orthonormal matrix, and suppose that BU is known, but that B is otherwise
arbitrary. If

R(u(u + BU)T)> c R(UUT]UUT) (4.26)

then the covariance of & at xo satisfies
+
Cov(%) = (U + BU) (uT ]u) (u + Bu)’. (4.27)
Equality is achieved in (4.27) if and only if

& = x + b(xo) + (U + BU) (LITILI>+LITA (4.28)
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in the mean square sense, where A is defined by (4.25). Conversely, if (4.26) does not hold, then there

exists no finite-variance estimator with the required bias gradient.

As required, no mention of constrained estimation is made in Theorem 4.1; instead, partial
information about the bias gradient is assumed. Apart from this restatement, the theorem is
identical to [58, Theorem 1], and its proof is unchanged. However, the above formulation is
more general in that it can be applied to any constrained setting, once the constraints have
been translated to bias gradient requirements. In particular, Theorem 4.1 provides a CRB for
locally balanced sets if the matrix U is chosen as a basis for the feasible direction subspace of

Section 4.3.2.

4.4 Bounds on Sparse Estimation

In this section, we apply the CRB of Theorem 4.1 to several sparse estimation scenarios. We

begin with an analysis of the problem of estimating a sparse parameter vector.

4.4.1 Estimating a Sparse Vector

Suppose we would like to estimate a parameter vector &9, known to belong to the set 7 of
(4.5), from measurements y given by (4.4). To determine the CRB in this setting, we begin by
identifying the feasible subspaces F corresponding to each of the elements in 7. To this end,
consider first vectors « € T for which ||a||p = s, i.e., vectors having maximal support. Denote

by {i1,...,is} the support set of . Then, for all §, we have
e+ de;llo=|lafo=s, k=1,...,s (4.29)

where e; is the jth column of the identity matrix. Thus & + de;, € T, and consequently, the vec-
tors {e;,, ..., e; } are all feasible directions, as is any linear combination of these vectors. On the
other hand, for any j ¢ supp(«) and for any nonzero 6, we have ||a + de;|o = s + 1, and thus ¢;
is not a feasible direction; neither is any other vector which is not in span{ i, ..., }. Tt follows
that the feasible subspace F for points having maximal support is given by span{e;, ..., e;},

and a possible choice for the matrix U of (4.20) is
u=le,...,e;| forlalo=s. (4.30)

The situation is different for points « having ||«|[o < s. In this case, vectors e; corresponding
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to any direction i are feasible directions, since
& + deillo < |lallo+1 <s. (4.31)
Because the feasible subspace is defined as the span of all feasible directions, we have
F D span{ey,...,ep} = RP. (4.32)
It follows that 7 = IR? and thus a convenient choice for the matrix U is
U=1 forlal<s. (4.33)

Consequently, whenever ||«||o < s, a specification of the 7 -bias amounts to completely speci-
fying the usual estimation bias b(x).

To invoke Theorem 4.1, we must also determine the FIM J(«). Under our assumption of
white Gaussian noise, J(«) is given by [16, p. 85]

1

_ T
= H'H. (4.34)

J (&)
Using (4.30), (4.33), and (4.34), it is readily shown that

LHIH, when ||aljo=s
ulju={ *" (4.35)

%HTH when ||al[p <'s
where H, is the p x s matrix consisting of the columns of H indexed by supp(«).
We now wish to determine under what conditions (4.26) holds. Consider first points « for
which ||ag|lo = s. Since, by (4.6), we have spark(H) > s, it follows that in this case U JU is

invertible. Therefore
R(uuT]uuT) - R(uuT>. (4.36)
Since
R (uuT(I + BT)> CR (uuT> (4.37)
we have that condition (4.26) holds when |[|ag]|o = s.
The condition (4.26) is no longer guaranteed when |ag|lo < s. In this case, U = I, so that
(4.26) is equivalent to
R (1 + BT> CR (HTH) . (4.38)
Using the fact that R(H"H) = R(H") and that, for any matrix Q, R(QT) = N'(Q)", we find
that (4.38) is equivalent to
N(H) CN(I+B). (4.39)



64 CHAPTER 4. THE CRB FOR SPARSE ESTIMATION

Combining these conclusions with Theorem 4.1 yields the following CRB for the problem of

estimating a sparse vector.

Theorem 4.2. Consider the estimation problem (4.4) with «g given by (4.5), and assume that (4.6)
holds. For a finite-variance estimator ® of g to exist, its bias gradient matrix B must satisfy (4.39)
whenever ||agllo < s. Furthermore, the covariance of any estimator whose T -bias gradient matrix is

BU satisfies

Cov(a) = *(I+B)(HTH)" (1 + BT)
when ||agllo < s,
Cov(®) = ¢*(U + BU)(HL Hy,) (U + BU)"

when ||agl|o = s. (4.40)
Here, H,, is the matrix containing the columns of H corresponding to supp(ao).

Let us examine Theorem 4.2 separately in the underdetermined and well-determined cases.
In the well-determined case, in which H has full row rank, the nullspace of H is trivial, so
that (4.39) always holds. It follows that the CRB is always finite, in the sense that we cannot
rule out the existence of an estimator having any given bias function. Some insight can be
obtained in this case by examining the T -unbiased case. Noting also that H H is invertible in

the well-determined case, the bound for 7 -unbiased estimators is given by

Cov(®) = c*(HTH) ! when ||agllo <'s,

Cov(®) = UZU(HZOHaO)_lllT when ||agl|o = s. (4.41)

From this formulation, the behavior of the CRB can be described as follows. When «g has
non-maximal support (|lap|o < s), the CRB is identical to the bound which would have been
obtained had there been no constraints in the problem. This is because U = I in this case,
so that 7-unbiasedness and ordinary unbiasedness are equivalent. As we have seen in Sec-
tion 4.3.1, the CRB is a function of the class of estimators under consideration, so the uncon-
strained and constrained bounds are equivalent in this situation. The bound ¢?(HTH)™! is

achieved by the unconstrained LS estimator
a=(H"H) 'H"y (4.42)

which is the minimum variance unbiased estimator in the unconstrained case. Thus, we learn

from Theorem 4.2 that for values of ¢ having non-maximal support, no 7 -unbiased technique
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can outperform the standard LS estimator, which does not assume any knowledge about the
constraint set 7.

On the other hand, consider the case in which &y has maximal support, i.e., ||&ollo = s.
Suppose first that supp(ag) is known, so that one must estimate only the nonzero values of
«p. In this case, a reasonable approach is to use the oracle estimator (4.13), whose covariance
matrix is given by UZU(HEOHaO)*lLIT [8]. Thus, when «y has maximal support, Theorem 4.2
states that 7 -unbiased estimators can perform, at best, as well as the oracle estimator, which is
equivalent to the LS approach when the support of ag is known.

The situation is similar, but somewhat more involved, in the underdetermined case. Here,
the condition (4.39) for the existence of an estimator having a given bias gradient matrix no
longer automatically holds. To interpret this condition, it is helpful to introduce the mean
gradient matrix M («), defined as

oE{a}
o

M(x) = = 1+B. (4.43)

The matrix M () is a measure of the sensitivity of an estimator to changes in the parameter vec-
tor. For example, a T -unbiased estimator is sensitive to any feasible change in «. Thus, N'(M)
denotes the subspace of directions to which # is insensitive. Likewise, N'(H) is the subspace
of directions for which a change in &« does not modify H«. The condition (4.39) therefore states
that for an estimator to exist, it must be insensitive to changes in « which are unobservable
through Hua, at least when ||a|lo < s. No such requirement is imposed in the case ||a|jo = s,
since in this case there are far fewer feasible directions.

The lower bound (4.40) is similarly a consequence of the wide range of feasible directions
obtained when ||| < s, as opposed to the tight constraints when ||a||o = s. Specifically, when
lle|lo < s, a change to any component of « is feasible and hence the lower bound equals that
of an unconstrained estimation problem, with the FIM given by c~2H” H. On the other hand,
when ||a|lp = s, the bound is effectively that of an estimator with knowledge of the particular
subspace to which a belongs; for this subspace the FIM is the submatrix U” JU given in (4.35).
This phenomenon is discussed further in Section 4.6.

Another difference between the well-determined and underdetermined cases is that when
H is underdetermined, an estimator cannot be 7 -unbiased for all . To see this, recall from
(4.21) that T -unbiased estimators are defined by the fact that BU = 0. When |ja|jp < s, we
have U = I and thus 7T -unbiasedness implies B = 0, so that N (I + B) = {0}. But since
H is underdetermined, N (H) is nontrivial. Consequently, (4.39) cannot hold for 7 -unbiased
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estimators when ||a||p < s.

The lack of T-unbiased estimators when ||ag|o < s is a direct consequence of the fact that
the feasible direction set at such & contains all of the directions ey, ..., e,. The conclusion
from Theorem 4.2 is then that no estimator can be expected to be unbiased in such a high-
dimensional neighborhood, just as unbiased estimation is impossible in the p-dimensional
neighborhood B, (), as explained in Section 4.3.1. However, it is still possible to obtain a finite
CRB in this setting by further restricting the constraint set: if it is known that ||agljo = § < s,
then one can redefine 7 in (4.5) by replacing s with 5. This will enlarge the class of estimators
considered 7 -unbiased, and Theorem 4.2 would then provide a finite lower bound on those
estimators. Such estimators will not, however, be unbiased in the sense implied by the original
constraint set.

While an estimator cannot be unbiased for all « € T, unbiasedness is possible at points «
for which ||«||o = s. In this case, Theorem 4.2 produces a bound on the MSE of a 7 -unbiased
estimator, obtained by calculating the trace of (4.40) in the case BU = 0. This bound is given
by

E{l[@ — wl3} > o? Te((Hy Hoy) ™), laollo =s. (4.44)

The most striking feature of (4.44) is that it is identical to the oracle MSE (4.14). However,
the CRB is of additional importance because of the fact that the ML estimator achieves the CRB
in the limit when a large number of independent measurements are available, a situation which
is equivalent in our setting to the limit ¢ — 0. In other words, an MSE of (4.44) is achieved at
high SNR by the ML approach (4.8), as we will illustrate numerically in Section 4.5. While the
ML approach is computationally intractable in the sparse estimation setting, it is still imple-
mentable in principle, as opposed to ®oracle, Which relies on unavailable information (namely,
the support set of ap). Thus, Theorem 4.1 gives an alternative interpretation to comparisons of
estimator performance with the oracle.

Observe that the bound (4.44) depends on the value of «( (through its support set, which
defines H,,). This implies that some values of a are more difficult to estimate than others. For
example, suppose the ¢, norms of some of the columns of H are significantly larger than the
remaining columns. Measurements of a parameter &y whose support corresponds to the large-
norm columns of H will then have a much higher SNR than measurements of a parameter
corresponding to small-norm columns, and this will clearly affect the accuracy with which «g
can be estimated. To analyze the behavior beyond this effect, it is common to consider the

situation in which the columns h; of H are normalized so that ||h;]|; = 1. In this case, for
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sufficiently incoherent dictionaries, Tr((Hj Ha,) ') is bounded above and below by a small
constant times s, so that the CRB is similar for all values of «¢. To see this, let y be the coherence

of H [22], defined (for H having normalized columns) as

A T

= hil. 44
p = max |k h]( (4.45)
By the Gershgorin disc theorem, the eigenvalues of HZOH x, are in the range [1 — sy, 1+ sp]. It
follows that the unbiased CRB (4.44) is bounded above and below by

so?

1+su

so?

1—su’

< o Tr((Hy Hy) ') <

(4.46)

Thus, when s is somewhat smaller than 1/, the CRB is roughly equal to so? for all values of
«o. As we have seen in Section 4.2.2, for sufficiently small s, the worst-case MSE of practical
estimators, such as BPDN and the DS, is O(sa2 log p). Thus, practical estimators come almost
within a constant of the unbiased CRB, implying that they are close to optimal for all values of

o, at least when compared with unbiased techniques.

4.4.2 Denoising and Deblurring

We next consider the problem (4.1), in which it is required to estimate not the sparse vector ag
itself, but rather the vector xo = D«o, where D is a known dictionary matrix. Thus, xy belongs
to the set S of (4.2). We assume for concreteness that D has full row rank and that A has full
column rank. This setting encompasses the denoising and deblurring problems described in
Section 4.2.1, with the former arising when A = I and the latter obtained when A represents
a blurring kernel. Similar calculations can be carried out when A is rank-deficient, a situation
which occurs, for example, in some interpolation problems.

Recall from Section 4.2.1 the assumption that every x € S has a unique representation x =
Da for which « is in the set 7 of (4.5). We denote by 7(-) the mapping from S to 7 which

returns this representation. In other words, r(x) is the unique vector in 7 for which
x=Dr(x) and |[r(x)|o <s. (4.47)

Note that while the mapping r is well-defined, actually calculating the value of #(x) for a given
vector x is, in general, NP-hard.
In the current setting, unlike the scenario of Section 4.4.1, it is always possible to construct

an unbiased estimator. Indeed, even without imposing the constraint (4.2), there exists an
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unbiased estimator. This is the LS or maximum likelihood estimator, given by
= (ATA) ATy, (4.48)
A standard calculation demonstrates that the covariance of & is
o>(ATA)L (4.49)

On the other hand, the FIM for the setting (4.1) is given by

1
J = ;ATA. (4.50)

Since A has full row rank, the FIM is invertible. Consequently, it is seen from (4.49) and (4.50)
that the LS approach achieves the CRB J~! for unbiased estimators. This well-known property
demonstrates that in the unconstrained setting, the LS technique is optimal among all unbiased
estimators.

The LS estimator, like any unbiased approach, is also S-unbiased. However, with the addi-
tion of the constraint xy € S, one would expect to obtain improved performance. It is therefore
of interest to obtain the CRB for the constrained setting. To this end, we first note that since
] is invertible, we have R (UUT JUU") = R(UUT) for any U, and consequently (4.26) holds
for any matrix B. The bound (4.27) of Theorem 4.1 thus applies regardless of the bias gradient
matrix.

For simplicity, in the following we derive the CRB for S-unbiased estimators. A calculation
for arbitrary S-bias functions can be performed along similar lines. Consider first values x € S

such that ||r(x)|lo < s. Then, ||r(x) + de;||o < s for any ¢ and for any e,. Therefore,
x+déDe; €S (4.51)

for any ¢ and e;. In other words, the feasible directions include all columns of D. Since it is
assumed that D has full row rank, this implies that the feasible subspace F equals R", and the
matrix U of (4.20) can be chosenas U = I.

Next, consider values x € S for which ||r(x)||o = s. Then, for sufficiently small § > 0, we

have ||r(x) + év|jp < s if and only if v = e; for some i € supp(r(x)). Equivalently,
x4+ d6v € Sif and only if v = De; and i € supp(r(x)). (4.52)

Consequently, the feasible direction subspace in this case corresponds to the column space

of the matrix D, containing the s columns of D indexed by supp(r(x)). From (4.7) we have
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Figure 4.2: MSE of various estimators compared with the unbiased CRB (4.44), for (a) varying
SNR and (b) varying sparsity levels.

spark(D) > s, and therefore the columns of D, are linearly independent. Thus the orthogonal

projector onto F is given by
p2uu’ =p,(pIn,) DL (4.53)
Combining these calculations with Theorem 4.1 yields the following result.

Theorem 4.3. Consider the estimation setting (4.1) with the constraint (4.2), and suppose spark(D) >

2s. Let X be a finite-variance S-unbiased estimator. Then,

Cov (&) = 0?(ATA)! when ||r(x)]jo <s,

.I.
Cov(&) > o2 (PATAP> when |[r(x)|jo = . (4.54)

Here, P is given by (4.53), in which Dy is the n X s matrix consisting of the columns of D participating

in the (unique) s-element representation D of x.

As in Theorem 4.2, the bound exhibits a dichotomy between points having maximal and
non-maximal support. In the former case, the CRB is equivalent to the bound obtained when
the support set is known, whereas in the latter the bound is equivalent to an unconstrained

CRB. This point is discussed further in Section 4.6.
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4.5 Numerical Results

In this section, we demonstrate the use of the CRB for measuring the achievable MSE in the
sparse estimation problem (4.4). To this end, a series of simulations was performed. In each
simulation, a random 100 x 200 dictionary H was constructed from a zero-mean Gaussian IID
distribution, whose columns h; were normalized so that ||h;|, = 1. A parameter ay was then
selected by choosing a support uniformly at random and selecting the nonzero elements as
Gaussian IID variables with mean 0 and variance 1. Noisy measurements y were obtained
from (4.4), and «p was then estimated using BPDN (4.9), the DS (4.10), and the GDS (4.11).
The regularization parameters were chosen as T = 20/log p and 7 = 40+/log(p — s), rules of
thumb which are motivated by a theoretical analysis [78]. The MSE of each estimate was then
calculated by repeating this process with different realizations of the random variables. The
unbiased CRB was calculated using (4.44). In this case, the unbiased CRB equals the MSE of
the oracle estimator (4.13), but as we will see below, interpreting (4.44) as a bound on unbiased

estimators provides further insight into the estimation problem.

A first set of experiments was conducted to examine the CRB at various SNR levels. In this
simulation, the ML estimator (4.8) was also computed, in order to verify its convergence to the
CRB at high SNR. Since the ML approach is computationally prohibitive when p and s are
large, this necessitated the selection of the rather low support size s = 3. The MSE and CRB
were calculated for 15 SNR values by changing the noise standard deviation ¢ between 1 and
10~3. The MSE of the ML approach, as well as the other estimators of Section 4.2.2, is compared
with the CRB in Fig. 4.2(a). The convergence of the ML estimator to the CRB is clearly visible
in this figure. The performance of the GDS is also impressive, being as good or better than the
ML approach. Apparently, at high SNR, the DS tends to correctly recover the true support set,
in which case GDS (4.11) equals the oracle (4.13). Perhaps surprisingly, applying a LS estimate
on the support set obtained by BPDN (which could be called a “Gauss—-BPDN” strategy) does
not work well at all, and in fact results in higher MSE than a direct application of BPDN. (The
results for the Gauss-BPDN method are not plotted in Fig. 4.2.)

Note that some estimation techniques outperform the oracle MSE (or CRB) at low SNR. It
may appear surprising that a practical technique such as the DS outperforms the oracle. The
explanation for this stems from the fact that the CRB (4.44) is a lower bound on the MSE of un-
biased estimators. The bias of most estimators tends to be negligible in low-noise settings, but

often increases with the noise variance 2. Indeed, when ¢ is as large as ||aol|3, the measure-
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ments carry very little useful information about «g, and an estimator can improve performance
by shrinkage. Such a strategy, while clearly biased, yields lower MSE than a naive reliance on
the noisy measurements. This is indeed the behavior of the DS and BPDN, since for large a2,
the /1 regularization becomes the dominant term, resulting in heavy shrinkage. Consequently,
it is to be expected that such techniques will outperform even the best unbiased estimator at
low SNR, as indeed occurs in Fig. 4.2(a).

The performance of the estimators of Section 4.2.2, excluding the ML method, was also
compared for varying sparsity levels. To this end, the simulation was repeated for 15 support
sizes in the range 1 < s < 30, with a constant noise standard deviation of ¢ = 0.01. The results
are plotted in Fig. 4.2(b). While a substantial gap exists between the CRB and the MSE of the
practical estimators in this case, the general trend in both cases describes a similar rate of in-
crease as s grows. Interestingly, a drawback of the GDS approach is visible in this setting: as s
increases, correct support recovery becomes more difficult, and shrinkage becomes a valuable
asset for reducing the sensitivity of the estimate to random measurement fluctuations. The LS
approach practiced by the GDS, which does not perform shrinkage, leads to gradual perfor-
mance deterioration.

Results similar to Fig. 4.2 were obtained for a variety of related estimation scenarios, in-

cluding several deterministic, rather than random, dictionaries H.

4.6 Discussion

In this paper, we extended the CRB to constraint sets satisfying the local balance condition
(Theorem 4.1). This enabled us to derive lower bounds on the achievable performance in var-
ious estimation problems (Theorems 4.2 and 4.3). In simple terms, Theorems 4.2 and 4.3 can
be summarized as follows. The behavior of the CRB differs depending on whether or not the
parameter has maximal support (i.e., ||«][p = s). In the case of maximal support, the bound
equals that which would be obtained if the sparsity pattern were known; this can be consid-
ered an “oracle bound”. On the other hand, when ||a||o < s, performance is identical to the
unconstrained case, and the bound is substantially higher. We now discuss some practical im-
plications of these conclusions. To simplify the discussion, we consider the case of unbiased
estimators, though analogous conclusions can be drawn for any bias function.

When ||«||p = s and all nonzero elements of « are considerably larger than the standard

deviation of the noise, the support set can be recovered correctly with high probability (at least
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if computational considerations are ignored). Thus, in this case an estimator can mimic the
behavior of the oracle, and the CRB is expected to be tight. Indeed, in the high SNR limit, the
ML estimator achieves the unbiased CRB. On the other hand, when the support of « is not
maximal, the unbiasedness requirement demands sensitivity to changes in all components of
«, and consequently the bound coincides with the unconstrained CRB. Thus, as claimed in
Section 4.3, in underdetermined cases no estimator is unbiased for all« € S.

An interesting observation can also be made concerning maximal-support points & for
which some of the nonzero elements are close to zero. The CRB in this “low-SNR” case corre-
sponds to the oracle MSE, but as we will see, the bound is loose for such values of «. Intuitively,
at low-SNR points, any attempt to recover the sparsity pattern will occasionally fail. Conse-
quently, despite the optimistic CRB, it is unlikely that the oracle MSE can be achieved. Indeed,
the covariance matrix of any finite-variance estimator is a continuous function of « [6], and the
fact that performance is bounded by the (much higher) unconstrained bound when ||«|[o < s
implies that performance must be similarly poor for low SNR.

This excessive optimism is a result of the local nature of the CRB: The bound is a function
of the estimation setting only in an e-neighborhood of the parameter itself. Indeed, the CRB
depends on the constraint set only through the feasible directions, which were defined in Sec-
tion 4.3.2 as those directions which do not violate the constraints for sufficiently small deviations.
Thus, for the CRB, it is entirely irrelevant if some of the components of « are close to zero, as
long as supp(«) is held constant.

A tighter bound for sparse estimation problems may be obtained using the Hammersley—
Chapman-Robbins (HCR) approach [50-52], which depends on the constraints at points be-
yond the local neighborhood of x. Such a bound is likely to yield tighter results for low SNR
values, and will create a smooth transition between the regions of maximal and non-maximal
support. However, the bound will depend on more complex properties of the estimation set-
ting, such as the distance between D« and feasible points with differing supports. The deriva-

tion of such a bound is a subject for further research.
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5.1 Introduction

Research in the past few years has led to a recognition that the performance of signal pro-
cessing algorithms can be boosted by exploiting the tendency of many signals to have sparse
representations. Applications of this principle include signal reconstruction (e.g. in the context
of compressed sensing [84,85]) and signal enhancement (e.g. in the context of image denoising
and deblurring [75,76,86]).

In this work, we consider the estimation of an S-sparse, finite-dimensional vector x € RN
By “S-sparse” we mean that the vector x has at most S nonzero entries, which is denoted by
|x]l, = |supp(x)| < S, where supp(x) denotes the set of indices of the nonzero entries of x.
The “sparsity” S is assumed to be known, and typically S < N. However, the positions of the
nonzero entries (i.e., supp(x)) as well as the values of the nonzero entries are unknown. We
investigate how much we can gain in estimation accuracy by knowing a priori that the vector x
is S-sparse. We will use the frequentist setting [6] of estimation theory, i.e., we will model x as
unknown but deterministic. This is in contrast to Bayesian estimation theory, where one treats

x as a random vector whose probability density function (pdf) or certain moments thereof are
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assumed to be known. In the Bayesian setting, the sparsity can be modeled by using a pdf that
favors sparse vectors, see e.g. [87-89].

A fundamental concept in the frequentist setting is that of unbiasedness [6,16,90]. An un-
biased estimator is one whose expectation always equals the true underlying vector x. The
restriction to unbiased estimators is important as it excludes trivial and practically useless es-
timators, and it allows us to study the difficulty of the estimation problem using established
techniques such as the Cramér—Rao bound (CRB) [16, 45,90]. Another justification of unbi-
asedness is that for typical estimation problems, when the variance of the noise is low, it is
necessary for an estimator to be unbiased in order to achieve a small mean-squared estimation
error (MSE) [6].

These reasons notwithstanding, there is no guarantee that unbiased estimators are nec-
essarily optimal. In fact, in many settings, including the scenario described in this paper,
there exist biased estimators which are strictly better than any unbiased technique in terms
of MSE [42,44,91]. Nevertheless, for simplicity and because of the reasons stated above, we
focus on bounds for unbiased estimation in this work. As we will see, bounds on unbiased
techniques give some indication of the general difficulty of the setting, and as such some of our
conclusions will be shown empirically to characterize biased techniques as well.

Our main contribution is a characterization of the optimal performance of unbiased estima-

tors &(y) that are based on observing
y=Ax+n (5.1)

where A € RM*N (M > N) is a known matrix with orthonormal columns, i.e., ATA = I, and
n ~ N(0, 21 M) denotes zero-mean white Gaussian noise with known variance o2 (here, Iy
denotes the identity matrix of size N x N). Note that without loss of generality we can then
assume that A = Iy and M = N, ie,, y = x + n, since premultiplication of the model (5.1)
by AT will reduce the estimation problem to an equivalent problem y' = A’x + n’ in which
A’ = ATA = Iy and the noise n’ = An is again zero-mean white Gaussian with variance
0. Such a sparse signal model can be used, e.g., for channel estimation [92] when the channel
consists only of few significant taps and an orthogonal training signal is used [93]. Another
application that fits our scope is image denoising using an orthonormal wavelet basis [86]. We
note that parts of this work were previously presented in [94].

The estimation problem (5.1) with A = Iy was studied by Donoho and Johnstone [95, 96].

Their work was aimed at demonstrating asymptotic minimax optimality, i.e., they considered
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estimators having optimal worst-case behavior when the problem dimensions N, S tend to in-
finity. By contrast, we consider the finite-dimensional setting, and attempt to characterize the
performance at each value of x, rather than analyzing worst-case behavior. Such a “pointwise”
approach was also advocated by the authors of [70,79], who studied the CRB for the sparse
linear model (5.1) with arbitrary A. However, the CRB is a local bound, in the sense that the
performance characterization it provides is only based on the statistical properties in the neigh-
borhood of the specific value of x being examined. In particular, the CRB for a given x is only
based on a local unbiasedness assumption, meaning that the estimator is only required to be
unbiased at x and in its infinitesimal neighborhood. Our goal in this paper is to obtain per-
formance bounds for the more restrictive case of globally unbiased estimators, i.e., estimators
whose expectation equals the true x for each S-sparse vector x. Since any globally unbiased

estimator is also locally unbiased, our lower bounds will be tighter than those of [70,79].

Our contributions and the organization of this paper can be summarized as follows. In Sec-
tion 5.2, we show that whereas only one unbiased estimator exists for the ordinary (nonsparse)
signal in noise model, there are infinitely many unbiased estimators for the sparse signal in
noise model; on the other hand, none of them has uniformly minimum variance. In Sections
5.3 and 5.4, we characterize the performance of locally minimum variance unbiased estimators
by providing, respectively, lower and upper bounds on their mean-squared error (MSE). These
bounds can equivalently be viewed as lower and upper bounds on the Barankin bound [52,53].
Finally, numerical studies exploring and extending our performance bounds and comparing

them with established estimator designs are presented in Section 5.5.

Notation: Throughout the paper, boldface lowercase letters (e.g., x) denote column vectors
while boldface uppercase letters (e.g., M) denote matrices. We denote by tr(M), M', and M"
the trace, transpose, and Moore-Penrose pseudoinverse of M, respectively. The identity matrix
of size Nx N is denoted by Iy. The notation M = N indicates that M —N is a positive semidef-
inite matrix. The set of indices of the nonzero entries of a vector x is denoted by supp(x), and
||x]|, is defined as the size of this set. The kth entry of x is written x;. We also use the signum
function of a real number y, sgn(y) = y/|y|. The sets of nonnegative, nonpositive, and positive

real numbers will be denoted by R, R_, and R, respectively.
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5.2 The Sparse Signal in Noise Model

5.2.1 Problem Setting

Let x € RN be an unknown deterministic vector which is known to be S-sparse, i.e.,
xeXs, with Xs = {xeRN : ||x||, < S}.

The vector x is to be estimated based on the observation of a vector y which is the sum of x and

zero-mean white Gaussian noise. Thus

y=x+mn, with xe Xs, nNN(O,UZIN) (5.2)

where the noise variance ¢? is assumed to be nonzero and known. It follows that the pdf of y,

parameterized by the deterministic but unknown parameter x € Xs, is

1 1
flyix) = (2ro?)N72 P <— @Hy—xH%)- (5.3)

We refer to (5.2) as the sparse signal in noise model (SSNM). As explained previously, settings
of the form (5.1) with an orthonormal matrix A can be converted to the SSNM (5.2). The case
S = N corresponds to the situation in which no sparsity assumption is made. As we will see,
this case is fundamentally different from the sparse setting S < N, which is our focus in this
paper.

An estimator &(y) of the parameter x is a function that maps (a realization of) the observation

y to (a realization of) the estimated vector %, i.e.,
() RN RN:y s &

With an abuse of notation, we will use the symbol & for both the estimator (which is a function)
and the estimate (a specific function value). The meaning should be clear from the context.
The question now is how we can exploit the information that x is S-sparse in order to construct
“good” estimators. Our measure of the quality of an estimator %(-) for a given parameter value

x € X5 will be the estimator’s MSE, which is defined as

e(x;%) £ Eo{|%(y) — I3}

Here, the notation E,{-} means that the expectation is taken with respect to the pdf f(y; x) of
the observation y parameterized by x. Note that even though x is known to be S-sparse, the

estimates X are not constrained to be S-sparse.
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The MSE can be written as the sum of a bias term and a variance term, i.e.,
e(x;8) = ||b(x;2)5 + V(x; &)

where the bias b(x; &) £ E,{%(y)} — x accounts for systematic estimation errors and the vari-
ance V(x; &) £ E,{||2(y) — Ex{&(y)}|3} accounts for errors due to random fluctuations of the
estimate. Thus, for unbiased estimators (b(x; %) = 0 for all x € X), the MSE is equal to the
variance, i.e., ¢(x; &) = V(x; &).

We will also consider the mean power (second moment) of an estimator,

P(x;%) £ E{lI*()I3} = V(% %) + |[E{&() 3 (5.4)

For unbiased estimators, ||Ex{%(y)}||3 = ||x||3; thus, minimizing the variance V (x; &) at a fixed

x € Xs among all unbiased estimators is equivalent to minimizing P(x; %).

5.2.2 Estimator Design

Two well-established estimator designs are the least squares (LS) estimator defined by
fis(y) £ argmin [y —«'|3 (5.5)
x'eXs
and the maximum likelihood (ML) estimator defined by
iv(y) £ argmax f(y; x'). (5.6)
x'eXs
For the SSNM, due to (5.3), the LS and ML estimators coincide; they are easily seen to be given
by
xs(y) = me(y) = Ps(y) (5.7)

where Ps is an operator that retains the S largest (in magnitude) components and zeros out all
others. The LS/ML estimator is biased unless S = N. Note that this estimator is not based on a
direct minimization of the MSE. Indeed, if the sparsity constraint is removed (S=N) and N > 3,
it has been shown [42,44,91] that there exist estimators which yield a better MSE performance
than that of the LS/ML estimator.

The MSE ¢(x; &) of a specific estimator %(-) depends on the value of the parameter x. This
makes it difficult to define optimality in terms of minimum MSE. For example, if an estimator
%(-) performs well (i.e., has a small MSE) for a specific parameter value x1, it may still exhibit
poor performance (i.e., a large MSE) for a different parameter value x;. Ideally, an optimal es-

timator should have minimum MSE for all parameter values simultaneously. However, such an
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optimality criterion is unobtainable since the minimum MSE achievable at a specific parameter
value x; is zero; it is achieved by the trivial estimator (y) = x; which is constant and com-
pletely ignores the observation y. Therefore, if there were a uniformly minimum MSE estimator,
it would have to achieve zero MSE for all parameter values, which is obviously impossible.
Thus, requiring the estimator to minimize the MSE at all parameter values simultaneously
makes no sense.

One useful optimality criterion is the minimax approach, which considers the worst-case

MSE

sup £(x; %)
xeXs

of an estimator %(-). An optimal estimator in the minimax sense minimizes the worst-case
MSE, i.e., is a solution of the optimization problem

inf sup €(x; &).
5‘:() xeXs

Considerable effort has been spent to identify minimax estimators for sparse models such as
the SSNM in (5.2); see, e.g., [95-97]. However, these results only apply in the asymptotic
regime, i.e., when N,S — co. By contrast, our goal is to analyze estimator performance for
finite problem dimensions. There are no known closed-form expressions of the minimax risk
or of minimax-optimal estimators for the SSNM in this case.

In this work, rather than pursuing the minimax criterion, we consider unbiased estimators
%(-) for the SSNM. An unbiased estimator is one for which the bias b(x; %) is zero for all S-

sparse parameter vectors i.e.,
Ex{2(y)} =x  forall xeXs. (5.8)

Let U denote the set of all unbiased estimators &(-) for the SSNM. Constraining an estimator to
be unbiased excludes such trivial estimators as #(y) = x; where x; € X5 is some fixed S-sparse

parameter vector.

5.2.3 Unbiased Estimation for the SSNM

We now study the set U of unbiased estimators for the SSNM in more detail. In particular,
we will show that with the exception of the case S = N, this set is uncountably large, i.e.,
there are infinitely many unbiased estimators. We will also show that there exists no uniformly

minimum variance unbiased estimator unless S = N. In what follows, we will say that an
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estimator & has a bounded MSE if ¢(x; &) < C for all x € RN, where C is a constant which may

depend on N, S, and 2.

Theorem 5.1. Consider the SSNM (5.2) with S = N, i.e., without a sparsity constraint, in which case
Xs = RN. Then, there exists exactly one unbiased estimator having bounded MSE (up to deviations
having zero measure). This estimator is given by %(y) = vy, which equals the LS/ML estimator in

(5.5)~(5.7).

The proof of this result can be found in Appendix 5.A. By contrast with Theorem 5.1, when
sparsity constraints are imposed there exists a large family of unbiased estimators, as we now

show.
Theorem 5.2. For 1 <S <N, there are uncountably infinitely many unbiased estimators for the SSNM.

Proof. Consider the class of estimators defined by

S+1
2(y) =y +ay | [Th (yk)] (10---0)", a€R, cdeRsis (5.9)
k=2
where
h(c,d) (y) A sgn(y), ’y| € [C, ¢+ d] (5.10)

0, else.

A straightforward calculation shows that each estimator of this uncountably infinite class is an

unbiased estimator for the SSNM. O O

This (constructive) proof points at a noteworthy fact. Consider a particular parameter value
x. By an appropriate choice of the parameters g, ¢, d in (5.9), one can reduce the magnitude of the
estimate & (y) for sets of realizations y with high probability, i.e., for which f(y; x) is large. This
results in a reduced mean power and (since the estimator is unbiased) in a reduced variance
and MSE at the specific parameter value x. One can thus construct an unbiased estimator that
performs better than the (biased) LS/ML estimator at the given x.

In view of Theorems 5.1 and 5.2, we will only consider the case S < N in the following. Since
in this case there are infinitely many unbiased estimators, we would like to find an unbiased es-
timator having minimum variance (and, thus, minimum MSE) among all unbiased estimators.
If there exists an unbiased estimator %(-) € U which minimizes the variance simultaneously for
all S-sparse parameter vectors x € Xs, then this estimator is called a uniformly minimum variance

unbiased (UMVU) estimator [6]. In other words, a UMVU estimator for the SSNM solves the
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optimization problem

argmin V(x; &) (5.11)
x()eU

simultaneously for all x € Xs. In the nonsparse case S = N, it is well known that the LS estimator
is the UMVU estimator [90]; however, in light of Theorem 5.1, this is not a very strong result,
since g is the only unbiased estimator in that case. On the other hand, for the sparse case

S <N, the following negative result is shown in Appendix 5.B.

Theorem 5.3. For the SSNM with S < N, there exists no UMVU estimator, i.e., there is no unbiased

estimator & € U that minimizes V (x; &) simultaneously for all parameter vectors x € Xs.

Despite the fact that a UMVU estimator does not exist for the SSNM, one can still attempt
to solve the optimization problem (5.11) separately for each value of x € Xs. An unbiased esti-
mator which solves (5.11) for a specific value of x is said to be locally minimum variance unbiased
(LMVU) [6]. The MSE of this estimator at x cannot be improved upon by any unbiased esti-
mator. When viewed as a function of x, this minimum MSE is known as the Barankin bound
(BB) [52,53]. Thus, the BB characterizes the minimum MSE achievable by any unbiased estima-
tor for each value of x € Xs; it is the highest and tightest lower bound on the MSE of unbiased
estimators. As such, the BB serves as a measure of the difficulty of estimating x.

Computing the BB is equivalent to calculating ming.cy V(x; ) for each parameter vector
x € X separately. Unfortunately, there does not appear to be a simple closed-form expression
of the BB, and the numerical computation of the BB seems to be difficult as well. Therefore, in
the remainder of this paper, we will provide lower and upper bounds on the BB. When these

bounds are close to one another, they provide an accurate characterization of the BB.

5.3 Lower Bounds on the Minimum MSE

In this section, we will develop a lower bound on the BB (which is thus a lower bound on the
MSE of any unbiased estimator) by calculating a limiting case of the Hammersley—Chapman-

Robbins bound [52] for the SSNM.

5.3.1 Review of the CRB

A variety of techniques exist for developing lower bounds on the MSE of unbiased estimators.

The simplest is the CRB [16, 45, 48], which was previously derived for a more general sparse
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estimation setting in [70,79]. In the current setting, i.e., for the SSNM (5.1), the CRB is given by

0%, |xllg =5

N, Jxlly < S

e(x; %) > (5.12)
where & € U, i.e., %(-) is any unbiased estimator for the SSNM.

In the case of parameter values x € X's with non-maximal support, i.e., ||x||, < S, the CRB
is No2. This is the MSE of the trivial unbiased estimator %(y) = y. Since the CRB is thus
achieved by an unbiased estimator, we conclude that the CRB is a maximally tight lower bound
for ||x||, < S; no other lower bound can be tighter (higher). We also conclude that for ||x||, < S,
the trivial estimator &(y) = y is the LMVU estimator; no other unbiased estimator can have a
smaller MSE.

For parameter values x € X5 with maximal support, i.e., ||x||, = S, we will see that the
CRB is not maximally tight, and the trivial estimator (y) = y is not the LMVU estimator.
Indeed, one problem with the CRB in (5.12) is that it is discontinuous in the transition between
|x||, = S and ||x||, < S. Since the MSE of any estimator is continuous [6], this discontinuity
implies that the CRB is not the tightest lower bound obtainable for unbiased estimators. In
order to obtain tighter bounds for ||x||, = S, it is important to realize that the CRB is a local
bound, which assumes unbiasedness only in a neighborhood of x. Since we are interested in
estimators that are unbiased for all x € X5, which is a more restrictive constraint than local
unbiasedness, tighter (i.e., higher) lower bounds can be expected for unbiased estimators in

the case ||x||, = S.

5.3.2 Hammersley-Chapman-Robbins Bound

An alternative lower bound for unbiased estimators is the Hammersley—-Chapman-Robbins

bound (HCRB) [50-52], which can be stated, in our context, as follows.

Proposition 5.4. Given a parameter value x € Xs, consider a set of p “test points” {v;}!_, such that

x+v; € Xsforalli = 1,...,p. Then, the covariance of any unbiased estimator %(-), C(x; %) £
N N N N T e
E<{[2(y) — E-{2(y)}] [2(y) — Ex{%(y)}] "}, satisfies
C(x; %) = VJtv?T (5.13)

where

V £ (v1--vy) € RV (5.14)
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and the (i, j)th entry of the matrix | € RP*P is given by

vlv;
A i Y
In particular, the MSE of &(-) satisfies
e(x; %) > te(VITVT). (5.16)

The proof of Proposition 5.4, which can be found in Appendix 5.C, involves an application
of the multivariate HCRB of Gorman and Hero [52] to the SSNM setting. Note that both the
number of test points p and their values v; are arbitrary and can depend on x. In general,
including additional test points v; will result in a tighter HCRB [52]. Our goal in this section is
to choose test points v; which result in a tight but analytically tractable bound.

Before attempting to derive a bound which is tighter than the CRB, we first observe that the
CRB itself can be obtained as the limit of a sequence of HCRBs with appropriately chosen test

points. Indeed, consider the specific test points given by!

{tei}iesupp(x) ’ HxHO =S (517a)
{teiticpr, Ny, xllo <S (5.17b)

where t > 0 is a constant and e; represents the ith column of the N x N identity matrix. Note
that p = Sin (5.17a) and p = N in (5.17b). Each value of t yields a different set of test points
and, via Proposition 5.4, a different lower bound on the MSE of unbiased estimators. We show
in Appendix 5.D that the CRB in (5.12) is the limit of a sequence of such bounds as t — 0, and
that it is tighter than any bound that can be obtained via Proposition 5.4 using the test points
(5.17) for a fixed t > 0.

Can a set of test points different from (5.17) yield a lower bound that is tighter than the
CRB? As discussed above, this is only possible for parameter values x having maximal support,
ie., ||x||, = S, because for ||x||, < S the CRB is already maximally tight. Therefore, let us
consider a parameter x with ||x||, = S. Suppose one of the entries within the support, x;
for some j € supp(x), has a small magnitude. Such a parameter x just barely qualifies as
having maximal support, so it makes sense to adapt the optimal test points (5.17b) from the
non-maximal support case. However, including a test point te; with i ¢ supp(x) is not allowed,

since in this case x + te; is not in Xs. Instead, one could include the test point v; = te; — xje;,

INote that, with a slight abuse of notation, the index i of the test points is now allowed to take on non-sequential

values from the set {1,..., N}.
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which satisfies the requirement x + v; € X's and is still close to te; if x; is small. More generally,
for any maximal-support parameter x, we propose the set of N test points given by

v = te;, i € supp(x) (5.18)

te; — Ce(s), i ¢ supp(x)

fori = 1,...,N. Here, ¢ denotes the smallest (in magnitude) of the S nonzero components
of x and e(g) denotes the corresponding unit vector. These test points v; satisfy the condition
x +v; € Xs. Note that the test points in (5.17a), which yield the CRB, are a subset of the test
points in (5.18). It can be shown [52] that this implies that the bound induced by (5.18) will
always be at least as tight as that obtained from (5.17a). It is important to note that (5.18) uses
N test points for parameter values with maximal support, just as (5.17b) does for parameter
values with non-maximal support. In fact, there is a smooth transition between the optimal
test points (5.17b) for non-maximal support and the proposed test points (5.18) for maximal
support.

While an expression of the HCRB can be obtained by simply plugging (5.18) into (5.16), the
resulting bound is extremely cumbersome and not very insightful. Instead, in analogy to the
derivation of the CRB above, one can obtain a simple result by taking the limit for ¢ — 0. This
leads to the following theorem, which combines the cases of maximal support ((5.16) using
(5.18) for t — 0) and non-maximal support ((5.16) using (5.17b) for t — 0), and whose proof
can be found in Appendix 5.E.

Theorem 5.5. The MSE of any unbiased estimator & € U for the SSNM satisfies

So? + (N=5—1)e ¢/ g2, =5
e(x:%) > HCRB(x) 2 {07 ! Jert 17, xllg (5.19)

Ne?, Ixllo < S,
where, in the case ||x||, = S, ¢ is the smallest (in magnitude) of the S nonzero entries of x.

For simplicity, we will continue to refer to (5.19) as an HCRB, even though it was obtained
as a limit of HCRBs. Note that when ||x||, < S, the HCRB in (5.19) is identical to the CRB in
(5.12), since in that case the CRB is maximally tight and cannot be improved. The HCRB also
approaches the CRB when ||x||, = S and all components of x are much larger than o: here
e /7 s negligible and the respective bound in (5.19) converges to So?, which is equal to the
CRB in (5.12). This is due to the fact that the CRB is achieved by the ML estimator asymptot-

ically? as ¢?/0? — o0, and is therefore also maximally tight when & > ¢. Furthermore, if we

2This can be explained by the fact that according to (5.7), the ML estimator for the SSNM retains the S largest
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define the “worst-case component SNR” (briefly denoted as SNR) as ¢ /02, then Theorem 5.5
hints that the convergence to the high-SNR limit is exponential in the SNR.

One of the motivations for improving the CRB (5.12) was that (5.12) is discontinuous in the
transition between ||x||, =S and ||x||, < S. While the HCRB (5.19) is still discontinuous in this
transition, the discontinuity is much smaller than that of the CRB. Indeed, the transition from
x|l = S to ||x||; < S corresponds to ¢ — 0, in which case the first bound in (5.19) tends to
(N—1)0?, whereas the second bound, valid for ||x||, < S, is No?; thus, the difference between
the two bounds in (5.19) is 0. By contrast, the difference between the two bounds in (5.12)
is (N—S)0?, which is typically much larger. Again, the discontinuity of (5.19) implies that
(5.19) is not the tightest lower bound obtainable for unbiased estimators. In Section 5.5, we
will demonstrate experimentally that this discontinuity can be eliminated altogether by using
a much larger number of test points. However, in that case the resulting bound no longer has

a simple closed-form expression and can only be evaluated numerically.

5.4 Upper Bound on the Minimum MSE

As pointed out in the previous section, the lower bound HCRB(x) on the BB is not maximally
tight since it is discontinuous in the transition between parameter vectors with ||x||, = S and
those with ||x||, < S. In other words, there is a gap between the HCRB and the BB. How large
is this gap? We will address this issue by deriving an upper bound on the BB. This will be done
by finding a constrained solution of (5.11). If this upper bound is close to the lower bound
HCRB(x), we can conclude that both bounds are fairly tight and thus provide a fairly accurate
characterization of the BB. As before, we consider the nontrivial case ||x||, = S.
We first note (cf. (5.4)) that (5.11) is equivalent to the optimization problem
N
argmin E,{[|(y) (3} = argmin ) | E<{(2(y))*}, (5.20)
x()eu x()eU k=1
where £, denotes the kth entry of . This, in turn, is equivalent to the N individual scalar
optimization problems

argminE,{ (% (y))*}, k=1,...,N (5.21)
B ()eut

components in y and zeros out all other components. For noise variances o that are extremely small compared to
the nonzero entries, i.e., for CZ /02 — oo, the probability that the ML estimator selects the true components becomes
very close to one. Therefore, for high r§2/ o2, the ML estimator behaves like an oracle estimator which knows the

support of x and whose MSE is equal to So2.
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where U* denotes the set of unbiased estimators of the kth entry of x, i.e.,
UL {2() | Ex{fr(y)} = xi forall xe X5}

By combining the unbiased estimators £;(-) for k = 1,..., N into a vector, we obtain an unbi-
ased estimator of the parameter x.

It will be convenient to write the kth scalar estimator as

2(y) = v + 2 (y) (5.22)

with £, (y) £ 2x(y) — yx. Since for any £(-) € U* we have Ex{#(y)} = Ex{yx} + Ex{%,(y)} =

x¢ + Ex{%,(y)}, the unbiasedness condition £ (-) € U* is equivalent to
Ex{%(y)} =0  forall xeXs.

For k € supp(x), the solution of the optimization problem (5.21) is stated in the following
lemma, which is proved in Appendix 5.F. In what follows, it will be convenient to denote by
2% (y) a solution of the optimization problem (5.11) for a given parameter vector x € Xs. We
recall that the estimator 2(¥) () is an LMVU at the parameter value x, and its MSE, ¢(x; %)) =

ming )y V(x; %), equals the BB at x.

Lemma 5.6. Consider a parameter vector x € Xs with maximal support, i.e., ||x||, =S. Then, for any

k € supp(x), the solution of the optimization problem (5.21) is given by

2 (y) =y, ke supp(x).

Moreover, this is the LMV U for k € supp(x). The MSE of this estimator is °.

Because Lemma 5.6 describes the scalar LMVU estimators for all indices k € supp(x), it
remains to consider the scalar problem (5.21) for k ¢ supp(x). Since £(x; £*)) is the minimum
of ¢(x; &) as defined by the optimization problem (5.11), we can obtain an upper bound on
e(x; %)) by placing further constraints on the estimator () to be optimized. We will thus
consider the modified optimization problem

argmin V(x; %) (5.23)
2()EUNAy
where the set A is chosen such that a simpler problem is obtained. We will define A, in a com-
ponentwise fashion. More specifically, the kth component £ (y) of 2(y), where k ¢ supp(x), is
said to belong to the set AL if the correction term #|(y) = %(y) — yx (see (5.22)) satisfies the

following two properties.



86  CHAPTER5. BOUNDS FOR SPARSE ESTIMATION WITH A UNITARY DICTIONARY

e Odd symmetry with respect to k and all indices in supp(x):
2, —y,) = =% y,...), forall I € {k} Usupp(x). (5.24)
o Independence with respect to all other indices:
20y, = %(...,0,...), forall I ¢ {k} Usupp(x). (5.25)

We then define A, as the set of estimators &(y) such that £;(y) € A% for all k ¢ supp(x).
Note that any function £(y) € AL is fully specified by its values for all arguments y such that
supp(y) = {k} U supp(x) and all entries of y are nonnegative. The values of £(y) for all other
y follow by the decomposition (5.22) and the properties (5.24) and (5.25).
To solve the modified optimization problem (5.23), we consider the equivalent scalar form
argmin E,{(%x(y))*}, k ¢ supp(x). (5.26)
() eUrN AL

The resulting minimum MSE is stated by the following lemma, whose proof can be found in

Appendix 5.G.

Lemma 5.7. Consider a parameter vector x € Xs with maximal support, i.e., ||x||,=S. Then, for any

k ¢ supp(x), the minimum MSE of any estimator %(-) € U* N A, denoted by BBE(x), is given by

BBX(x {1 — I] slxe } (5.27)
lesupp(x)
with
g(x;0%) = \/7 —( )/ )smh<0y> tanh< y>dy (5.28)

Lemma 5.7 identifies the minimum MSE of any unbiased estimator of the kth component of
x (where k ¢ supp(x)) that is also constrained to be an element of AX. Note that BB(x) does
not depend on k. It provides an upper bound on the minimum MSE of any unbiased estimator
of the kth component of x, for any k ¢ supp(x).

The total MSE of a vector estimator %(-) can be decomposed as e(x; &) = ¥ reoupp(x) £(%; £x) +
Ykgsupp(x) €(%; 2x) with the component MSE e(x; 2) = Ex{(#(y) — x¢)?}. Inserting the mini-
mum component MSE for k € supp(x) (which is ¢? according to Lemma 5.6) in the first sum
and the upper bound BB (x) on the minimum component MSE for k ¢ supp(x) in the second
sum, we obtain the following upper bound on the minimum total MSE of any unbiased vector

estimator.
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Theorem 5.8. The minimum MSE achievable by any unbiased estimator for the SSNM at a parameter

vector x € Xs with ||x||, = S satisfies
e(x;32%)) < BB(x) £ So? + (N—S)BBF(x) (5.29)
with BB (x) given by (5.27).

Depending on the parameter vector x, the upper bound BB, (x) varies between two extreme
values. For decreasing SNR &2 /¢?, it converges to the low-SNR value No? (because the factor
¢(¢,0?) in (5.27) vanishes for ¢%/0? — 0). On the other hand, we will show below that for
increasing SNR, BB (x) converges to its high-SNR value, which is given by So?.

The lower bound HCRB(x) in (5.19) for the case ||x||, = S, i.e., So? + (N — S — e ¢/7g2
exhibits an exponential transition between the low-SNR and high-SNR regimes. More specif-
ically, when considering a sequence of parameter vectors x € X5 with increasing SNR &2/0?,
the bound transitions from the low-SNR value (N —1)c? (obtained for ¢?/¢? = 0) to the high-
SNR value So? (obtained for &2/0? — o0); this transition is exponential in the SNR. The upper
bound BB.(x) in (5.29) also exhibits a transition that is exponential in ¢? /2. In fact, it is shown
in Appendix 5.H that

BB.(x) < So?+ (N—S)35e ¢/ (2752, (5.30)

This shows that for increasing &2/0?, the upper bound BB, (x)—just like the lower bound
HCRB(x)—decays exponentially to its asymptotic value So?, which is also the asymptotic
value of HCRB(x). It follows that the BB itself also converges exponentially to So? as &2/c?

increases. This result will be further explored in Section 5.5.3.

5.5 Numerical Results

In this section, we describe several numerical studies which explore and extend the theoretical
bounds developed above. These include a numerical improvement of the bounds, a compari-
son with practical (biased) estimation techniques, an analysis of the performance at high SNR,
and an examination of the ability to estimate the threshold region in which the transition from
low to high SNR occurs.

We will first show that it is possible to obtain significantly tighter versions of the lower and
upper bounds developed in Sections 5.3 and 5.4. These tightened versions can only be com-

puted numerically and no longer have a simple form; consequently, they are less convenient
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Figure 5.1: Lower bounds HCRB(x), HCRBy,(x) and upper bounds BB (x), BB.(x) on the MSE
e(x; %)) of the LMVU estimator at x = ¢ (1 0 0 0 0)7, with ¢ varied to obtain different values
of SNR(x) = &2/02. The SSNM parameters are N=5, S=1, and 0> =1.

for theoretical analyses. Nevertheless, they characterize the BB very accurately and therefore

also provide an indication of the accuracy of the simpler, closed-form bounds.

5.5.1 Numerical Lower Bound

For a parameter vector x with [|x||, = S, let us reconsider the HCRB in (5.16). We will show
that by using an increased number of appropriately chosen test points, we can obtain a lower
bound that is higher (thus, tighter) than (5.19). Specifically, assume without loss of generality
that supp(x) = {1,...,S}, and consider the set of test points

S
VEVU WU
k=1

with the component sets

e | {ae}

l€ supp(x)

Ve & U {we; — xrer}, k=1,...,S
le{5+1,..,N}

Wk = U {xkel—xkek}, kZl,...,S
1€{S+1,..,N}
where &« = 0.02c. In Fig. 5.1, the HCRB (5.16) for the new set V of test points—denoted
HCRBy, (x)—is displayed versus the SNR and compared with HCRB(x). For this figure, we

chose N=5,5=1,02=1,and x = ¢ (1000 O)T, where the parameter ¢ € R is varied
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to obtain different SNR values.> As before, the SNR is defined as SNR(x) = &2/0?, where
¢ is the S-largest (in magnitude) component of x (in our example with S = 1, ¢ is simply
the single nonzero component). It can be seen from Fig. 5.1 that the numerical lower bound

HCRBy (x) computed from the above test points is indeed tighter than the closed-form lower
bound HCRB(x) in (5.19).

5.5.2 Numerical Upper Bound

It is also possible to find upper bounds on the BB that are tighter (lower) than the upper bound
BB.(x) in (5.29). Consider a parameter vector x with ||x||, = S. We recall that BB.(x) was
derived by constructing, for all k ¢ supp(x), unbiased estimators £(y) = yi + %.(y) with
% (y) constrained by (5.24) and (5.25). We will now investigate how much we can improve
on BB.(x) if we remove the constraint (5.24). Thus, in the optimization problem (5.23), the

constraint set A, is hereafter considered to correspond only to the constraint (5.25).

In order to numerically solve this modified optimization problem (5.23), a discrete approx-
imation for #;(y) was used. More specifically, we defined % (y) to be piecewise constant in
each of the components y; with I € {k} Usupp(x), and constant in the remaining compo-
nents y; (the latter being required by (5.25)). We used Q piecewise constant segments for each
I € {k} Usupp(x), with each segment of length A=100¢/Q. These arrays of constant segments
were centered about y = x. The remaining values of £, (y) were set to 0. Thus, we obtained a
function £} (y) with linear dependence on a finite number Q5! of parameters. For functions
of this form, the optimization problem (5.23) becomes a finite-dimensional quadratic program
with linear constraints, which can be solved efficiently [98]. The MSE of the resulting estimator,
denoted by BBL(x), is an upper bound on the BB. This bound is tighter than the closed-form
upper bound BB, (x) in (5.29) if Q is large enough. In Fig. 5.1, we compare BB.(x) for Q =20
with BB.(x) as a function of the SNR. The improved accuracy of BB.(x) relative to BB.(x) is ev-
ident, particularly at high SNR values. Moreover, the proximity of the numerical upper bound
BB.(x) to the numerical lower bound HCRBy(x) indicates that these two bounds achieve an

accurate characterization of the BB, since the BB lies between them.

3The use of a low-dimensional model is mandated by the complexity of the numerical approximation to the

upper bound on the BB which will be described in Section 5.5.2.
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Figure 5.2: MSE ¢(x,; &\m1) of the ML estimator for randomly generated parameter vectors x, at

four different SNRs ¢2 /02, for SSNM parameters N =10, S=4, and or=1.

5.5.3 The Role of ¢

We have seen in Section 5.4 that for ||x||, =S, the MSE of the LMVU estimator at high SNR is
given by So?, and furthermore, convergence to this value is exponential in the quantity &2 /o>
A remarkable aspect of this conclusion is the fact that convergence to the high-SNR regime
depends solely on ¢, the smallest nonzero component of x, rather than having a more com-
plex dependency on all the S nonzero components of x. For example, one might imagine the
behavior of an estimator to be rather different when all nonzero components have the same
value ¢, as opposed to the situation in which one component equals ¢ and the others are much
larger. However, our analysis shows that when ¢ >> ¢, the remaining components of x have no
effect on the performance of the LMVU estimator. We will next investigate whether practical

estimators also exhibit such an effect.

To answer this question, we examined the MSE of the ML estimator (5.7) for a wide range
of parameter vectors x having a predetermined smallest component . More specifically, for
a given value of ¢, we randomly generated 100 parameter vectors x,, ¥ = 1,...,100, with
x.€ Xs and ||x||, =S, whose minimum nonzero component was equal to . The other nonzero
components were generated as independent, identically distributed realizations of the random
variable x = ¢(1 + 3clq|), where g ~ N(0,1) is a standard Gaussian random variable and o
is the standard deviation of the noise. The MSE ¢(x;; &\p) of the ML estimator is shown in
Fig. 5.2 for N =10, S =4, and four different SNRs ¢ /02, with the horizontal axis representing

the different choices of x, in arbitrary order. It is seen that for large ¢, the performance of
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the ML estimator, like that of the LMVU, depends almost exclusively on ¢. This suggests that
the performance guarantees of Sections 5.3 and 5.4, while formally valid only for unbiased
estimators, can still provide general conclusions which are relevant to biased techniques such as
the ML estimator. Moreover, this result also justifies our definition of the SNR as the ratio /02,

since this is the most significant factor determining estimation performance for the SSNM.

5.5.4 Threshold Region Identification

In Sections 5.3 and 5.4, we characterized the performance of unbiased estimators as a means of
quantifying the difficulty of estimation for the SSNM. A common use of this analysis is in the
identification of the threshold region, a range of SNR values which constitutes a transition be-
tween low-SNR and high-SNR behavior [99-101]. Specifically, in many cases the performance
of estimators can be calculated analytically when the SNR is either very low or very high. It is
then important to identify the threshold region which separates these two regimes. Although
the analysis is based on bounds for unbiased estimators, the result is often heuristically as-
sumed to approximate the threshold region for biased techniques as well [99,101].

For ||x||, =S, the lower and upper bounds on the BB (HCRB(x) in (5.19), BB.(x) in (5.29))
exhibit a transition between a low-SNR region, where both bounds are on the order of No?,
and a high-SNR region, for which both bounds converge to So?. The BB therefore also displays
such a transition. One can define the threshold region of the SSNM (for unbiased estimation)
as the range of values of ,?/¢? in which this transition takes place. Since the BB is itself a lower
bound on the performance of unbiased estimators, one would expect the transition region of
actual estimators to occur at slightly higher SNR values than that of the BB.

To test this hypothesis, we compared the bounds of Sections 5.3 and 5.4 with the MSE of two
well-known estimation schemes, namely, the ML estimator in (5.7) and the hard-thresholding

(HT) estimator &yt (y), which is given componentwise as

X Yoo |yl 2T
ari(y) =
0, else

for a given threshold T > 0. In our simulations, we chose the commonly used value T =
o/2log N [2]. Note that since the ML and HT estimators are biased, their MSE is not bounded
by BB.(x), HCRB(x), and the CRB. Assuming SSNM parameters N =10 and S = 4, we gener-

ated a number of parameter vectors x from theset R = {c(11110000 0 0)T} where

ceR’

c was varied to obtain a range of SNR values. For these x, we calculated the MSE of the two
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Figure 5.3: MSE of the ML and HT estimators compared with the performance bounds BB.(x),
HCRB(x), and CRB (= S¢?), as a function of the SNR ¢?/¢?, for SSNM parameters N = 10,
S=4,and c?*=1.

estimators &\, and &yt by means of numerical integration (see Appendix 5.1 for a discussion
of the computation of &(x; &y )).

The results are displayed in Fig. 5.3 as a function of the SNR &2 /2. Although there is some
gap between the lower bound (HCRB) and the upper bound (BB,), a rough indication of the
behavior of the BB is conveyed. As expected, the threshold region exhibited by the ML and HT
estimators is somewhat higher than that predicted by the bounds. Specifically, the threshold
region of the BB (as indicated by the bounds) can be seen to occur at SNR values between —5
and 5 dB, while the threshold region of the ML and HT estimators is at SNR values between
5 and 12 dB. Another effect which is visible in Fig. 5.3 is the convergence of the ML estimator
to the BB at high SNR; this is a manifestation of the well-known fact that the ML estimator is
asymptotically unbiased and asymptotically optimal. Finally, at low SNR, both the ML and
HT estimators are better than the best unbiased approach. This is because unbiased methods
generally perform poorly at low SNR, so that even the best unbiased technique is outperformed
by the biased ML and HT estimators. On the other hand, for medium SNR, the MSE of the ML
and HT estimators is significantly higher than the BB. Thus, there is a potential for unbiased
estimators to perform better than biased estimators in the medium-SNR regime.

One may argue that considering only parameter vectors x in the set R is not representa-
tive, since R covers only a small part of the parameter space Xs. However, the choice of R is
conservative in that the maximum deviation between HCRB(x) and BB.(x) is largest when the

nonzero entries of x have approximately the same magnitude, which is the case for each ele-
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Figure 5.4: Ratio BB.(x) /HCRB(x) versus the SNR &2 /¢? for different sets of parameter vectors

X.

ment of R. This is illustrated in Fig. 5.4, which shows the ratio between the two bounds versus
the SNR ¢? /0 for three different configurations of the nonzero entries in the parameter vector.
Specifically, we considered the two additional sets R = {c(1011100000 O)T}C g and
R3={c(01111000000)7}
tudes. It can be seen from Fig. 5.4 that the ratio BB.(x) /HCRB(x) is indeed highest when x is
inR.

in which the nonzero entries have different magni-

5.6 Conclusion

In this paper, we have studied unbiased estimation of a sparse vector in white Gaussian noise
within a frequentist setting. As we have seen, without the assumption of sparsity, there exists
only a single unbiased estimator. However, the addition of a sparsity assumption yields a rich
family of unbiased estimators. The analysis of the performance of these estimators has been
the primary goal of this paper. We first demonstrated that there exists no uniformly minimum
variance unbiased estimator, i.e., no single unbiased estimator is optimal for all parameter
values. Consequently, we focused on analyzing the Barankin bound (BB), i.e., the MSE of the
locally minimum variance unbiased estimator, or equivalently, the smallest MSE achievable by
an unbiased estimator for each value of the sparse vector.

For the sparse estimation problem considered, as for most estimation problems, the BB
cannot be computed precisely. However, we demonstrated that it can be characterized quite

accurately using numerical lower and upper bounds. Furthermore, we derived simple closed-
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form lower and upper bounds which are somewhat looser than the numerical bounds. These
closed-form bounds allow an estimation of the threshold region separating the low-SNR and
high-SNR regimes, and they indicate the asymptotic behavior of the BB at high SNR. In partic-
ular, a notable conclusion is that the high-SNR behavior of the BB depends solely on the value
of the smallest nonzero component of the sparse vector.

While the unbiasedness property is intuitively appealing and related to several desirable
asymptotic features of an estimator [6], one can often obtain biased estimators which outper-
form any unbiased estimator [42,44,91]. Thus, it is interesting to note that some of the conclu-
sions obtained from our analysis of unbiased estimators appear to provide insight into the be-
havior of standard biased estimators. In particular, we saw that the behavior of two commonly
used biased estimators at high SNR corresponds to the predictions of our unbiased bounds, not
only in terms of the asymptotically achievable MSE but also in certain finer details, such as the
SNR range of the threshold region and the fact that the convergence to the high-SNR regime
depends primarily on the value of the smallest nonzero component of the sparse vector, rather
than on the entire vector. This gives additional merit to the analysis of achievable estimation

performance within the unbiased setting.

5.A Proof of Theorem 5.1

We wish to show that for S = N, the only unbiased estimator with bounded MSE is the trivial
estimator (y) = y. We will first show that a bounded MSE implies that &(y) is equivalent to
a tempered distribution. This will allow us to reformulate the unbiasedness condition in the
Fourier transform domain.

Using (5.3), the unbiasedness condition in (5.8) for S= N reads

1 R 1 ) _ N
G fo bW exp (< galy—xli)ay = x forall xeRY. (531

_ 1
202

The integral in (5.31) is the convolution of &(y) with exp ( ly||3). The result of this con-
volution, viewed as a function of x, must equal (27t(72)N /2 x for all parameter vectors x. For
absolutely integrable functions, the Fourier transform maps a convolution onto a pointwise
product, and consequently it seems natural to consider the Fourier transform of condition (5.31)
in order to simplify the analysis. However, typically, the estimator function %(y) will be neither

absolutely integrable nor square integrable, and thus its Fourier transform can only exist in the

sense of a tempered distribution [102]. From a practical point of view, the class of tempered
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distributions is large enough so that it does not exclude reasonable estimators such as the LS
estimator (5.7). The following lemma states that (y) can be viewed as a tempered distribution

if it has a bounded MSE.

Lemma 5.9. Consider an estimator X for the SSNM (5.2) with S = N. If & has a bounded MSE, i.e.,
e(x;&8) < Cforall x € RN (where C is a constant which may depend on N, S, and 02), then % is

equivalent to a tempered distribution.

Proof. The proof of Lemma 5.9 is based on the following result which gives a sufficient condi-

tion for a function %(y) to be (equivalent to) a tempered distribution.

Proposition 5.10 (102]). If there exist constants B, n, Ro € R such that

/Iyl . |2(y)|5dy < BR*  forall R >R (5.32)
2=

then x(y) is equivalent to a tempered distribution.

Let 2(y) be an estimator function with bounded MSE, i.e., there exists a constant C such
that
E{|&(y) —x|3} < C  forall xeXs. (5.33)

Defining the usual norm | - [|gy on the space of of random vectors by ||y||rv = /Ex{|ly||3}, we

can use the (reverse) triangle inequality || (y) —x||gy > [|Z(y)|lgy — ||%||gy to obtain

VEAIR®) — 13} > VEAIRW) 13} — El 213} = VEALI@)IB} — Il

From this, it follows that

VELIRWI3} < VEAIR(w) —x[3} + lxll, < VC+ xll,  forall xe s,

where (5.33) has been used. Squaring both sides and using the inequality (x +1)? < 2(x% +y?),
we obtain

EAIIFW)I3} < (VC+xllp)* < 2(C+|x[3)  forall xeXs

or equivalently

W / @) 82Ny < 2(C+ [x]3)  forall xe A, (5.34)
R

We will now show that (5.32) holds for Ry =1, i.e.,, R > 1. We define the N-dimensional
grid
G & {—mA, —(m=1)A,...,—A0,A,...,mAW
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where 0 < A < R (hence, R/A > 1)and m = |R/A| < R/A. The number of grid points in any

single dimension satisfies
2R

2m+1 < N +1 (5.35)
so that
N _ (2R N
1G] = @m+1)Y < (- +1) - (5.36)
We thus have
N N m
Yo lxlz=Y, Zx,% =Y Y=Y [@mn4+D)N! Z (I0)*| = Nem+1)N"1 Y (1na)?
xeg xeG k= k=1x€G k=1 I=—m I=—m
R/ 2R N=15R3
< N(2 1N*1A2/ 2dx < =1 - 37
< N(2m +1) x:_R/Axdx_N ~+ 3 A (5.37)
where (5.35) was used in the last step. Furthermore, for c £ me_l\’ A%/ (2‘72), we have
1 ) e ly=xl3/(20%) > 1 for all y with ||y|, <R (5.38)
¢ (2mo2)N/2 foers

In order to verify this inequality, consider an arbitrary y € RN with ||y|l, < R. Since 0 < A <R,
and since ||y||, < R implies that no component y; of y can be larger than R, there always exists
a grid point ¥ € G (dependent on y) such that |y, — %| < Aforall k € {1,...,N}. It follows
that ||y — ¥||3 < NA? and, in turn,

e NV @) < o lyRI/ %) < Y ol )y, < R
xeg

which is equivalent to (5.38).
Successively using (5.38), (5.34), (5.36), (5.37), and 1 < 2R/A, we obtain the following se-

quence of inequalities:

1 1 2 2
2 2 4y < / ly=xl3/(20%) | 4
[, sy < [ @[ s T el ay

xeg

= e Z (2702) N/z/ 1&(y)||2 e~ lv—x18/ %) gy

S—Z2C+HxH)

xeg

2 /2R N 2R N=15R8
<2 (224 | il
_C[(A+>C+N<A+) 3J

IN

() e () 25]
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It then follows from (5.39) that for R > 1

207 /4\N 4\N~1 2 RN+2
S Zd “ = RN+2C N<—> < :|
[, etz {(A) in(a) 2R

ZRN+2 N N2
z AN =
"% (4 C+N 3>

_ 22N+l <C+ &) RN+2'

IN

IN

c AN 3

Thus, we have established that under the conditions of Lemma 5.9 (bounded MSE), the bound
(5.32) holds with Ry =1, B = (C+2N/3), and n = N + 2. Therefore, it follows from

22N+1
cAN

Proposition 5.10 that an estimator with bounded MSE is equivalent to a tempered distribution.

This concludes the proof of Lemma 5.9. [l O

We now continue our proof of Theorem 5.1. Any estimator (y) for the SSNM (5.2) can be

written as

with the correction term #'(y) £ %(y) — y. Because E,{#(y)} = E.{y} + E.{¥'(y)} = x +
E+{%'(y)}, 2(y) is unbiased if and only if
1

&) — &/ = ¥ (y) e lv—x12/20%) gy, —
b(x;%) = Ex{&'(y)} = )2 /wa (y)e lv=*l2 dy =0  forall xeXs. (5.41)

Remember that we assume that & has a bounded MSE, so that according to our above proof

of Lemma 5.9, the estimator function &(y) satisfies condition (5.32) withn = N + 2, i.e.,
/ I5(y)|2dy < BRN*2  forall R > 1 (5.42)
lyll, <R

with B as given at the end of the proof of Lemma 5.9. We will also need the following bound,

in which R = [~ R, R]N:

N

N 5 N
/|y|2<R lylizdy =< /RHy”Zdy ,;/Rykdy k;(zR) SR =F2VRV (5.43)
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We then have for the correction term &’(y), forall R > 1,

/|y|2<R 1¥)ll2dy <R 12(y) — yll2dy

= / 2(1&W)I5 + llyl3)d
lyll, <R (Ix@)2 + llyll2)dy

2 [ Ix@Bdy + [ llyl3d
( sk 0 2T g er Y2

< 2<BRN+2 + NzNRN+2>
- 3

— <2B + §2N+1>RN+2

where (5.42) and (5.43) have been used. Therefore, the correction term &’ (y) also satisfies (5.32)
and thus, according to Proposition 5.10, it is equivalent to a tempered distribution.

The bias function b(x, &) in (5.41) is the convolution of #’(y) with the Gaussian function
(27‘(0’2)_N/Z e~ IIlvl3/(20%) Because S = N, we have X5 =RY, and thus (5.41) holds for all x € RV,
Since #'(y) is a tempered distribution and the Gaussian function is in the Schwartz class, it
follows that the Fourier transform of the convolution product (5.41) is a smooth function which
can be calculated as the pointwise product ¥ () e~ 1712/ (27" where # () denotes the Fourier
transform of &' (y) [102]. Therefore, (5.41) is equivalent to ¥ () e~ 1712/(2") = 0 for all # € RN.
This can only be satisfied if ¥’ (i) = 0, which in turn implies that #'(y) = 0 (up to deviations of
zero measure) and further, by (5.40), that #(y) = y. Recalling that Xs =RY, it is clear from (5.5)
that 2(y) = y is the LS estimator. Thus, we have shown that &1 5(y) = y is the unique unbiased
estimator for the SSNM with S=N.

5.B Proof of Theorem 5.3

We must show that there exists no UMVU estimator for the SSNM with S < N. The outline
of our proof is as follows. We first demonstrate that the unique solution of the optimization
problem (5.11) at the parameter value x=0, i.e., arg min . c,, V(0; %), is the estimator 20 (y) =
y. We then show that there exist unbiased estimators which have lower variance than (%) at

other points x. This implies that neither £(°)

nor any other estimator uniformly minimizes the
variance for all x among all unbiased estimators.
The estimator (%) (y) = y is a solution of (5.11) when x = 0 because the minimum variance

at x = 0 of any unbiased estimator is bounded below by No? and &%) (y) = y achieves this
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lower bound [70]. To show that () is the unique solution of (5.11) for x = 0, suppose by
contradiction that there exists a second unbiased estimator &, different from 5c(°), also having

variance No? at x = 0. Consider the estimator &peyw = (x(o) + &,)/2. Since 2 and %, are

unbiased, &new is unbiased as well. Thus, its variance is (see (5.4)) V(x; &new) = P(X; Xnew) —

)

[Exmo{[1E®13} + Exco{ %I} +2Ecmo{ (+®)72,}]

|| x||3. In particular, we obtain for x=0

1
V(O; -%new) = P(O} 5\‘«'new) = Ex—O{ HE(&(O) + 5541)

1
4

()1 . . . .
< [ Evo{IE©IB} + Evco{ a3} + 2/ Exo{ 15 ©) 1B} Exco{ a3}

1
= -4N¢? = No*?

where the strict inequality (*) follows from the Cauchy-Schwarz inequality applied to the inner
product Ex:(){ (&(0))T5ca}, combined with the fact that (°) and X, are not linearly dependent
(indeed, &, # c&® since ) and &, were assumed to be different unbiased estimators). This
inequality means that the variance of pew at x =0 is lower than N o2, But this is impossible,
as No? is the minimum variance at x = 0 achieved by any unbiased estimator. Thus, we have
shown that (%) is the unique solution of (5.11) for x=0.

Next, still for S < N, we consider the specific parameter value x" € Xs whose components

are given by

0, else.

The estimator (%) has variance V(x’;2(?)) = No? at x’ (and at all other x € X). We will now con-
struct an unbiased estimator %;,(y) whose variance at x’ is smaller than No2. The components

of this estimator are defined as

R + AR T h(y), k=1
fuly) 2 QT Y (5.44)
Yk, kzZ,,N

where
sgn(y), |yl €10.4,0.6]

0, else

h(y) =

and A € R is a parameter to be determined shortly.* A direct calculation shows that &;(y) is

4The interval [0.4,0.6] in the definition of /(y) is chosen rather arbitrarily. Any interval which ensures that f in

(5.45) is nonzero can be used.
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unbiased for all x € Xs. Note that & (y) is identical to () () = y except for the first component,
()

We recall that for unbiased estimators, minimizing the variance V(x;&) is equivalent
to minimizing the mean power P(x;%) = E.{||x(y)|3} (see (5.4)); furthermore, P(x;%) =
Y&, P(x; %) with P(x; %) £ Ex{(%(y))?}. For the proposed estimator &, P(x;%,;) =
P(x/; 32,({0)) except for k = 1. Therefore, our goal is to choose A such that P(x'; ;1) is smaller

than P(x’; 3250)) =02 + (x])? = 0*. We have

2
S+1
P(x';%p1) = Ex/{ (yl + Ay H h(yl)> } =aA®+ BA+ (5.45)
1=2

with

S+1 S+1
€= Ex/{yﬂ_[hz(yz)}, B= Ex/{Zy%Hh(yz)}, v=Eu{yi} ="

1=2 1=2

Note that v = P(x; 3250)). From (5.45), the A minimizing P(x’; £} 1) is obtained as —p/(2«);
the associated minimum P(x’; £,1) is given by v — %/ (4a?). It can be shown that 3 is nonzero
due to the construction of h(y). It follows that B is positive, and therefore P(x’; £;) is smaller
than v = P(x/; 32%0)). Thus, using A = —B/(2a) in (5.44), we obtain an estimator &, which has
a smaller component power P(x'; £, 1) than %) Since P(x; %) = P(x’,' J%,EO)) fork=2,...,N,
it follows that the overall mean power of &, at x” is smaller than that of %0 je, P (x; &) <
P(«’;2%)). Since both estimators are unbiased, this moreover implies that at ¥/, the variance of
Xy, is smaller than that of £(0), Thus, %9 cannot be the LMVU estimator at x =x’. On the other
hand, as we have seen, %) is the unique LMVU estimator at x = 0. We conclude that there

does not exist a single unbiased estimator which simultaneously minimizes the variance for all

parameters x € Xs.

5.C Proof of Proposition 5.4

We begin by stating the multivariate HCRB.

Proposition 5.11 (Gorman and Hero [52]). Let f(y; x) be a family of pdf’s of y indexed by x € Xs,

and let x + vy, ...,x + v, be a set of points in Xs. Given an estimator %, define

m, = E.{&}

A

5imx = My iy, — My

5mx é (51mx A 5pmx)T
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and

Sif & flyx+v) — f(y;x)
5f £ (61f -+ 6,)"

s Jofoft
Q_Ex{f ; } (5.46)

Then, the covariance matrix of & satisfies
C(x;%) = omlQtom,. (5.47)

We will now prove Proposition 5.4 by applying the multivariate HCRB (5.47) to the case of
unbiased estimation under Gaussian noise. For an unbiased estimator &, we have m, = x, so
o;m, = v; and further

Smy =V = (v1--0,) (5.48)
(see (5.14)). We next show that the matrix Q in (5.46) coincides with J in (5.15). Because of the

Gaussian noise, f(y;x) = (2r0?)"N/2exp(—|ly — x||3/(20?)), and thus we obtain by direct

5if _ oo 20 y=x) —|[vil3
7 = exp( 252 -1

calculation

and consequently

=1 ep(gE) efor (TE2) ) oo efen (7))
+ o <_ ||v1-|\%2(+ﬂuvj||%> . {exp<<vi + v@j(y—w) } |

Now E,{exp(a’(y—x))} is the moment-generating function of the zero-mean Gaussian ran-

dom vector y—x, which equals exp(||a||3 0*/2). We thus have

|ill3 |ill3 0;ll3 03

(Q)i,jzl— exp<— 2;22 exp 2;22 —exp| — 2(';2 exp 2é2
[0ill5 + |73 [0 4 ;3
+ exp (——202 exp e

viij
= -1+ exp 2 (5.49)

which equals (J )Z-’]- in (5.15). Inserting (5.48) and (5.49) into (5.47), we obtain (5.13). Finally,
taking the trace of both sides of (5.13) yields (5.16).
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5.D Obtaining the CRB from the HCRB

We will demonstrate that the CRB (5.12) can be obtained as a limit of HCRBs (5.16) by choosing
the test points v; according to (5.17) and letting ¢ — 0. Since the test points (5.17) are orthogonal

vectors, it follows from (5.15) that the matrix J is diagonal. More specifically, we have
[exp(?/0?) —1]Is, |x[,=S$
[exp(t?/0?) —1]INn, |xy<S.

Thus, both for ||x||,=S and for ||x||, < S, the pseudoinverse of | is obtained simply by inverting

the diagonal entries of J. From (5.16), we then obtain

o Ixly=s
exp(t2/02) —1’ o
e(x; %) > p(#2/o%) (5.50)
N lixly<s
exp(t2/02) -1’ o=
We now use the third-order Taylor series expansion
2 2
exp<ﬁ> = 1+;+ﬁ, where T€[0,1]. (5.51)
Substituting (5.51) into (5.50) yields
" Ixllo=$
2/02 + 14/ (20%)’ o
e(x; %) > (5.52)
Nt
lxllp<S.

t2/02 4+ 14/ (20%)’
In the limit as t — 0, % € 0, t4] decays faster than t2, and thus the bound (5.52) converges to
the CRB (5.12).

The CRB can also be obtained by formally replacing exp(?/0?) with 1 + 2/ in (5.50).
From (5.51), we have exp(t*/0?) > 1+ t*/0? for all t > 0. This shows that for any t > 0, the
bound (5.50) is lower than the CRB (5.12). Thus, the CRB (which, as shown above, is obtained
using the test points (5.17) in the limit t — 0) is tighter than any bound that is obtained using
the test points (5.17) for any fixed t > 0.

5.E Proof of Theorem 5.5

We will prove the HCRB-type bound in (5.19). For || x||, < S, (5.19) was already demonstrated by
the CRB (5.12), and thus it remains to show (5.19) for ||x||,=S. This will be done by plugging
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the test points (5.18) into the HCRB (5.16), calculating the resulting bound for an arbitrary
constant ¢ > 0, and then taking the limit as t — 0. We will use the following lemma, whose

proof is provided at the end of this appendix.

Lemma 5.12. Let P be an (r + 1) x (v + 1) matrix with the following structure:

a b b b --- Db
b d c ¢ - ¢
a b1T b ¢ d ¢ - ¢
— — (5.53)
1 M b ¢ ¢
oo .
b c c -+ ¢ d
where 1 is the column vector of dimension r whose entries all equal 1, and
M = (d—c)I, 4 c11T. (5.54)
Let
g = rb*—ad— (r—1)ac (5.55)
and assume that
d—c # 0, d+ (r—1)c # 0, qg#0. (5.56)
Then, P is nonsingular and its inverse is given by
N b
vd o -
a b1 v da o
P l= = , (5.57)
V1T M v oo
C/
b/ C/ C/ C/ dl
where M’ = (d'— I, + 117 and
— — B2 —1b2 = (r— —
. _d+(r—1)c - Q, oo ac b a— (r—1)b* — (r—2)ac — ad (558
q q (d—c)q (d—c)q

Let ||x||, = S, and assume for concreteness and without loss of generality that supp(x) =
{1,...,S} and that ¢, the smallest (in magnitude) nonzero component of x, is the Sth entry. A

direct calculation of the matrix J in (5.15) based on the test points (5.18) then yields

J— als 4 0(s—1)x(r+1)
0(r+1)x(s-1) p
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Here, Pisan (r + 1) x (r + 1) matrix, where r = N— S, having the structure (5.53) with entries

a=e/"—1 b=e /71, =01, =+, (5.59)

7

We now apply Lemma 5.12 in order to show that J is nonsingular and to calculate its in-
verse. More precisely, it suffices to calculate the inverse for all but a finite number of values of
t, since any finite set of values can simply be excluded from consideration when ¢ tends to 0.
When applying Lemma 5.12, we first have to verify that the conditions (5.56) hold for all but
a finite number of values of ¢. By substituting (5.59), it is seen that the left-hand sides of (5.56)
are nonconstant entire functions of ¢, and thus have a finite number of roots on any compact
set of values of t. By Lemma 5.12, this implies that ] is nonsingular for all but a finite number

of values of values of ¢, and that the inverse (if it exists) is given by

11 0(5_1)x
= ( als—1 (s-1) (r+1)) (5.60)
0

1) % (S—1) P!
where P71 is given by (5.57) and (5.58), again with r = N— S. Next, we observe that for our
choice of test points (5.18),

VIV = ( Pls- O(S”X(’“)) (5.61)
0(r+1)x(s-1) P

where P is an (r + 1) x (r 4 1) matrix having the structure (5.53) with entries
i=1#, b= —t&, &=, d=t+ &,
Using (5.16) together with (5.60) and (5.61), a direct calculation yields

N N
e(x %) > w(V]'VT) = Tr<VTV171> = ZZ(VTV)i,j(rl)i,j

i=1j=1
2
= (5—1)% + t2a’ = 2rt& + r(r—1)&c + (P4 E)d'. (5.62)

We now take the limit + — 0 in (5.62). For the first term, we obtain
t2 t2 t2

(S—1)— = (5—-1) = (S—l)m — (§—1)0? (5.63)

a e’/ — 1

where we have expanded e!’/?” into a second-oder Taylor series. Here, o(f(t)) indicates terms
which are negligible compared with f(t) when t — 0, i.e., lim;—o0(f(t))/f(t) = 0. To find the
limit of the second term in (5.62), t?a’ = —(t*/q)[d + (r—1)c|, we first consider the reciprocal

of the first factor, 2/ g. We have

T L7 1) (¢ 1) (1) (1) (/1) (¢ 1))
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Expanding some of the t-dependent exponentials into Taylor series, dropping higher-order

> (817 1)]

[Cz (7(6‘32/” 1)].

terms, and simplifying, we obtain

17 /- 2 2 2
b () (oo

Hfé—%(eéz/“z—n (r-1) o5 (/7 1) =

1“/—\

ot o2
(5.64)
For the second factor, we obtain
d+ (r—1)c = V71 4 (r-1) (3‘32/”2— 1) — r(eéz/az— 1). (5.65)
Then, using (5.64) and (5.65), it is seen that the second term in (5.62) converges to
2 &2/ 2
o = —%[d + (r—=1)c] — - - [Czrfeﬂ(egz/g_ 7 = o2 [1 + Uz(eéz/f_ &) (5.66)

Next, we consider the third term in (5.62), —2rt{b’, which can be written as —2r& b/t We have

q/#
b - 1 _tg/UZ_ —t(: _ C
= = (G ) — 5
Combining with (5.64), we obtain
2 2 x2
—2rtgh — 2rf - 6/0 - 20°6 . (5.67)

L@ T - oA
The fourth and fifth terms in (5.62) have to be calculated together because each of them by

itself diverges. The sum of these terms is

r(r—=1)&c +r(P+&)d' [(r—1)&(ac — b*) + (P+ &) [(r—1)b* — (r—2)ac — ad]]

~ (d=c)g
= (d—rc)q [—&%a(d—c) + [(r—1)b* — (r—2)ac — ad]]
réa rt?

~ g T@og

(q+ac — b2)

p (ac — b%). (5.68)

21 Z2 Z3
Using (5.64), z1 in (5.68) becomes

r&a/t?
z21 = — q/tz = —T’C

e

( 2/ )/t2
q/t
1/02 o 722
L AEE ) A D)

(5.69)
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Furthermore, a direct calculation yields

rt? 2 /52 12 2 /52
_ _ =070 2 —C¢%/o
Zy = RSy re ey — ro‘e . (5.70)
To take the limit of z3, first note that
ac —b* (/7= 1)/ 1) — (e 1€/ 1)2
d—c o(P+E2) /0% _ o2/ 2
(P17 1) = (~1e/ PP _ (1) — &
oG/ 0% 12 /o2 - o2p8%/0?
Together with (5.64), we thus have
t2 ac — b? 1 o287/ 1) — &2 2 &2
—r_ = _g2e /7
Z3 =7 7 d-c — r#[é{2 R E TP T)] pEpyr: ce . (5.71)

Adding the limits of zj, zp, and z3 in (5.69)—(5.71), we find that the sum of the fourth and fifth

terms in (5.62) converges to

_ 262
B 2 _62/‘72
21 +2z22+2z3 — 2 (1) + (r—1)c”e . (5.72)

Finally, adding the limits of all terms in (5.62) as given by (5.63), (5.66), (5.67), and (5.72) and
simplifying, we obtain the following result for the limit of the bound (5.62) for t — 0:

e(x;%) > So? + (r—1)o2e &/,

This equals (5.19), as claimed.
Proof of Lemma 5.12: We first calculate the inverse of M in (5.54). Applying the Sherman-
Morrison-Woodbury formula [103, §2.8]

-1
<A + CuvT> =A1- % A lupTA™!
14+ coTA™ 'u
to (5.54) and simplifying yields
1
M1l=_~1,— ¢ 1" (5.73)

d—c"  (d—c)[d+ (r—1)]
Next, we invoke the block inversion lemma [103, §2.8]
-1
A BT E”! —E'BT™M™! A —
= , withE=A-B M 'B.
B M ~-M'BE" M'+M 'BE'BTM™!
Specializing to A = a and B = b1 as is appropriate for P in (5.53), we obtain for the inverse of

P

. ( 1/e —(b/e)1TM
—(

, witheZ2a—-11"TM 1. (5.74)
b/ey M1 M '+ (bz/e)MlllTMl)
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We now develop the various blocks of P~! by using the expression of M~ in (5.73). We first
consider the upper-left block, 1/e. We have

/- c
—g—— 1T, -
R "od+ (r—1)c

2 2 _ _ 2
11T]1:a— b cr }_ad—k(r 1)ac —rb

d—c [r_d—i—(r—l)c - d+(r-1)c
Thus, using the definitions in (5.55) and (5.58) yields

_ Cd+4(r=1)c _ (5.75)

1
e q

which proves the validity of the upper-left entry of P~ 1in (5.57). Next, using (5.73) and (5.75)
and simplifying, the upper-right block in (5.74) becomes

b

e

17= DT T,

1 rc ba’
1TM—1 = _b /|: :| T_ _ -
g d+ (r—1)c q

i—  @=old+o—ndl* =

Thus, we have shown the validity of the first row and first column of P~ 1in (5.57). Finally, to

develop the remaining block M~! + (b2 /e)M 11T M~ in (5.74), we first calculate

1
d—c

A 14 _ rc _ 1
u=M"'1= [1 i (r—l)c}l = 751—1— (r—l)c 1. (5.76)

We then have

b2
M 14+ ?M*111TM*l =M '+ b2 uu” = I, —

1 c b?
d—c

8 PPY s
d+ (r—1)c |d—c + q ]11 (577)

where (5.73), (5.76), and the definition of 4’ in (5.58) were used. Using the definition of g in

(5.55) and simplifying, the factor in brackets can be written as

c VP _cqt(@d—b? [d+ (r—1)c](b?—ac)

d—c ¢ (d—c)q (d—c)q

Substituting back into (5.77), we obtain

b? 1
M 14+ ?M*111TM*1 = 117 = CI, + 117,

 (d=c)q d—

Thus, within the 7 x r lower-right block of P!, the off-diagonal entries all equal ¢/, as required.

Furthermore, the diagonal entries in this block are given by

- V’—ac  (r—1)b* —ad — (r— 2)ac _ g
d—c (d—c)q (d—c)q N

which completes the proof of the lemma. 0
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5.F Proof of Lemma 5.6

Let x € X5 with ||x||, =S and consider a fixed k € supp(x). We have to show that a solution of
(5.21), i.e.,

argmin Ex{ (£(y))*}, with U* = {2(-) | Ex{#(y)} = % forall ¥€ X5} (5.78)
£(-)eur

is given by J%,Ex) (y) = k- Leteo = ming )< Ex{ (2(y))?} denote the mean power of the LMVU

estimator defined by (5.78). We will show that gy > o* + x% and, furthermore, that o> + x,% is
achieved by the estimator J?,Ex) (y) = yx-

Let Ck denote the set of all S-sparse vectors ¥ which equal x except possibly for the kth
x P q ptp y

component, i.e., Ck £ {& € X5 | % = x; forall | # k}. Consider the modified optimization
problem
argmin Ex{(2(y))*},  with U £ {2(-) |Ex{2(y)} = % forall x€ C} (5.79)
2(-)euk

A

and let ey = ming )¢y Ex{(%(y))?} denote the mean power of the estimator defined by (5.79).
Note the distinction between U* and UX: U* is the set of estimators of x; which are unbiased
for all ¥ € X's whereas U is the set of estimators of x; which are unbiased for all € X5 which
equal a given, fixed x except possibly for the kth component. Therefore, the unbiasedness
requirement expressed by U is more restrictive than that expressed by U¥, i.e., U* C U¥, which
implies that

g < ¢p- (5.80)

We will use the following result, which is proved at the end of this appendix.

Lemma 5.13. Given an arbitrary estimator £(y) € U, the estimator

2(yk) £ Ex{2(y)vi} (5.81)

also satisfies the constraint %:(yx) € UL, and its mean power does not exceed that obtained by %, i.e.,

Ex{(2c(y4))?} < Ex{(2(y))*}-

Thus, to each estimator £(y) € U which depends on the entire observation y, we can al-
ways find at least one estimator £.(yx) € U¥ which depends only on the observation component
yx and is at least as good. Therefore, with no loss in optimality, we can restrict the optimization

problem (5.79) to estimators £(y;) € U which depend on y only via its kth component y. This
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means that (5.79) can be replaced by

arg min E.{(2(yx)?},  with U* 2 {2(-) |Ex{®(yx)} = % forall xeR"} . (5.82)

2()elk
Note that in the definition of /¥, we can use the requirement ¥ € RN instead of & € CX since the
expectation Ez{£(yx)} does not depend on the components %; with I # k. The corresponding
minimum mean power ming Ex{(%(yx))?} is still equal to ¢,. However, the new problem
(5.82) is equivalent to the classical problem of finding the LMVU estimator of a scalar x; based
on the observation y, = xj + ng, with nx ~ N(0, 0?). A solution of this latter problem is the
estimator £(yx) = yx, whose variance and mean power are 02 and 02 + x,%, respectively [90].

Thus, a solution of (5.82) or, equivalently, of (5.79) is the trivial estimator £(yx) = vy, and
gy = 0>+ x7. (5.83)

Combining (5.80) and (5.83), we see that the minimum mean power for our original opti-

mization problem (5.78) satisfies

& > (72+xf.

As we have shown, this lower bound is achieved by the estimator £(yx) = yx. In addition,
%(yx) = yx is an element of UF, the constraint set of (5.78). Therefore, it is a solution of (5.78).
Proof of Lemma 5.13: Consider a fixed x € X's and an estimator £(y) € U¥. In order to show

the first statement of the lemma, () € u,ﬁ, we first note that

Ex{2(y)|yc} = Ex{2(y)|lyx},  forany %€ CL. (5.84)

We now have for ¥ € Ck

s {%: ()} © E{EAR () 0} 2 ExlExl20)lni}} < B2} @ 3

where we used the definition (5.81) in (a), the identity (5.84) in (b), the law of total probability
[104] in (c), and our assumption £(y) € UL in (d). Thus, £.(yx) € UE.
Next, the inequality Ex{(£:(yx))?} < Ex{(%(y))?} is proved as follows:

E{ ()%} 2 EEA ()i} ) 2 E{(EAL W)} < Bl (Bel)?)

where we used the law of total probability in (a), Jensen’s inequality for convex functions [98]

in (b), and the definition (5.81) in (c). O
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5.G Proof of Lemma 5.7

We wish to solve the componentwise optimization problem (5.26), i.e.,

argmin E.{(£(y))*}, (5.85)
2() e URN AL
for k ¢ supp(x). Note that x; =0 and, thus, the variance equals the mean power E.{ (£(y))?}.

We first observe that the constraint £ € A’; implies that the estimator £ is unbiased, and thus

Un A’; = A’;. Indeed, using (5.22) and x; =0, we have

Ex{2(y)} = Ex{yi} + Ex{'(y)}

xx (=0)
1 . ly—xl2/ (202
— X+ W/mx’(”e ly—l3/(20°) gy,
= x+ 7(27“712)N B /IR el o) [ / T (y) e 0 gy gy
. 0 (5.86)

where x.; and y_, denote the (N —1)-dimensional vectors obtained from x and y by re-
moving the kth component x; and y;, respectively, and the result in (5.86) follows because
2 % (y) e i/ (2”2)dyk = 0 due to the odd symmetry assumption (5.24). Thus, we can replace
the constraint £(-) € U¥ N AL in (5.26) by £(-) € AE.

A solution of (5.26) can now be found by noting that for any £(-) € A%, we have

¢ 1 N 2 ay—nll2 o2
E{(2(y))?} = W/H{N(ykﬂf(y)) o~ ly=xI3/ 20 gy,
__ 1 2 lly—xl3/(20)

- W ]RNyke 2 dy

78 (20 0) + (R )] e v 2y
The first term is equal to 02 + x7 = ¢2. Regarding the second term, let y, be the length-(S +1)
subvector of y that comprises all y; with I € {k} Usupp(x). Due to (5.25), #'(y) depends
only on y, and can thus be written (with some abuse of notation) as £'(y,). Let 7, denote
the complementary subvector of y, i.e., the length-(N—S—1) subvector comprising all y; with
1 ¢ {k} Usupp(x). Furthermore, let x; and x; denote the analogous subvectors of x. The second

integral can then be written as the product

: ¢/ ' 21 o= llye—xll3/(202)
o ST e 208 )+ () 2] By,

1 2 2
=17 —%ll5/ (207) 35
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The second factor is 1, and thus we have

1 ’ N — Ny —xx|12/ (202
Ex{(ﬁ(y))z} =0’ + W /RS+1 [Zykﬁ (yp) + (% (yk))z] o~ 1ve—xell2/ (2 )dyk' (5.87)

Using the symmetry property (5.24), this can be written as

E{ (R0} =4 e [ 2P (b ) + () ey, (5589

with
b(y,) = vk oYt/ (20%) I [e—(yl—xz)z/(foz) _e—(y1+x1)2/(2172)] (5.89)
lesupp(x)
Clyy) & RO T (om0 4 e/ )] (5.90)
lesupp(x)

We sketch the derivation of expressions (5.89) and (5.90) by showing the first of S + 1 similar
sequential calculations. For simplicity of notation and without loss of generality, we assume

for this derivation that k =1 and supp(x) = {2,...,5 +1}. The integral in (5.87) then becomes
. . L
/][;5-%—1 [zykxl(yk) + (x/(yk))z] e Hyk xk“z/(ZU )dyk

S+1
= 2012 (y) + )] []_[e (yr—)? ]dy1 (5.91)

RS+

The f]R5+1 integration can now be represented as fRS (RLUR_)/ where the component f]RS refers

toyi,...,ys and the component thUHL refers to ys1. Then (5.91) can be further processed as

S+1
/RS [ () + (2 (91)7] [He(”"’)z/ (2”2)]%
xR+ 1=1
S+1
o o+ €] [T,

(;) U —(ysr1—x541)%/(20%) _ = (ysy1+xs41)*/(20%)
218 (y,) (e e )
RS xRy
+ (ﬁ’(yl))z (e—(ys+1—xs+1)2/(2¢72) + o~ Wsitxs1)?/ [He (yi—x1)? ]d%

where the odd symmetry property (5.24) was used in (). After performing this type of manip-

ulation S times, the integral is obtained in the form

/ s [2y13?’(y1) H (e—(yl—xl)z/(zaz) _ e—(y1+x1)2/(202))
RxR%

y ) S5+1 —(y—x)2/ (20%) —(y1+x1)%/ (20?) ~y3/(207) d
&2 (e te e h

+

1=2
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where x; = 0 was used. With y1£'(y1,...) = (—y1)2’(—y1, . ..), this becomes further

N 2 2y 311 2 2 _ 2 2
/ 2y1x (y )2@ yl/(ZU ) H (e (]/I xl) /(2‘7 ) —e (yl+xl) /(2‘7 ))
Ry xRS ! =2

S5+1
4 (ﬁ’(yl))zze—y%/(zgz) (e—(y,—x,)z/(2¢72) + e—(y1+x1)2/(2f72)) dy, .
1=2
Finally, removing our “notational simplicity” assumptions k =1 and supp(x) = {2,...,5+1},

this can be written for general k and supp(x) as

2071 [ o) T (e e )
RY lesupp(x)

FE )R TT (000 /ey gy, (590)
lesupp(x)

Inserting (5.92) into (5.87) yields (5.88).

The integral fRiﬂ (2% (y,)b(y) + (£ (yi))?c(yi) ]y, is minimized with respect to £'(y,)
by minimizing the integrand 2% (y,)b(y,) + (£ (y,))*c(y,) pointwise for each value of y, €
R This is easily done by completing the square in #'(y, ), yielding the optimization problem

ming (, y [2(y;) + b(yk)/c(yk)]z. Thus, the optimal #/(y, ) is obtained as

J%,’(,x(yk) £ —b(yk) = — H tanh<%> for all ykelRi+l

C(yk) lesupp(x)

and the corresponding pointwise minimum of the integrand is given by —(b(y,))?/c(y,). The
extension £; (y) toall y € RY is then obtained using the properties (5.24) and (5.25), and the
optimal component estimator solving (5.26) follows as % x(y) = yx + %; (). The correspond-
ing minimum variance, denoted by BB (x), is obtained by substituting the minimum value of

the integrand, —(b(y,))?/c(y,), in (5.88). This yields

2
BB (1) 2 B (80x(0)7) = — e [ By (6599)

Inserting (5.89) and (5.90) into (5.93) and simplifying gives (5.27).

5.H Proof of Equation (5.30)

To show (5.30), we consider g(x;0?) for x > 0 (this is sufficient since ¢(—x; 0?) = g(x;0?)), and

we use the simple bound tanh(x) > 1 — e~*, which can be verified using elementary calculus.
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We then obtain from (5.28), for x > 0,

g(x;az) \/7 —(F4y?)/(20%) 1nh< y> (1 _ efxy/zﬁ)dy

/) _ o=ty Qo] (1 — /7 dy

,/ (72
/(20%) _ p= (P 4y2)/ (20%) _ o= (x+y)2/ (20%) 4 p=(x+y)?/ (202)efxy/rfz] dy
1/ 0—2
> /(20%) _ p=(+y?)/ (20%) _ p=(x+y)?/ (202)] dy
- \/7
N V27o? / e )dy /2 02 / /) T e_(x+y)2/(202)]dy'

. . . 1 S /(2 o
The first integral can be written as —~— Jo e Y@ gy =1 —
1-

0 —(v—1/)2 2
T [ e YRy =
\/ﬁ NG ~(x+y)*/(20%) 4y The bound thus becomes

(50) > 1= — [ [ae ) gy
TTO"
—1_ foy/ (26?) + 1] ef(x2+y2)/(202)dy
V2mo? /
(*)
> 1

X 2
o 2y

= 1 — 3 efxz/(zaz)/ooefyz/(zaz) dy
0

where ¢72%/(20") < 1 was used in (*). This bound on ¢(x;0?) is actually valid for all x € R

because ¢(—x;0?) = g(x;0?). Inserting it in (5.27), we obtain

BB (x) < [1— I (1—§ex?/<2”2>>}02. (5.94)
(x)

lesupp(x
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The statement in (5.30) follows since we have (note that ) .7cqpp(x) denotes the sum over all

possible subsets Z of supp(x), including supp(x) and the empty set @)

1— H()<1_§—x,/(20)>:1_ Z H< —x,/20)>

lesupp(x ZCsupp(x) l€Z
= T TI(5e )
ICsupp(x),Z#0 €T 2
3
< —x2/(202)
N (G
Csupp(x), I#Q0 1€Z
Y I <§ ecz/(zaz)>
ICsupp(x),Z#0 €T 2

IZ|
= Z <§ e_g2/(202)>
ZCsupp(x), Z#D 2

S
Y (E) —E/(20%)
ZCsupp(x), Z#D 2

3 S
<2(3) e

_ 356—62/(202)

IN

IN

where we have used the fact that the number of different subsets Z C supp(x) is 2/5'PP()| =25,

Inserting the last bound in (5.94) and, in turn, the resulting bound on BB\ (x) in (5.29) yields
(5.30).

5.1 MSE of the ML Estimator

We calculate the MSE ¢(x; &) of the ML estimator &y in (5.7). Let %y x denote the kth

component of y. We have

e(x; &mL) ZE{xMLk_xk 2}

[E {# i} — 2 Ex{ vk i + 1]

TMZ ™= T

[ ARt T (Ex{ v} — xk)2 - (Ex{fML,k})z] . (5.95)

Thus, we have to calculate the quantities Ey{fy x} and Ex{ J?i/[L’k .

We recall that £z (y) = (Ps(y)),, where Ps is an operator that retains the S largest (in

magnitude) components and zeros out all others. Let £; denotes the set of vectors y for which
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Yk is not among the S largest (in magnitude) components. We then have
. , L
Evek(y) = Yoo YELy
0, yecl.
Equivalently, £ppx(y) = yk[1 — I(y € Li)], where I(y € L) is the indicator function of the event

{ye Ly} (e, l(yeLy)islif ye Ly and 0 else). Thus, we obtain Ex{fpp x} as

Ex{®mri} = Ex{w[1 — Ly Ly)]}
=x — Ex{yll(y e Ly) }
(2 Xy — Egcyk){Ea(cyNk){ykl(yeﬁk)‘yk}}

b
2 i~ B g BV {1y € £3) i} }

= x— EX (i Pa(y € Lely) } (5.96)
where the notations Eﬁy © and E§§’~k) indicate that the expectation is taken with respect to the

random quantities y; and y_,, respectively (here, y_, denotes y without the component vy)
and Py (y € Li|yk) is the conditional probability that y € £y, given y,. Furthermore, we used the
law of total probability in (a) and the fact that yj is held constant in the conditional expectation

Ex{vl(y € L) |yc} in (b). Similarily,

Ex{fl%/[L,k} = Ex{yi 1 - Uy e L))}
=E{yi [1 -1y L)}
=0? +x; — Ex{yi ly € L)}
= 0? +2F — V{2 Pu(y € Lilyi) } - (5.97)

Calculating Ex{#y«} and Ex{#3; ;} is thus reduced to calculating the conditional probability
Py(y € Lelyr)-

Let My = {1,...,N} \ {k}, and let P denote the set of all binary partitions (A, B) of the set
My, where A is at least of cardinality S:

P2 {(AB)|ACM,BCM, ANB=0,AUB = M,,|A|l >S}.

In order to evaluate the conditional probability Py(y € Ly |yx) of the event {y € L}, i.e., of the
event that a given vy is not among the S largest (in magnitude) components of y, we split the
event {y € L;} into several elementary events. More specifically, let £4 g denote the event that

every component y; with I € A satisfies |y;| > |yx| and every component y; with I € B satisfies
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ly1| < |yx|- The events €4 5 for all (A, B) € P are mutually exclusive, i.e., (A4, B) # (A, B') =
EasNExp = @, and their union corresponds to the event {y € Ly}, ie., Uan)epEas ={y€
Ly }. Consequently,

Pryelilye=y)= Y. Pu(aslyc=1y)
(AB)eP

= Pe(lyil > lyil|ye = v) TTPx(lyml < lyil|ye = v)
(AB)eP leA meB

= Py(lyil > [yl) TTPx(lyml < ly])
(A,B)eP lcA meB

- [T Pellwl>ly) TT  Pellynl <)

(AB)eP le ANsupp(x) meB Nsupp(x)

< JT Pallyal>1yD) TT Pallypl <1lyD)

neA\supp(x) pEB\supp(x)

B o) o)

(A,B)eP le ANsupp

< I [o(ME)e(= )]
o1 (M) 11 [e(Y)] e

neA\supp(x) peB\supp

—

—

where we have used the fact that the y; are independent and k ¢ Mj; furthermore, Q(y) =
\/% fyoo e~¥/2dx is the right tail probability of a standard Gaussian random variable. Plugging
(5.98) into (5.96) and (5.97) and, in turn, the resulting expressions into (5.95) yields a (very

complicated) expression of ¢(x; &\ ). This expression is evaluated numerically in Section 5.5.



Chapter 6

Performance Guarantees for Sparse

Estimation

This chapter is a reprint of the paper:

e Z. Ben-Haim, Y. C. Eldar, and M. Elad, “Coherence-based performance guarantees for
estimating a sparse vector under random noise,” IEEE Trans. Signal Proc., vol. 58, no. 10,

pp. 5030-5043, Oct. 2010.

6.1 Introduction

Estimation problems with sparsity constraints have attracted considerable attention in recent
years because of their potential use in numerous signal processing applications, such as de-
noising, compression, and sampling [15]. In a typical setup, an unknown deterministic pa-
rameter xg € IR™ is to be estimated from measurements b = Axy + w, where A € R"*™ is
a deterministic matrix and w is a noise vector. Typically, the dictionary A consists of more
columns than rows (i.e., m > n), so that without further assumptions, xj is unidentifiable from
b. The impassé is resolved by assuming that the parameter vector is sparse, i.e., that most ele-
ments of x( are zero. Under the assumption of sparsity, several estimation approaches can be
used. These include greedy algorithms, such as thresholding and orthogonal matching pursuit
(OMP) [17], and #; relaxation methods, such as the Dantzig selector [8] and basis pursuit de-
noising (BPDN) [19,20] (also known as the Lasso). A comparative analysis of these techniques
is crucial for determining the appropriate strategy in a given situation.

There are two standard approaches to modeling the noise w in the sparse estimation prob-

117
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lem. The first is to assume that w is deterministic and bounded [7, 12,105]. This leads to a
worst-case analysis in which an estimator must perform adequately even when the noise max-
imally damages the measurements. The noise in this case is thus called adversarial. By contrast,
if one assumes that the noise is random, then the analysis aims to describe estimator behavior
for typical noise values [8,22,23]. In this paper, we focus on the random noise scenario. As one

might expect, stronger performance guarantees can be obtained in this setting.

It is common to judge the quality of an estimator by comparing its mean-squared error
(MSE) with the Cramér-Rao bound (CRB) [16]. In the case of sparse estimation under Gaussian
noise, it has recently been shown that the unbiased CRB is identical (for almost all values of
x0) to the MSE of the “oracle” estimator, which knows the locations of the nonzero elements of
xo [70]. Thus, a gold standard for estimator performance is the MSE of the oracle. Indeed, it
can be shown that /; relaxation algorithms come close to the oracle when the noise is Gaussian.
Results of this type are sometimes referred to as “oracle inequalities.” Specifically, Candes and
Tao [8] have shown that, with high probability, the ¢, distance between xy and the Dantzig
estimate is within a constant times logm of the performance of the oracle. Recently, Bickel
et al. [23] have demonstrated that the performance of BPDN is similarly bounded, with high
probability, by Clogm times the oracle performance, for a constant C. However, the constant
involved in this analysis is considerably larger than that of the Dantzig selector. Interestingly,
it turns out that the logm gap between the oracle and practical estimators is an unavoidable

consequence of the fact that the nonzero locations in xy are unknown [24].

The contributions [8, 23] state their results using the restricted isometry constants (RICs).
These measures of the dictionary quality can be efficiently approximated in specific cases, e.g.,
when the dictionary is selected randomly from an appropriate ensemble. However, in general
it is NP-hard to evaluate the RICs for a given matrix A, and they must then be bounded by
efficiently computable properties of A, such as the mutual coherence [106]. In this respect,
coherence-based results are appealing since they can be used with arbitrary dictionaries [28,
107,108].

In this paper, we seek performance guarantees for sparse estimators based directly on the
mutual coherence of the matrix A [109]. While such results are suboptimal when the RICs of
A are known, the proposed approach yields tighter bounds than those obtained by applying
coherence bounds to RIC-based results. Specifically, we demonstrate that BPDN, OMP and
thresholding all achieve performance within a constant times log m of the oracle estimator, un-

der suitable conditions. In the case of BPDN, our result provides a tighter guarantee than the
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coherence-based implications of the work of Bickel et al. [23]. To the best of our knowledge,
there are no prior performance guarantees for greedy approaches such as OMP and threshold-
ing when the noise is random.

Itis important to distinguish the present work from Bayesian performance analysis, as prac-
ticed in [4, 5, 21,110, 111], where on top of the assumption of stochastic noise, a probabilistic
model for x is also used. Our results hold for any specific value of xy (satisfying appropriate
conditions), rather than providing results on average over realizations of xo; this necessarily
leads to weaker guarantees. It also bears repeating that our results apply to a fixed, finite-sized
matrix A; this distinguishes our work from asymptotic performance guarantees for large m and
n, such as [112,113].

The rest of this paper is organized as follows. We begin in Section 6.2 by comparing dictio-
nary quality measures and reviewing standard estimation techniques. In Section 6.3, our main
results are presented in the form of performance guarantees for various sparse estimation al-
gorithms. Subsequently, in Section 6.4, these results are compared with previous findings for
different sparse models, including the case of adversarial noise and the random design matrix
setting. Finally, in Section 6.5, the validity of our results is examined by simulation in practical
estimation scenarios.

The following notation is used throughout the paper. Vectors and matrices are denoted,
respectively, by boldface lowercase and boldface uppercase letters. The set of indices of the
nonzero entries of a vector x is called the support of x and denoted supp(x). Given an index
set A and a matrix A, the notation A refers to the submatrix formed from the columns of A
indexed by A. The identity matrix is denoted by I. Furthermore, for any matrix A, AT refers to
the matrix transpose, A’ is the Moore-Penrose pseudoinverse, Tr(A) is the trace, and span(A)
is the column span, while Ain(A) and Amax(A) denote the smallest and largest eigenvalues of
A. Finally, the £, norm of a vector x, for 1 < p < o, is denoted ||x||,, while ||x[|o denotes the

number of nonzero elements in x.

6.2 Preliminaries

6.2.1 Characterizing the Dictionary

Let xp € R™ be an unknown deterministic vector, and denote its support set by Ag = supp(xo).
Let s = ||xo]|o be the number of nonzero entries in xy. In our setting, it is typically assumed

that s is much smaller than m, i.e., that most elements in x( are zero. Suppose we obtain noisy
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measurements

b= Axg -+ w 6.1)

where A € R"*™ is a known deterministic overcomplete dictionary (m > n). We refer to the
columns a; of A as the atoms of the dictionary, and assume throughout our work that the atoms
are normalized such that

lail2 = 1. 6.2)

We further assume that w is zero-mean white Gaussian noise with covariance E{ww’} =
2L m-

For x( to be identifiable, one must guarantee that different values of xy produce significantly
different values of b. One way to ensure this is to examine all possible subdictionaries, or s-
element sets of atoms, and verify that the subspaces spanned by these subdictionaries differ
substantially from one another.

More specifically, several methods have been proposed to formalize the notion of the suit-
ability of a dictionary for sparse estimation. These include the mutual coherence [106], the
cumulative coherence [22], the exact recovery coefficient (ERC) [22], the spark [7], and the
RICs [8,12]. Except for the mutual coherence and cumulative coherence, none of these mea-
sures can be efficiently calculated for an arbitrary given dictionary A. Since the values of the
cumulative and mutual coherence are quite close, our focus in this paper will be on the mutual

coherence u = p(A), which is defined as

A T
2 Faj] . 6.3
p = max|a, | (6.3)

While the mutual coherence can be efficiently calculated directly from (6.3), it is not immedi-
ately clear in what way p is related to the requirement that subdictionaries must span different
subspaces. Indeed, y ensures a lack of correlation between single atoms, while we require a dis-
tinction between s-element subdictionaries. To explore this relation, let us recall the definitions
of the RICs, which are more directly related to the subdictionaries of A. We will then show that
the mutual coherence can be used to bound the constants involved in the RICs, a fact which
will also prove useful in our subsequent analysis. This strategy is inspired by earlier works,
which have used the mutual coherence to bound the ERC [22] and the spark [5,7,28]. Thus,
the coherence can be viewed as a tractable proxy for more accurate measures of the quality of
a dictionary, which cannot themselves be calculated efficiently.

By the RICs we refer to two properties describing “good” dictionaries, namely, the restricted

isometry property (RIP) and the restricted orthogonality property (ROP), which we now define.
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A dictionary A is said to satisfy the RIP [12] of order s with parameter J; if, for every index set
A of size s, we have

(1=6)llylz < lAnyl3 < (1+69)lyli3 (6.4)

for all y € R®. Thus, when J; is small, the RIP ensures that any s-atom subdictionary is nearly
orthogonal, which in turn implies that any two disjoint (s/2)-atom subdictionaries are well-
separated.

Similarly, A is said to satisfy the ROP [8] of order (s1,s2) with parameter 6;, s, if, for every

pair of disjoint index sets A; and A; having cardinalities s; and s, respectively, we have

Y1 AN AnYa| < 051112119212 (6.5)

forall y, € R® and forall y, € IR*2. In words, the ROP requires any two disjoint subdictionaries
containing s; and s, elements, respectively, to be nearly orthogonal to each other. These two
properties are therefore closely related to the requirement that distinct subdictionaries of A
behave dissimilarly.

In recent years, it has been demonstrated that various practical estimation techniques suc-
cessfully approximate x( from b, if the constants J; and 6;, 5, are sufficiently small [8,9,12,13].
This occurs, for example, when the entries in A are chosen randomly according to an indepen-
dent, identically distributed Gaussian law, as well as in some specific deterministic dictionary
constructions.

Unfortunately, in the standard estimation setting, one cannot design the system matrix A
according to these specific rules. In general, if one is given a particular dictionary A, then there
is no known algorithm for efficiently determining its RICs. Indeed, the very nature of the RICs
seems to require enumerating over an exponential number of index sets in order to find the
“worst” subdictionary. While the mutual coherence y of (6.3) tends to be far less accurate in
capturing the accuracy of a dictionary, it is still useful to be able to say something about the
RICs based only on y. Such a result is given in the following lemma, whose proof can be found

in [114,115].

Lemma 6.1 (Cai, Xu, and Zhang). For any matrix A, the RIP constant és of (6.4) and the ROP
constant 6s, s, of (6.5) satisfy the bounds

Js < (s—=1)u, (6.6)
Os,,5, < HA/5152 (6.7)

where y is the mutual coherence (6.3).
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We will apply this lemma in Section 6.3 in order to obtain coherence-based settings from

results which use the RICs.

6.2.2 Estimation Techniques

To fix notation, we now briefly review several approaches for estimating xp from noisy mea-
surements b given by (6.1). The two main strategies for efficiently estimating a sparse vector
are /1 relaxation and greedy methods. The first of these involves solving an optimization prob-
lem wherein the nonconvex constraint ||xg||o = s is relaxed to a constraint on the /; norm of the
estimated vector xj. Specifically, we consider the ¢1-penalty version of BPDN, which estimates

xo as a solution &gp to the quadratic program
min [b — Ax|[3 + 7||x] (6.8)

for some regularization parameter v. We refer to the optimization problem (6.8) as BPDN,
although it should be noted that some authors reserve this term for the related optimization
problem

min [|x|; st ||b— Ax|3 <v (6.9)
X

where v is a given constant.
Another estimator based on the idea of ¢; relaxation is the Dantzig selector [8], defined as a

solution &pg to the optimization problem
min ||x|; s.t [|[AT(b — Ax)||e < T (6.10)
X

where T is again a user-selected parameter. The Dantzig selector, like BPDN, is a convex re-
laxation method, but rather than penalizing the ¢, norm of the residual b — Ax, the Dantzig
selector ensures that the residual is weakly correlated with all dictionary atoms.

Instead of solving an optimization problem, greedy approaches estimate the support set
Ao from the measurements b. Once a support set A is chosen, the parameter vector xy can be
estimated using least-squares (LS) to obtain

Atb  on the support set A,
A PP (6.11)

=
I

0 elsewhere.

Greedy techniques differ in the method by which the support set is selected. The simplest

method is known as the thresholding algorithm. This technique computes the correlation of
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the measured signal b with each of the atoms a; and defines A as the set of indices of the s
atoms having the highest correlation. Subsequently, the LS technique (6.11) is applied to obtain
the thresholding estimate Xy,.

A somewhat more sophisticated greedy algorithm is OMP [17]. This iterative approach
begins by initializing the estimated support set A” to the empty set and setting a residual vector
) to b. Subsequently, at each iterationi = 1, ..., s, the algorithm finds the single atom which is
most highly correlated with r'~1. The index of this atom, say k;, is added to the support set, so
that A" = A1 U {k;}. The estimate &,p at the ith iteration is then defined by the LS solution

(6.11) using the support set A’. Next, the residual is updated using the formula
¥ =b— Axbyp. (6.12)

The residual thus describes the part of b which has yet to be accounted for by the estimate. The
counter i is now incremented, and s iterations are performed, after which the OMP estimate
Xomp is defined as the estimate at the final iteration, (,;p. A well-known property of OMP
is that the algorithm never chooses the same atom twice [7]. Consequently, stopping after s
iterations guarantees that ||Xomp/||o = s.

Finally, we also mention the so-called oracle estimator, which is based both on b and on the
true support set Ag of xp; the support set is assumed to have been provided by an “oracle”. The
oracle estimator X, calculates the LS solution (6.11) for Ag, and is often used as a gold standard

against which the performance of practical algorithms can be compared.

6.3 Performance Guarantees

Under the setting (6.1), it cat be shown [70] that the MSE of any unbiased estimator & of xg

satisfies the Cramér—Rao bound [44]
MSE(%) £ E{||& — x5} > 0> Tr((A},An,) ") = CRB. (6.13)

Interestingly, CRB is also the MSE of the oracle estimator mentioned above [8]. It follows from
the Gershgorin disc theorem [116] that all eigenvalues of A% ,An, are between 1 — (s — 1)p and
1+ (s + 1)u. Therefore, for reasonable sparsity levels, Tr((A[T\OA A,) 1) is not much larger than
s, and consequently (6.13) is on the order of so?. Considering that the mean power of w is no?, it
is evident that the oracle estimator has substantially reduced the noise level. In this section, we
will demonstrate that comparable performance gains are achievable using practical methods,

which do not have access to the oracle.
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6.3.1 /;-Relaxation Approaches

Review of previous results Historically, performance guarantees under random noise were
first obtained for the Dantzig selector (6.10) by Candés and Tao [8]. Their result is derived
using the RICs (6.4)—(6.5); by applying the bounds of Lemma 6.1, it is possible to obtain from
their work a coherence-based guarantee. More recently, Cai, Wang, and Xu [107] have shown
that one can obtain a tighter performance guarantee for the Dantzig selector directly from the

mutual coherence, as shown in the following theorem.

Theorem 6.2 (Cai, Wang, and Xu). Under the setting (6.1), assume that
1 1
-1+ — .14
s < > < + H> (6.14)

and consider the Dantzig selector (6.10) with parameter

T =0+/2logm + 30. (6.15)

Then, with probability exceeding

o1t (6.16)

/rtlogm’

the Dantzig selector Xpg satisfies

8(3++/2log m)2
(1- (25— 1)p)’

Thus, while &ps does not quite reach the performance of the oracle estimator, it does come

(s+1)0% (6.17)

|20 — &pslf5 <

within a constant factor multiplied by logm, with high probability. Interestingly, the logm
factor is an unavoidable result of the fact that the locations of the nonzero elements in x are
unknown (see [24, §7.4] and the references therein).

Recently, a performance guarantee has also been demonstrated for BPDN [23]. Once again,
this result is based on RIC-like properties. Its translation to a coherence-based guarantee is

given in the following theorem, whose derivation from [23] is described in Appendix 6.A.

Theorem 6.3 (Bickel, Ritov, and Tsybakov). Under the setting (6.1), assume that

NP (6.18)

(2+3V2)p

and consider the BPDN estimator (6.8) with parameter

v = \/8(72(1 + a)logm (6.19)
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for some o > 0. Then, with probability exceeding

1
1-— (6.20)
BPDN satisfies
1
|x0 — &pp||3 < 2048(1 + tx)ﬁsaz log m (6.21)
where

K= /1— (25— 1)u— 1j”(32£1)y <1 (6.22)

Coherence-based guarantee for BPDN The constant in the BPDN performance guarantee
(6.21) is typically much larger than that given in (6.17) for the Dantzig selector. The necessary
condition (6.18) is also more stringent than the requirements for the Dantzig selector. However,
following the experience in the case of the Dantzig selector, one may hope for substantially
better guarantees to be obtained by directly relying on the mutual coherence. This approach
indeed bears fruit, as we now show. We begin by stating the following somewhat more general

result, whose proof is found in Appendix 6.B.

Theorem 6.4. Let xg be an unknown deterministic vector with known sparsity ||xollo = s, and let

b = Ax + w, where w ~ N(0,021) is a random noise vector. Suppose that!

1

Then, with probability exceeding

<1 — (m—s)exp <_8%22>> (1 - e’s/7> , (6.24)

the solution Xgp of BPDN (6.8) is unique, its support is contained in the true support Ao, and
o 12 3.\
%0 — e 3 < (0v3+37) s 6.25)

To compare this result with the previous theorems, we now derive from Theorem 6.4 a
result which holds with a probability on the order of (6.20). Observe that for (6.24) to be a
high probability, we require exp(—-?/(80?)) to be substantially smaller than 1/(m — s). This

requirement can be used to select a value for the regularization parameter . In particular, one

1Asin[22], analogous findings can also be obtained under the weaker requirements < 1/(2y), but the resulting

expressions are somewhat more involved.
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requires vy to be at least on the order of /802 log(m — s). However, ¢ should not be much larger

than this value, as this will increase the error bound (6.25). Therefore, it is natural to use

v = \/8(72(1 + ) log(m — s) (6.26)

for some fairly small « > 0; note the encouraging similarity of this value of <y to (6.19). Substi-

tuting -y of (6.26) into Theorem 6.4 yields the following result.

Corollary 6.5. Under the conditions of Theorem 6.4, let Xgp be a solution of BPDN (6.8) with -y given
by (6.26). Then, with probability exceeding

(1 - ﬁ) (1 - e*5/7> ) 6.27)

the solution Xgp is unique, its support is a subset of Ao, and

2
|x0 — &pp||5 < <\/§+3\/2(1 + ) log(m — s)> so. (6.28)

To compare the BPDN guarantees of Corollary 6.5 and Theorem 6.3, we first examine the
probability (6.27). This expression consists of a product of two terms, both of which converge to
1 as the problem dimensions increase. The right-hand term may seem odd because it appears
to favor non-sparse signals; however, this is an artifact of the method of proof, which requires a
sufficient number of nonzero coefficients for large number approximations to hold. This right-
hand term converges to 1 exponentially and therefore typically has a negligible effect on the
overall probability of success; for example, for s > 50 this term is larger than 0.999.

The left-hand term in (6.27) tends to 1 polynomially as m — s increases. This is a slightly
lower rate than that of Theorem 6.3; however, this difference is compensated for by a corre-
spondingly lower multiplicative factor of log(m — s) in the error bound (6.28), as opposed to
the log m factor in previous results. In any case, for any of the theorems to hold, m must increase
much more quickly than s, so that these differences are negligible.

Whereas the probability of success of Corollary 6.5 is comparable to that of Theorem 6.3,
the required sparsity level (6.23) in the proposed guarantee is substantially better than that of
previous results. Furthermore, the constant (6.25) in the new result is also much smaller than
that of the previous BPDN guarantee (6.21). Thus, it appears that the direct application of the
mutual coherence is successful in obtaining tighter performance guarantees.

What can be learned by comparing the guarantees for BPDN and the Dantzig selector? In
some respects, the BPDN result appears stronger; in particular, the probability of success in

Corollary 6.5 is better than that of Theorem 6.2, and the resulting guarantee has somewhat
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smaller constants. On the other hand, the sparsity requirements of Theorem 6.2 are somewhat
less stringent. Choosing the most accurate guarantee (and, consequently, the preferred esti-
mator) will thus depend on the specifics of the setting under consideration. One such specific

example will be presented in Section 6.5.

6.3.2 Greedy Approaches

The performance guarantees obtained for the ¢;-relaxation techniques required only the as-
sumption that xj is sufficiently sparse. By contrast, for greedy algorithms, successful estimation
can only be guaranteed if one further assumes that all nonzero components of x are somewhat
larger than the noise level. The reason is that greedy techniques are based on a LS solution for
an estimated support, an approach whose efficacy is poor unless the support is correctly iden-
tified. Indeed, when using the LS technique (6.11), even a single incorrectly identified support
element may cause the entire estimate to be severely incorrect. To ensure support recovery, all
nonzero elements must be large enough to overcome the noise.

To formalize this notion, denote xyp = (xq1,--.,Xon)! and define
|xmin| = {2{1\% |x0,i|/
|xmax| = Inax ’xo,i" (6.29)
i€Ng

A performance guarantee for both OMP and the thresholding algorithm is then given by the

following theorem.

Theorem 6.6. Let xg be an unknown deterministic vector with known sparsity ||xollo = s, and let

b = Axp + w, where w ~ N(0, o2l ) is a random noise vector. Suppose that
|Xmin| — (25 — 1) pt|Xmin| > 2(7\/2(1 + a)logm (6.30)

for some constant o > 0. Then, with probability at least

1— ! (6.31)

me\/mt(1+ «) logm’

the OMP estimate Xowmp identifies the correct support Ag of xo and, furthermore, satisfies

o 21+«
| Zomp — Xo||5 < a _((S — 1;y)2502 logm (6.32a)

< 8(1 + a)sc? log m. (6.32b)
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If the stronger condition
minl = (25 = 1)pxmax]| = 20/2(1 + ) log m (639)

holds, then with probability exceeding (6.31), the thresholding algorithm also correctly identifies Ao and
satisfies (6.32).

The performance guarantee (6.32) is better than that provided by Theorem 6.2 and Corol-
lary 6.5. However, this result comes at the expense of requirements on the magnitude of the en-
tries of xo. Our analysis thus suggests that greedy approaches may outperform ¢;-based meth-
ods when the entries of x( are large compared with the noise, but that the greedy approaches
will deteriorate when the noise level increases. As we will see in Section 6.5, simulations also
appear to support this conclusion.

It is interesting to compare the success conditions (6.30) and (6.33) of the OMP and thresh-
olding algorithms. For given problem dimensions, the OMP algorithm requires |xmin|, the
smallest nonzero element of x, to be larger than a constant multiple of the noise standard de-
viation ¢. This is required in order to ensure that all elements of the support of xy will be iden-
tified with high probability. The requirement of the thresholding algorithm is stronger, as befits
a simpler approach: In this case |xmin| must be larger than the noise standard deviation plus a
constant times |¥max|. In other words, one must be able to separate |Xmin| from the combined
effect of noise and interference caused by the other nonzero components of xy. This results
from the thresholding technique, in which the entire support is identified simultaneously from
the measurements. By comparison, the iterative approach used by OMP identifies and removes
the large elements in xy first, thus facilitating the identification of the smaller elements in later

iterations.

6.4 Comparison with Related Estimation Settings

The difficulty of an estimation problem naturally depends on the strength of the assumptions
in the underlying model. We now compare the results of the previous section with prior per-
formance guarantees for sparse estimation algorithms in different settings.

The equation b = Axg + w describes a variety of situations, depending on what is assumed
to be known about A, xp, and w. The focus in this paper is on the frequentist estimation setting,
wherein the known matrix A and the unknown parameter vector xj are both deterministic, and

the noise w is Gaussian and white. In the following, we compare the performance guarantees
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obtained for this setting with known results for other scenarios. This comparison emphasizes
that better performance can be guaranteed if a more detailed model is assumed. We note that
many of the results cited in this section are obtained up to an unknown numerical constant,
and consequently the discussion herein likewise performs qualitative comparisons based on

asymptotic rates.

Adversarial noise In the adversarial or bounded noise scenario, the noise w is assumed to be
deterministic and unknown, and to have a bounded ¢, norm, ||w||; < e. The matrix A and the
unknown vector x( are also deterministic. Since no probabilistic information is assumed about
w, one must perform a worst-case analysis, namely, in this case guarantees for an estimator &
ensure that ||& — xp|| is small for all noise realizations and all feasible values of xy. Consequently,
adversarial performance guarantees are relatively weak, and indeed no denoising capability
can be ensured for any known algorithm.

Typical “stability” results under adversarial noise guarantee that if the mutual coherence
u of A is sufficiently small, and if xq is sufficiently sparse, then the distance between xy and
its estimate is on the order of the noise magnitude. Such results can be derived for algorithms
including BPDN, OMP, and thresholding. Consider, for example, the following theorem, which
is based on the work of Tropp [22, §IV-C].2

Theorem 6.7 (Tropp). Let xg be an unknown deterministic vector with known sparsity ||xo|lo = s,
and let b = Axo + w, where ||w||, < e. Suppose the mutual coherence y of the dictionary A satisfies
s < 1/(3u). Let &pp denote a solution of BPDN (6.8) with reqularization parameter -y = 2¢. Then, Xpp

is unique, the support of Xgp is a subset of the support of xo, and

|x0 — &Bp e < <3 - \/§> e~ 4.22¢. (6.34)

Results similar to Theorem 6.7 have also been obtained [7,12,13,107] for the related ¢;-error
estimation approach (6.9), as well as for the OMP algorithm [7]. Furthermore, the technique
used in the proof for the OMP [7] can also be applied to demonstrate a (slightly weaker) per-
formance guarantee for the thresholding algorithm.

In all of the aforementioned results, the only guarantee is that the distance between xpp and

xo is on the order of the noise power e. As expected, these results are much weaker than those

2Tropp considers only the case in which the entries of xy belong to the set {0, +1}. However, since the anal-
ysis performed in [22, §IV-C] can readily be applied to the general setting considered here, we omit the proof of

Theorem 6.7.
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obtained in Section 6.3 for the frequentist setting. Indeed, in the frequentist setting, which
differs only in the adoption of the Gaussian distribution for the noise, typical performance
guarantees ensure that ||* — xgl|2 is on the order of so? logm, while the average noise power
is no?, which is much larger. This difference is due to the fact that results in the adversarial
context must take into account values of w which are chosen so as to cause maximal damage

to the estimation algorithm.

Random design matrix Whereas the adversarial setting assumes less about the signal and
consequently provides weak guarantees, incorporating further probabilistic assumptions can
provide much more optimistic assurances of the achievable performance than those obtained
in our setting. For example, a common setting in the compressed sensing literature assumes
that the matrix A is known, but chosen randomly from an appropriate ensemble. The primary
advantage of such an assumption is that with high probability, the RICs of the resulting matrix
will be low, and performance guarantees obtained based on the use of the RICs are typically
sharper than those based on the mutual coherence.

Specifically, suppose that the entries of A are chosen from a white Gaussian distribution
and are then normalized to satisfy (6.2). Also suppose that x( is deterministic and that w is
white Gaussian noise, as in our setting. Then it can be shown that, with high probability, the
Dantzig selector achieves an error on the order of so? log m as long as the sparsity level s is on
the order of 1/ log(m/n) [8]. Comparable results can also be demonstrated for OMP,? and in
this case near-oracle performance is asymptotically guaranteed with high probability when s is
no larger than about n/ logn [113,117].

The guarantees of Section 6.3 are much weaker than these random-matrix results. Indeed,
to obtain near-oracle performance guarantees, the results of Section 6.3 all require the sparsity
level s to be on the order of 1/y. However, for any matrix A we have [118, Thm. 2.3]

m-—n

p= wm=1)" (6.35)

Making the reasonable assumption that m > 2n, it follows that, at best, our frequentist results
hold with sparsity levels s on the order of v/n. This is not nearly as strong as the random matrix
results, for which the number of nonzero entries in xg is allowed to come within a log factor of

the number of measurements n.

3Asin any analysis of a greedy algorithm, the OMP result requires some further assumptions on the SNR and,

in particular, on the value of |xyn| relative to the noise power.
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The difference between the random and deterministic matrix guarantees should not, how-
ever, be interpreted to mean that the proposed performance guarantees can be substantially
improved. Rather, it indicates that truly better performance should be expected in the ran-
dom matrix setting. Indeed, there exist suitably chosen deterministic matrices A and vectors
xo for which s is on the order of 1/, wherein reasonable algorithms completely fail to recover
xo [21]. In these constructions, the value of s fails to meet the requirements for the theorems of
Section 6.3 by no more than a small multiplicative constant. It follows that any performance
guarantee based solely on the mutual coherence of A cannot guarantee performance for spar-

sity levels higher than O(1/u).

6.5 Numerical Results

In this section, we describe a number of numerical experiments comparing the performance of
various estimators to the guarantees of Section 6.3. Our first experiment measured the median
estimation error, i.e., the median of the squared /¢, distance between xy and its estimate. The
median error is intuitively appealing as it characterizes the “typical” estimation error, and it
can be readily bounded by the performance guarantees of Section 6.3.

Specifically, we chose the two-ortho dictionary A = [I H], where I is the 512 x 512 identity
matrix and H is the 512 x 512 Hadamard matrix with normalized columns. The RICs of this dic-
tionary are unknown, but the coherence can be readily calculated and is given by u = 1/+/512.
Consequently, the theorems of Section 6.3 can be used to obtain performance guarantees for
sufficiently sparse vectors. In particular, in our simulations we chose parameters xo having a
support of size s = 7. The smallest nonzero entry in xp was |xmin| = 0.1 and the largest entry
was |Xmax| = 1. To obtain guarantees on the median error, for each of the theorems of Sec-
tion 6.3 a value of & was chosen such that the resulting error bound holds with probability 1/2

or greater.* Under these conditions, applying the theorems of Section 6.3 yields the bounds

X0 — Rompl|3 < 3.7s0% logm w.p. 3, if o < 0.057;
llxo — JACBPH% < 22.1s0? log m w.p. %;
|x0 — &ps||3 < 198.4507 log m w.p. 3. (6.36)

4In particular, the results for the Dantzig selector (Theorem 6.2) and OMP (Theorem 6.6) can only be used to
yield guarantees holding with probabilities of approximately 3/4 and higher. These are, of course, also bounds on

the median error.
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Figure 6.1: Median estimation error for practical estimators (gray regions) compared with per-
formance guarantees (solid lines) and the oracle estimator (dotted line). The gray regions report
the range of performances observed for 8 different values of the unknown parameter vector xo.
For the Dantzig selector, both the guarantee of Candes and Tao and that of Cai, Wang, and Xu
are plotted. For OMP, performance is only guaranteed for ¢ < 0.057, while for thresholding,

nothing can be guaranteed for the given problem dimensions.
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We have thus obtained guarantees for the median estimation error of the Dantzig selector,
BPDN, and OMP. Under these settings, no guarantee can be made for the performance of the
thresholding algorithm. Indeed, as we will see, for some choices of xj satisfying the above
requirements, the performance of the thresholding algorithm is not proportional to so? log m.
To obtain thresholding guarantees, one requires a narrower range between |Xmin| and |¥max/-
The RIC-based BPDN guarantee of Theorem 6.3 is not applicable in the present setting;
however, by comparing the BPDN guarantees of Theorems 6.3 and 6.4, it is evident that the
latter is substantially tighter, even when the conditions for both theorems hold. It is also in-
teresting to note that by applying Lemma 6.1 to the (RIC-based) Dantzig selector guarantee of

Candés and Tao [8], one can obtain for the current setting
|x0 — &ps||3 < 361.8s0% logm  w.p. 3. (6.37)

This result is again looser than (6.36), once again demonstrating that considerable improvement
in performance guarantees is possible by direct use of the mutual coherence.

To measure the actual median error obtained by various estimators, 8 different parameter
vectors xg were selected. These differed in the distribution of the magnitudes of the nonzero
components within the range [|Xmin|, |¥max|] and in the locations of the nonzero elements. For
each parameter x, a set of measurement vectors b were obtained from (6.1). The estimation
algorithms of Section 6.2.2 were then applied to each measurement realization. For the Dantzig
selector, T was selected using (6.15), and for BPDN, v was chosen as the smallest value such
that the probability of success (6.27) would exceed 1/2. The median over noise realizations of
the distance ||xo — &||3 was then computed for each estimator. This process was repeated for 10
values of the noise variance 0 in the range 10~® < ¢ < 1. The results are plotted in Fig. 6.1 as
a function of ¢2. The performance guarantees (6.36)—(6.37) are also plotted.’

It is evident from Fig. 6.1 that some parameter vectors are more difficult to estimate than
others. Indeed, there is a large variety of parameters x; satisfying the problem requirements,
and it is likely that some of them come closer to the theoretical limits than the parameters cho-
sen in our experiment. This highlights the importance of performance guarantees in ensuring
adequate performance for all parameter values. On the other hand, it is quite possible that fur-
ther improvements of the constants in the performance bounds are possible. For example, the

Dantzig selector guarantee is almost 50 times higher than the worst of the examined parameter

5The guarantee (6.37) actually requires a slightly different value of 7, but this difference has a negligible effect

on performance and is ignored.
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Figure 6.2: MSE of various estimators as a function of the SNR. The sparsity level is s = 5 and

the dictionary is a 256 x 512 two-ortho matrix.

values.

In practice, it is more common to measure the MSE of an estimator than its median error.
Our next goal is to determine whether the behavior predicted by our theoretical analysis is also
manifested in the MSE of the various estimators. To this end, we conducted an experiment in
which the MSEs of the estimators of Section 6.2.2 were compared. In this simulation, we chose
the two-ortho dictionary A = [I H], where I is the 256 x 256 identity matrix and H is the
256 x 256 Hadamard matrix with normalized columns.® Once again, the RICs of this dictionary
are unknown. However, the coherence in this case is given by = 1/16, and consequently, the

/1 relaxation guarantees of Section 6.3.1 hold for s < 5.

We obtained the parameter vector x( for this experiment by selecting a 5-element support
at random, choosing the nonzero entries from a white Gaussian distribution, and then nor-
malizing the resulting vector so that ||xg||2 = 1. The regularization parameters T and <y of the
Dantzig selector and BPDN were chosen as recommended by Theorem 6.2 and Corollary 6.5,
respectively; for the latter, a value of « = 1 was chosen. The MSE of each estimate was then
calculated by averaging over repeated realizations of xy and the noise. The experiment was

conducted for 10 values of the noise variance ¢? and the results are plotted in Fig. 6.2 as a

bSimilar experiments were performed on a variety of other dictionaries, including an overcomplete DCT and a
matrix containing Gaussian random entries. The different dictionaries yielded comparable results, which are not

reported here.
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function of the signal-to-noise ratio (SNR), which is defined by

lxol7 _ 1

To compare this plot with the theoretical results of Section 6.3, observe first the situation at
high SNR. In this case, OMP, BPDN, and the Dantzig selector all achieve performance which
is proportional to the oracle MSE (or CRB) given by (6.13). Among these, OMP is closest to the
CRB, followed by BPDN and, finally, the Dantzig selector. This behavior matches the propor-
tionality constants given in the theorems of Section 6.3. Indeed, for small o, the condition (6.30)
holds even for large @, and thus Theorem 6.6 guarantees that OMP will recover the correct
support of xp with high probability, explaining the convergence of this estimator to the oracle.
By contrast, the performance of the thresholding algorithm levels off at high SNR; this is again
predicted by Theorem 6.6, since, even when ¢ = 0, the condition (6.33) does not always hold,
unless |Xmin| is not much smaller than |xmax|. Thus, for our choice of xy, Theorem 6.6 does not
guarantee near-oracle performance for the thresholding algorithm, even at high SNR.

With increasing noise, Theorem 6.6 requires a corresponding increase in |xmin] to guarantee
the success of the greedy algorithms. Consequently, Fig. 6.2 demonstrates a deterioration of
these algorithms when the SNR is low. On the other hand, the theorems for the relaxation
algorithms make no such assumptions, and indeed these approaches continue to perform well,
compared with the oracle estimator, even when the noise level is high. In particular, the Dantzig
selector outperforms the CRB at low SNR; this is because the CRB is a bound on unbiased
techniques, whereas when the noise is large, biased techniques such as an ¢; penalty become
very effective. Robustness to noise is thus an important advantage of /;-relaxation techniques.

It is also interesting to examine the effect of the support size s on the performance of the
various estimators. To this end, 15 support sizes in the range 2 < s < 30 were tested. For
each value of s, random vectors xp having s nonzero entries were selected as in the previous
simulation. The dictionary A was the 256 x 512 two-ortho matrix defined above; as in the pre-
vious experiment, other matrices were also tested and provided similar results. The standard
deviation of the noise for this experiment was ¢ = 0.01. The results are plotted in Fig. 6.3.

As mentioned above, the mutual coherence of the dictionary A is 1/16, so that the proposed
performance guarantees apply only when xp is quite sparse (s < 5). Nevertheless, Fig. 6.3
demonstrates that the estimation algorithms (with the exception of the thresholding approach)
exhibit a graceful degradation as the support of x( increases. At first sight this would appear to

mean that the performance guarantees provided are overly pessimistic. For example, it is pos-
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Figure 6.3: MSE of various estimators as a function of the support size s. The noise standard

deviation is ¢ = 0.01 and the dictionary is a 256 x 512 two-ortho matrix.

sible that the RICs in the present setting, while unknown, are fairly low and permit a stronger
analysis than that of Section 6.3. It is also quite reasonable to expect, as mentioned above, that
some improvement in the theoretical guarantees is possible. However, it is worth recalling
that the performance guarantees proposed in this paper apply to all sparse vectors, while the
numerical results describe the performance averaged over different values of xg. Thus it is
possible that there exist particular parameter values for which the performance is considerably
poorer than that reported in Fig. 6.3. Indeed, there exist values of A and xy for which BPDN
yields grossly incorrect results even when ||xy||o is on the order of 1/ [21]. However, identify-
ing such worst-case parameters numerically is quite difficult; this is doubtlessly at least part of

the reason for the apparent pessimism of the performance guarantees.

6.6 Conclusion

The performance of an estimator depends on the problem setting under consideration. As
we have seen in Section 6.4, under the adversarial noise scenario, the estimation error of any
algorithm can be as high as the noise power; in other words, the assumption of sparsity has not
yielded any denoising effect. On the other hand, when both the noise and the design matrix A
are random, practical estimators come close to the performance of the oracle estimator. In this

paper, we examined a middle ground between these two cases, namely the setting in which xg
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and A are deterministic but the noise is random. As we have shown, despite the fact that less
information is available in this case, a variety of estimation techniques are still guaranteed to
achieve performance close to that of the oracle estimator.

Our theoretical and numerical results suggest some conclusions concerning the choice of
an estimator. In particular, at high SNR values, it appears that the greedy OMP algorithm has
an advantage over the other algorithms considered herein. In this case the support set of x
can be recovered accurately and OMP thus converges to the oracle estimator; by contrast, ¢;
relaxations have a shrinkage effect which causes a loss of accuracy at high SNR. This is of
particular interest since greedy algorithms are also computationally more efficient than relax-
ation methods. On the other hand, the /; relaxation techniques, and particularly the Dantzig
selector, appear to be more effective than the greedy algorithms when the noise level is signifi-
cant: in this case, shrinkage is a highly effective denoising technique. Indeed, as a result of the
bias introduced by the shrinkage, /1-based approaches can even perform better than the oracle

estimator and the Cramér—Rao bound.

6.A Proof of Theorem 6.3

To prove the theorem, we will adapt Theorem 7.2 and Lemma 4.1 of [23] to the present setting,
and then apply the coherence bounds of Lemma 6.1. Note that the normalization of the matrix
A differs between the present paper and that of [23], and consequently the results stated herein
differs by a factor of n from the original.

We begin by recalling the definition of the “restricted eigenvalue condition” RE(s,q,3) of
[23]. Let

K= min M (6.39)
JocALwm¥:lfol<s x40l <3llx 11 1o [l2

where x; denotes the subvector of x indexed by the elements of the set |, J§ is the complement

of the set Jy, and J; contains the indices of the g largest elements in x which are not contained

in Jo. If « > 0, then the matrix A is said to satisfy the restricted eigenvalue condition RE(s, g,3)

with parameter x. Note that ¥ < 1, since one could, for example, choose Jy = {1} and x =

[1,0,...,0]7, whereupon it follows from (6.2) that the objective function in (6.39) equals 1.

Using this definition, the following result follows directly from [23, Theorem 7.2].

Theorem 6.8 (Bickel, Ritov and Tsybakov). Under the setting (6.1), assume that the restricted eigen-
value condition RE(s, g,3) holds for some q. Consider the BPDN estimator (6.8) with -y given by (6.19)
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and choose a > 2v/2. Then, with probability exceeding 1 — m'~%"/8, we have

2 2
| &p — 0|2 < 16 (1 + 3\/§> %502 log 1. (6.40)
From [23, Lemma 4.1], it follows that a sufficient condition for RE(s,s,3) to hold is dys +
30525 < 1, where dp; and 655 are the RICs defined in Section 6.2.1. Applying the bounds of
Lemma 6.1, it follows that RE(s, s, 3) holds if (6.18) holds. Furthermore, from [23, Lemma 4.1]

we have that in this case,
K> /10— 0 (6.41)

from which, again by applying Lemma 6.1, we obtain

— B B spu3v/2
k>4/1—=(2s=1)u NS e (6.42)

Since decreasing x does not violate the bound (6.40), our coherence-based bound must choose

x given by (6.22). Defining 1+ a = a*/8 and choosing g = s, we obtain the probability of
success (6.20) and the bound (6.21). Thus we have translated the results of Bickel et al. to the

coherence-based Theorem 6.3.

6.B Proof of Theorem 6.4

The proof is based closely on the work of Tropp [22]. From the triangle inequality,
[[x0 — &Bp[l2 < [|%0 — &or[[2 + [|For — %P2 (6.43)

where %, is the oracle estimator. Our goal is to separately bound the two terms on the right-
hand side of (6.43). Indeed, as we will see, the two constants ov/3 and %’y in (6.25) arise, respec-
tively, from the two terms in (6.43).

Beginning with the term ||xp — & ||2, let xg o denote the s-vector containing the elements of
xo indexed by Ao, and similarly, let ,; o denote the corresponding subvector of &,,. We then

have
x0,n — Kor,a = Xon — A} (Axo + w)
= xo,n — A, (ArgXon + W)
=—Al w, (6.44)

where we have used the fact that A, has full column rank, which is a consequence [82] of the

condition (6.23). Thus, xg A — Xor A is @ Gaussian random vector with mean 0 and covariance

2 A} AN = 02 (A} An,) 7
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For future use, we note that the cross-correlation between Aj\ow and (I - A AOA}L\O)w is
E{ A} ww" (I - Ap,AL)T} = AL (1 - Ap,AR )T
=0, (6.45)
where we have used the fact [71, Th. 1.2.1] that for any matrix M
MMM = (MTM)T™MT = M. (6.46)

Since w is Gaussian, it follows that A}L\Ow and (I- A AOA}L\O)w are statistically independent.

Furthermore, because xg o — o o depends on w only through A;r\ow, we conclude that
X — Xor is statistically independent of (I — A AOA}L\O)w. (6.47)

We now wish to bound the probability that ||xg — &or||3 > 3s0?. Let z be a normalized

Gaussian random variable, z ~ N(0, I;). Then

Pr{||lxo — &or||3 > 3507}

2
_ Pr{HU(A/T\OAAO)_l/ZZHZ > 350-2}

< Pr{H(ARoAAOV“HZ I[13 > 3s} (6.48)

where ||M|| denotes the maximum singular value of the matrix M. Thus, || (A/T\OA A) Y =

1/Smin, Where Spin is the minimum singular value of A,,. From the Gershgorin disc theorem

[116, p. 320], it follows that smin > /1 — (s — 1)u. Using (6.23), this can be simplified to spmin >

v/2/3, and therefore
(AT Ax)7V2 < 3 (6.49)
Jeahan) 2] < 3

Combining with (6.48) yields
Pr{||lxo — &or||3 > 3s0?} < Pr{||z||3 > 25} . (6.50)

Observe that ||z||3 is the sum of s independent normalized Gaussian random variables. The
right-hand side of (6.50) is therefore 1 — F,2(2s), where F,:(-) is the cumulative distribution
function of the x? distribution with s degrees of freedom. Using the formula [119, §16.3] for

F

2(+), we have

Pr{||lxo — &or||3 > 3s0”} < Q(3s,9) (6.51)

where Q(a, z) is the regularized Gamma function

® g-1 ,—
a Jo t e tdt

Q2 = e

(6.52)



140 CHAPTER 6. PERFORMANCE GUARANTEES FOR SPARSE ESTIMATION

Q(3s,s) decays exponentially as s — oo, and it can be seen that
Q(ls,s) <e™*7 foralls. (6.53)

We thus conclude that the event

%0 — &orl3 < 3s0? (6.54)

occurs with probability no smaller than 1 — e~%/7

. Note that the same technique can be applied
to obtain bounds on the probability that [|xg — &or||3 > aso?, for any a > 3. The only difference
will be the rate of exponential decay in (6.53). However, the distance between xy and %, is
usually small compared with the distance between %, and xpp, so that such an approach does
not significantly affect the overall result.

The above calculations provided a bound on the first term in (6.43). To address the second
term ||&or — &pp||2, define the random event

G : max |a] (I — AAOARO)b‘ <37 (6.55)

1

where a; is the ith column of A. It is shown in [22, App. IV-A] that

Pr{G} >1—(m—s)exp <_8%22> . (6.56)

If G indeed occurs, then the portion of the measurements b which do not belong to the range
space of A, are small, and consequently it has been shown [22, Cor. 9] that, in this case, the

solution &gp to (6.8) is unique, the support of &gp is a subset of Ao, and
&8P — Zor [l < 37 (6.57)
Since both %gp and X, are nonzero only in Ay, this implies that
&8P — &orll2 < 37/ (6.58)

The event G depends on the random variable w only through (I — A AOA}L\O)w. Thus, it
follows from (6.47) that G is statistically independent of the event (6.48). The probability that
both events occur simultaneously is therefore given by the product of their respective proba-
bilities. In other words, with probability exceeding (6.24), both (6.58) and (6.54) hold. Using
(6.43) completes the proof of the theorem.



6.C. PROOF OF THEOREM 6.6 141

6.C Proof of Theorem 6.6

The claims concerning both algorithms are closely related. To emphasize this similarity, we first
provide several lemmas which will be used to prove both results. These lemmas are all based

on an analysis of the random event

B= { max |a] w| < T} (6.59)
1<i<m
where
T2 041/2(14a)logm (6.60)

and « > 0. Our proof will be based on demonstrating that B occurs with high probability, and

that when B does occur, both thresholding and OMP achieve near-oracle performance.

Lemma 6.9. Suppose that w ~ N(0,021). Then, the event B of (6.59) occurs with a probability of at
least (6.31).

Proof. The random variables {a]w}" | are jointly Gaussian. Therefore, by Sidék’s lemma [120,

Th. 1]
m

Pr{B} =P 7 > [ Prslalw| < 7¢. 6.61

r{B} r{lrgz?:nml w| < T} =11 r{|al w| < T} (6.61)

Since ||a;||2 = 1, each random variable a] w has mean zero and variance 2. Consequently,
T —1-20(%
Pr{]ai w| < r} -1 2Q(U> (6.62)
where Q(x) = (1/V2n) [ e~%'/2dz is the Gaussian tail probability. Using the bound

Q(x) < Nlﬁe—xz/2 (6.63)

we obtain from (6.62)

Pr{|al~T'w[ <r} >1-7y (6.64)

s |2 0 _2pp
=4/ == . 6.65
7242 Ze (6.65)

When 7 > 1, the bound (6.31) is meaningless and the theorem holds vacuously. Otherwise,
when < 1, we have from (6.61) and (6.64)

where

Pr{B} > (1— )" > 1—my (6.66)

where the final inequality holds for any 7 < 1 and m > 1. Substituting the values of 7 and T

and simplifying, we obtain that B holds with a probability no lower than (6.31), as required. O
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The next lemma demonstrates that, under suitable conditions, correlating b with the dictio-
nary atoms a; is an effective method of identifying the atoms participating in the support of

XQ.

Lemma 6.10. Let xq be a vector with support Ag = supp(xg) of size s = ,and let b = Axg + w

for some noise vector w. Define |Xmin| and | Xmax| as in (6.29), and suppose that
| ¥max| — (25 — 1) pt|Xmax| > 2T. (6.67)
Then, if the event B of (6.59) holds, we have
max ]a b| > max |aTb] (6.68)
j€No jENo
If, rather than (6.67), the stronger condition
| Xmin| — (25 — 1) p|Xmax| > 27 (6.69)
is given, then, under the event B, we have
min |u b| > max |uTb| (6.70)
]GAO ]¢
Proof. The proof is an adaptation of [7, Lemma 5.2]. Beginning with the term max;¢x, |uij |, we

have, under the event B,

T
b X
rnax|a | = gréu/a\x a; Tw + E i Ta;

]éAO i€Ng
< T
max Xia; a;
¢A ]¢A0 IGA
< T+ Sp|Xmax|- (6.71)

On the other hand, when B holds,

max]aTb| max xj—l—aij—l— ) xiajTai
Jeho Jeho ieAo\{j}

> [Xmax| — max a]-Tw+ ) xia]-Tai
JEA i€ho\{j}

> |¥max| — T — (5 — 1) ¢t Xmax|
= [Xmax| — (25 — 1) | Xmax| — T + SH|Xmax|- (6.72)

Together with (6.71), this yields

max |u]-Tb| > |Xmax| — (25 — 1) 4| Xmax| — 27 + max ]a]-Tb|. (6.73)
jE€ENo j€No
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Thus, under the condition (6.67), we obtain (6.68). Similarly, when B holds, we have

min
j€ho

a-Tb‘ = min |x; + alw + Z x;ala;
] jeAo ] ) ) ]
i€Ao\{j}

> [Xmin| =T — (5 — 1) ¢t Xmax|

= |Xmin| — (25 — 1) pt|X¥max| — T + Spt|Xmax|- (6.74)

Again using (6.71), we obtain
;g\ro\ a]-Tb‘ > |Xmin| — (25 — 1) 4| Xmax| — 2T+§2%< |a]-Tb]. (6.75)
Consequently, under the assumption (6.69), we conclude that (6.70) holds, as required. O

The following lemma bounds the performance of the oracle estimator under the event B.
The usefulness of this lemma stems from the fact that, if either OMP or the thresholding algo-

rithm correctly identify the support of x(, then their estimate is identical to that of the oracle.

Lemma 6.11. Let xg be a vector with support Ag = supp(xo), and let b = Axo + w for some noise

vector w. If the event B of (6.59) occurs, then

1
%or — X0 < 2s02(1 1 . 6.76
onr x0||2 S 2507 ( +“) Ogm(l—(s—l)y)z ( )
Proof. Note that both %, and x( are supported on Ay, and therefore
%o — x0][3 = [|AR,b — x0,n, 13 (6.77)
where x 5, is the subvector of nonzero entries of xg. We thus have, under the event B,
1or — x0[l3 = [| AR, Arg¥0,8, + AR, — X0,a,13
= [[A},wl3
2
= Ak an) Ak
2
< ||(af,20) 7| X (afw)?
i€Ng
1
s022(1+ «) logm (6.78)

<
T (= (s-1u)?
where, in the last step, we used the definition (6.59) of B and the fact that HA[T\OA Al =>1—(s—

1)y, which was demonstrated in Appendix 6.B. This completes the proof the lemma. O
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We are now ready to prove Theorem 6.6. The proof for the thresholding algorithm is ob-
tained by combining the three lemmas presented above. Indeed, Lemma 6.9 ensures that the
event B occurs with probability at least as high as the required probability of success (6.31).
Whenever B occurs, we have by Lemma 6.10 that the atoms corresponding to A all have
strictly higher correlation with b than the off-support atoms, so that the thresholding algo-
rithm identifies the correct support Ag, and is thus equivalent to the oracle estimator X, as
long as B holds. Finally, by Lemma 6.11, identification of the true support Ay guarantees the
required error (6.32).

We now prove the OMP performance guarantee. Our aim is to show that when B occurs,
OMP correctly identifies the support of xg; the result then follows by Lemmas 6.9 and 6.11. To
this end we employ the technique used in the proof of [7, Th. 5.1]. We begin by examining the
first iteration of the OMP algorithm, in which one identifies the atom a; whose correlation with
b is maximal. Note that (6.30) implies (6.67), and therefore, by Lemma 6.10, the atom having
the highest correlation with b corresponds to an element in the support Ag of xg. Consequently,
the first step of the OMP algorithm correctly identifies an element in Ay.

The proof now continues by induction. Suppose we are currently in the ith iteration of
OMP, with 1 < i < s, and assume that atoms from the correct support were identified in all
i — 1 previous steps. Referring to the notation used in the definition of OMP in Section 6.2.2,
this implies that supp(icgl\}lp) = A"l C Ag. The ith step consists of identifying the atom a;

which is maximally correlated with the residual . By the definition of ., we have

=A% 14+ w (6.79)

where ¥ ! = xy — 5‘61\}[1)' Thus supp(¥~1) C Ay, so that #' is a noisy measurement of the vector

Ax'~!, which has a sparse representation consisting of no more than s atoms. Now, since

1£oppllo =i —1 < s = [|xolo, (6.80)

i—1

it follows that at least one nonzero entry in ¥ ! is equal to the corresponding entry in xj.

Consequently

max | %! > [in (6.81)

Note that the model (6.79) is precisely of the form (6.1), with #' taking the place of the measure-
ments b and ¥ ! taking the place of the sparse vector xo. It follows from (6.81) and (6.30) that

this model satisfies the requirement (6.67). Consequently, by Lemma 6.10, we have that under
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the event B,

max |a] /| > max|a]r|. (6.82)
i€ iZ Ao

Therefore, the ith iteration of OMP will choose an element within Ag to add to the support. By
induction it follows that the first s steps of OMP all identify elements in Ay, and since OMP
never chooses the same element twice, the entire support Ay will be identified after s iterations.

This completes the proof of Theorem 6.6.
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Chapter 7

Bounds and Guarantees for

Block-Sparse Estimators

This chapter has been submitted for publication as:

e Z.Ben-Haim and Y. C. Eldar, “Near-oracle performance of greedy block-sparse estimation
techniques from noisy measurements,” submitted to IEEE ]. of Selected Topics in Signal

Processing, Sep. 2010.

7.1 Introduction

The success of signal processing techniques depends to a large extent on the availability of an
appropriate model which captures our knowledge of the system under consideration and trans-
lates it to a productive mathematical framework. There is consequently an ongoing search for
mathematical models which can accurately describe real-world signals. In recent years, much
research has been devoted to the sparse representation model, which stems from the observa-
tion that many signals can be approximated using a small number of elements, or “atoms,”
chosen from a large dictionary [12,15,84]. Thus, we may write y = Dx + w, where the signal
y is a linear combination of a small number of columns of the dictionary matrix D, corrupted
by noise w. Since only a small number of elements of D are required for this representation,
the vector x is sparse, i.e., most of its entries equal 0. It turns out that the sparsity assumption
can be used to accurately estimate x from y, even when the number of possible atoms (and
thus, the length of x) is greater than the number of measurements in y [7,12,22]. This model

has been used to great advantage in many fundamental fields of signal processing, including

147
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compressed sensing [12,84], denoising [73], deblurring [121], and interpolation [122].

The assumption of sparsity is an example of a much more general class of signal models
which can be described as a union of subspaces [9,123,124]. Indeed, each support pattern
defines a subspace of the space of possible parameter vectors. Saying that the parameter con-
tains no more than k nonzero entries is equivalent to stating that x belongs to the union of all
such subspaces. Unions of subspaces are proving to be a powerful generalization of the spar-
sity model. Apart from ordinary sparsity, unions of subspaces have been applied to estimate
signals as diverse as pulse streams [36,125], multi-band communications [126-128], and block
sparse vectors [9,26-28], the latter being the focus of this paper. The common thread running
through these applications is the ability to exploit the union of subspaces structure in order to

achieve accurate reconstruction of signals from a very low number of measurements.

The block sparsity model is based on the realization that in many practical sparse represen-
tation settings, not all support patterns are equally likely. Specifically, if a particular element of
x is nonzero, then in many cases “similar” elements in x are also nonzero. The precise defini-
tion of similarity is context-dependent. For example, in Fourier-based dictionaries, neighboring
frequency bins are often jointly nonzero, while in wavelet-based dictionaries, nonzero entries
in a certain detail level are likely to be correlated with nonzeros in higher detail levels. Conse-
quently, the sparsity model does not incorporate all of the structure present in the signal. The
block sparsity approach aims to partially overcome this drawback by partitioning the vector x
into blocks, each of which contains a small number of elements. The structure imposed by the
block sparsity model is that no more than a small number k of blocks are nonzero. The model
thus favors the use of related atoms, rather than sporadic dictionary columns. Consequently,
block sparsity is well-suited for those situations described above, in which specific atoms tend

to be used together.

The usefulness of a model depends on the existence of efficient and effective methods for
estimating a signal x from its measurements. Fortunately, estimators designed for the ordinary
sparsity model can be readily adapted to the block sparse setting. Thus, previous work has
described techniques such as block orthogonal matching pursuit (BOMP) [28] and the mixed
{5/ £1-optimization (L-OPT) [9,27], the latter being a block version of the Lasso. In this paper,
we also describe a block-sparse version of the thresholding algorithm, which we refer to as
block-thresholding (BTH). The BOMP and BTH approaches are representatives of a class of
so-called greedy algorithms, which attempt to identify the support of x by choosing at each

step the most likely candidate. In this paper we restrict attention to these greedy techniques,
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which are simpler (and more naive) than convex relaxation techniques such as L-OPT, and
are therefore more suitable for implementation in large-scale or computationally parsimonious
settings.

Having described various estimation algorithmes, it is natural to ask what can be guaranteed
analytically about the performance of these methods in practice. For example, in the ordinary
(non-block) sparsity setting, a rich collection of performance guarantees exists for various al-
gorithms under different noise models. In particular, a distinction is made between adversarial
and random noise models. In the former case, nothing is known about w except that it is
bounded, ||w||; < ¢ in particular, w might be chosen so as to maximally harm a given estima-
tion algorithm. Consequently, guarantees in this case are relatively weak, ensuring only that
the error in x is on the order of ¢ [7,12,22]. By contrast, when the noise is random, estimation
performance is considerably improved for most noise realizations [8,22,78].

It is natural to seek an extension of these results to the block sparsity model. In the absence
of noise, successful recovery of a block sparse parameter x from measurements y = Dx has
been demonstrated in the past for both BOMP and L-OPT [9,28]. However, to the best of our
knowledge, the only result providing analytical guarantees for a block sparse estimator under
noise was given in [9], where the performance of L-OPT was analyzed under adversarial noise.
The goal of this paper is to analyze the performance of the greedy algorithms BOMP and BTH
under both adversarial and random noise models. As we will see, despite the fact that these
greedy algorithms are simpler and more efficient to implement, their performance is close to
the optimal achievable results.

Specifically, we first analyze the adversarial noise model, and show that both BOMP and
BTH achieve an error on the order of e when the noise is bounded by ||w|, < e. These results
generalize previous guarantees in several ways: First, when each block contains one element,
we recover the non-block sparsity guarantee of Donoho et al. [7]. Second, when the noise
bound ¢ equals 0, we obtain the noise-free guarantees of Eldar et al. [28].

We next turn to the random noise model, and examine in particular the case in which w
is white Gaussian noise. We derive the Cramér-Rao bound (CRB) for estimating x from its
measurements, and show that this bound equals the error of the “oracle estimator” which
knows the locations of the nonzero blocks of x. However, while the oracle estimator relies
on information which is unavailable in practice, the CRB is known to be achievable by the
maximum likelihood (ML) technique at high SNR. Unfortunately, the ML approach is NP-

complete, and thus can probably not be implemented efficiently. Nevertheless, we proceed
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to show that both BOMP and BTH come within a nearly constant factor of the CRB at high
SNR, for dictionaries satisfying suitable requirements. Once again, when each block contains
one element, we can recover previously known guarantees for non-block sparsity [78] from
our results. Furthermore, we show that in typical block sparse situations, the performance
guarantees of block algorithms is substantially better than that of non-block techniques.

The rest of this paper is organized as follows. The block sparse setting is defined in Sec-
tion 7.2, and the BOMP and BTH techniques are described in Section 7.3. The adversarial noise
model is then analyzed in Section 7.4. The treatment of random noise begins with the deriva-
tion of the CRB in Section 7.5, while performance guarantees for this case appear in Section 7.6.
Finally, the guarantees and the CRB are compared with the actual performance of BOMP and

BTH in a numerical study in Section 7.7.

7.2 Problem Setting

7.2.1 Notation

The following notation is used throughout the paper. Matrices and vectors are denoted by
boldface uppercase letters M and boldface lowercase letters v, respectively. The ¢, norm of a
vector v is ||v||2 and the spectral norm of a matrix M is ||[M||. The expectation of a random
vector v will be denoted E{v} or, occasionally, E,{v}, where the subscript is intended to em-
phasize the fact that the expectation is a function of the deterministic quantity x. The adjoint
and the Moore-Penrose pseudoinverse of a matrix M are denoted, respectively, by M* and M,
while the column space of M is R(M). We denote by v[i] the ith d-element block of a vector v
of length N = Md. Thus

oli) £ [0-1)a11, i-1)a42, - 0], 1<T<M. (7.1)

Consequently, we may write

(7.2)

Similarly, given a matrix M having N columns, the submatrix M[i] contains the columns (i —
1)d+1,(i—1)d+2,...,id of M, i.e., those columns of M which correspond to the ith block.

The support supp(v) of v is defined as the set of indices of nonzero blocks of v; formally

supp(v) = {i : v[i] # 0}. (7.3)
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Given an index set I, the vector vy is constructed as the subvector of v containing the blocks

indexed by I; in other words, if I = {iy,...,i,}, then

o= [o7[i],..., o [i,])] . (7.4)
Likewise, the submatrix M contains the column blocks indexed by I, so that

M; = [M[i],..., Ml[i]]. (7.5)

To uniquely define v; and M|, we will assume as a convention that the elements of I are sorted,

Le, iy <ip < - <ip.

7.2.2 Problem Definition

Let x € CN be a deterministic block-sparse vector, i.e., x consists of M blocks x[1],...,x[M]
of size d, of which at most k are nonzero [28]. The maximum support size k is assumed to be

known. The block sparsity restriction can then be written as
x€ X2 {veRY: |supp(v)| < k}. (7.6)

For convenience, let S = supp(x) be the support of the parameter x, and let s = |S|. Note
the distinction between k and s: It is known that at most k blocks are nonzero, but the actual
number of nonzero blocks s is unknown and may be smaller than k. In the sequel, it will be

useful to define
| Xmax| = max [|x[i]||2,
€S
|Xmin| £ min [|x[i]]|2. (7.7)
i€S

The block sparse model differs from the more common non-block sparsity setting: in the
latter, it is assumed that a small number of entries (rather than blocks) in the vector x are
nonzero. To emphasize this difference, we will occasionally refer to the non-block sparsity
model as “ordinary” or “scalar” sparsity.

We are given noisy observations

y=Dx+w (7.8)

where D € CL*N is a known, deterministic dictionary, and w is a noise vector. Our goal is to
estimate x from the measurements y. It will be convenient to denote the ith column (or “atom”)

of D as d;. Thus we have

D=1[dy,....dg,dg1,...,doa,. .., dx_ds1,- .., dN]. (7.9)
—_— ——— ——
D[1] D[2) DIM]
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We assume for simplicity that the dictionary atoms are normalized, ||d;||> = 1. We also assume
that the measurement system is underdetermined, i.e., the number of measurements L is less
than the number of parameters N; thus, we must utilize the structure X, for otherwise we have
no hope of recovering x from its measurements. Finally, we require that for any index set I
of size |I| < k, the subdictionary D; has full column rank. This latter assumption is needed
to ensure that after a support set is chosen, one may estimate x using standard techniques for
inverting an overcomplete set of linear equations, e.g., the least-squares approach.

We will provide performance guarantees for two separate noise models. First, we consider

the adversarial setting, in which the noise is unknown but bounded,
w2 <e (7.10)

for a known constant ¢ > 0. In this case the goal is to provide performance guarantees which
hold for all values of w satisfying (7.10). Second, we treat additive white Gaussian noise, in
which

w ~ N(0,0%I). (7.11)

In this case w is unbounded, and the goal will be to provide guarantees which hold with high
probability.

Following [28], we define the block coherence of D as
A | SR
pup = max —||[D*[]]D[f]]]. (7.12)
i#j d
We also define the sub-coherence

v = max max d;dj]. (7.13)
1<0EM (0-1)d+1<iAj<td

The block coherence and sub-coherence are generalizations of the concept of the coherence,

which is defined as

_ did: 7.14
p 1§r{2>§<N!z]I (7.14)

and applies to dictionaries regardless of whether they have a block structure.
7.3 Techniques for Block-Sparse Estimation

For reference and in order to fix notation, we now describe the two greedy algorithms for which

we provide performance guarantees.
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Block-Thresholding (BTH) We propose the following straightforward extension of the well-
known thresholding algorithm. Given a measurement vector y € CE, perform the following

steps:
1. Compute the correlations

oi = ID*[ilyll2, i=1,..., M. (7.15)

2. Find the k largest correlations and denote their indices by iy, . . ., i. In other words, find a

set of indices § = {i1, ..., it} such that p; > pjforalli e Sandj ¢S.
3. The reconstructed signal is given by

Xpry = argmin ||y — DX||,. (7.16)
F:supp(¥)=S5

Block Orthogonal Matching Pursuit (BOMP) The BOMP algorithm, based on the OMP al-
gorithm [17], was first proposed in [28].

Given a measurement vector y € CL, perform the following steps:
1. Definer’ = y.
2. Foreach ¢ =1,...,k, do the following;:

(a) Set
iy = argmax || D*[i]#*~!||,. (7.17)

1

(b) Set

x' = argmin |y — D% (7.18)

x:supp(¥) C{iy,...,i¢}
(c) Setr’ =y — Dx’.

3. The estimate is given by Xpomp = xk.

Oracle Estimator We will find it useful to analyze the oracle estimator, which is defined as

the least-squares solution within the true support set, i.e.,

Ror = argmin ||x — X3 (7.19)
X:supp(¥)CS
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Using the notation introduced above, we have

(%or)s = (DEDS)_lDEy/

(for)sc = 0 (7.20)

where S¢ = {1,..., M}\S is the complement of the support set S. Note that the term “oracle
estimator” is somewhat misleading, since %, relies on knowledge of the true support set S,

and is therefore not a true estimator.

7.4 Guarantees for Adversarial Noise

We begin by stating our performance guarantees in the case of adversarial noise. The proofs of

these results are quite technical and can be found in Appendix 7.A.
Theorem 7.1. Consider the setting of Section 7.2 with adversarial noise (7.10). Suppose that
(1—(d—1)v)|xmin| > 2e4/1+ (d —1)v + (2k — 1)dpp|¥max|- (7.21)

Then, the BTH algorithm correctly identifies all elements of the support of x, and its error is bounded by

2

X —x|5 < . 7.22
L gy g y 7 .22

Theorem 7.2. Consider the setting of Section 7.2 with adversarial noise (7.10). Suppose that
(1 —(d—1)v)|xmin| > 2e4/1+ (d — 1)v + (2k — 1)dpp|Xmin|- (7.23)

Then, the BOMP algorithm identifies all elements of supp(x), and its error is bounded by
2
I¥B0mp — %12 < : (7.24)
“—1—-(d-1v—(k—1)dug

The following remarks should be made concerning Theorems 7.1 and 7.2.

e Scalar sparsity: The scalar sparsity setting, in which x has no more than k nonzero el-
ements, can be recovered by choosing d = 1. In this case, BOMP and BTH reduce to their
scalar versions, which are called OMP and thresholding, respectively, and the block-coherence
up equals the coherence y of (7.14). Theorems 7.1 and 7.2 then coincide with the well-known
results of Donoho et al. [7] for performance of scalar sparse signals under adversarial noise. As

an example (and for future reference), the OMP performance guarantee is given below.
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Corollary 7.3 (Donoho et al. [7]). Let y = Dx + w be a measurement vector of a signal x having
sparsity ||x||o < k. Suppose that the coherence y of the dictionary D satisfies

Xmin| (1 — (2k — 1)) > 2e. (7.25)

Then, OMP recovers the correct support pattern of x and achieves an error bounded by

&2

1—(k—=1u

Note that in the case of ordinary sparsity, d = 1, and therefore |xmin| can be defined simply

|2omp — x||3 < (7.26)

as the magnitude of the smallest nonzero element in x.

e Benefits and limitations of block sparsity: It is interesting to compare the achievable perfor-
mance guarantees when one utilizes the block-sparse structure, as opposed to merely using
ordinary (scalar) sparsity information. For concreteness, we focus in this discussion on a com-
parison between OMP and BOMP, but identical conclusions can be drawn by comparing the
thresholding algorithm with its block-sparse version BTH.

Consider a block sparse signal x as defined in Section 7.2. Such a signal can also be viewed
as a scalar sparse signal of length N = Md, having no more than sd nonzero elements. It is
readily shown that the coherence y satisfies v < py and up < p [28]. Consequently,

2 2

€ < €
1—-(d—-1)v—(k—=1)dup — 1—(sd—1)u

(7.27)

which implies that if the conditions for the performance guarantees of both BOMP and OMP
hold, then the performance guarantee (7.24) for BOMP will be at least as good as that of OMP
(7.26). Moreover, in typical block-sparse settings, both v and pp will be substantially smaller
than p [28], and the guarantees for BOMP will then be considerably better.

These results notwithstanding, it should be noted that BOMP should not automatically be
preferred over OMP in any setting. This is because the condition (7.23) of Theorem 7.2 can
sometimes be weaker than that of OMP. Specifically, the factor 2e,/1+ (d — 1)v in (7.23) is
larger than the analogous term 2¢ in (7.25).! This implies that if the sub-coherence v is large,
block sparse algorithms will not perform as well as their scalar counterparts. Such a result is
to be expected: Highly correlated dictionary blocks may cause noise amplification, and in such
cases, it may be preferable to separately correlate each atom with the measurements, rather
than relying on the combined correlation of the entire block. Indeed, it would be quite surpris-

ing if a partition of any dictionary D into arbitrary blocks could be shown to perform as well as

IThe remaining terms in (7.23) are always no worse than the corresponding terms in (7.25).
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a scalar sparsity algorithm, since the former adds a restriction on the possible support patterns
of the vector x. The lesson to be learned from this analysis is that block sparsity techniques are
effective when the dictionary can be separated into blocks whose elements are orthogonal or
nearly orthogonal.

e Noiseless case: The situation in which y = Dy, i.e., no noise is present in the system, has
been previously analyzed in the context of block sparsity in [28]. This setting can be recovered

by choosing the noise bound & = 0. In this case, the condition (7.24) simplifies to
(d—1)v+ 2k —1)dug < 1 (7.28)

and Theorem 7.2 then amounts to a guarantee for perfect recovery of x if (7.28) holds. This
result for the noise-free setting has been previously demonstrated in [28, Thm. 3].

Similarly, by substituting ¢ = 0 into Theorem 7.1, one obtains a perfect recovery condition
for BTH in the noiseless setting. Specifically, if the condition

(d—1)v x| + (2k — 1)dug < 1 (7.29)

|xmin |

is satisfied, then BTH correctly recovers x from its noiseless measurements y = Dx.

Since BTH is a much simpler algorithm than BOMP, it is not surprising that the neces-
sary condition (7.29) for BTH is somewhat stronger than the corresponding condition (7.28) for
BOMP. This difference between the conditions is indicative of the different strategies employed
by the two techniques, and will be further discussed in Section 7.6.

e Severity of the error: As in the scalar sparsity scenario, the presence of adversarial noise
severely limits the ability of any algorithm to perform denoising. This is evident from Theo-
rems 7.1 and 7.2, which guarantee only that the distance between the estimates and the true
value of x is on the order of the noise magnitude ¢. Given our detailed knowledge of the struc-
ture of the signal x, one would expect more powerful denoising capabilities for typical noise
realizations. Consequently, in the remainder of this paper, we adopt the assumption of random

noise, which cannot align itself so as to maximally interfere with the recovery algorithms.

7.5 The Cramér-Rao Bound

A central goal in assessing the quality of an estimator is to check its proximity to the best
possible performance in the given setting. To this end, it is common practice to compute the

CRB for unbiased estimators [16], i.e., those techniques & for which the bias b(x) £ E,{%} — x
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equals zero. The CRB is a lower bound on the mean-squared error MSE(%, x) = E,{||%* — x||3}
for any unbiased estimator .

To utilize the information inherent in the block sparsity structure, we apply the constrained
CRB [52,56,58,70] to the present setting. In the constrained estimation scenario, one often seeks
estimators which are unbiased for all parameter values in the constraint set [52,56]. However,
as we will see below, this requirement is too strict in the block sparse setting. Indeed, in Theo-
rem 7.4 we show that it is not possible to construct any method which is unbiased for all feasible
parameter values. Consequently, a weaker, local definition of unbiasedness is called for, which
we refer to as X -unbiasedness [70].

Intuitively, an estimator & is said to be X'-unbiased at a point x € X if E,{%} = x holds
at the point x and at all points x in X which are sufficiently close to x. To formally define X-
unbiasedness, we first recall the concept of a feasible direction. A vector v € CV is said to be a
feasible direction at x if, for any sufficiently small &, we have x + av € X'. We then say that % is
X-unbiased at x if E,{&} = x and if

ob(x + av)

o W 0 (7.30)

for any feasible direction v. In other words, the bias is zero at x and remains unchanged, up to a
first-order approximation, when moving away from x along feasible directions. This definition

yields the following result, whose proof can be found in Appendix 7.B.

Theorem 7.4 (Cramér—-Rao bound for block-sparse signals). Consider the setting of Section 7.2 in
which the block sparse parameter vector x is to be estimated from measurements corrupted by Gaussian

noise (7.11).

(a) Suppose x contains fewer than k nonzero blocks, i.e., s < k. Then, no finite-variance estimator is

X-unbiased at x.

(b) Suppose x contains precisely k nonzero blocks, i.e., s = k. Then, any estimator which is X -unbiased
at x satisfies

MSE(&, x) > 02 Tr ((D;Ds)—1> . (7.31)

We recall that both the MSE and the CRB are functions of the unknown vector x, as is
generally the case when estimating a deterministic parameter. It follows immediately from
Theorem 7.4 that no finite-variance estimator can satisfy E,{%} = x for all x € X, which

explains why we previously avoided this simpler definition of unbiasedness in the constrained
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setting. Instead, restricting attention to a local unbiasedness requirement led to a finite CRB
for almost all parameter values in x: specifically, those parameters whose support is maximal,
| supp(x)| =5 = k.

For maximal-support values of x, it is not difficult to show that the CRB (7.31) coincides
with the MSE of the oracle estimator (7.20). In this case it is possible to get a sense for the value
of the bound, as follows. From (7.44) of Lemma 7.8 (see Appendix 7.A), we have that none of
the eigenvalues of (D$Ds) ! are larger than 1/(1 — (d — 1)v — (k — 1)dup). Thus

1 2
< . .
ST @y = (= Ddug (7.32)

In other words, when the block coherence and sub-coherence of D are low, the bound of The-

o2 Tr ((DEDS)’l)

orem 7.4 will be close to kdo?. This value is typically much lower than the total noise variance
E{||w|j3} = Lo?*. Thus, at least according to the CRB, it is possible to achieve substantial de-
noising in the presence of random noise. This stands in contrast to the rather disappointing
guarantees presented for adversarial noise in the previous section. We may thus hope that the
performance will be improved when considering random noise.

As opposed to the oracle estimator, which cannot be implemented in practice, it is well-
known that the CRB can be asymptotically achieved at high SNR by the maximum likelihood
(ML) estimator [16]. However, in the present setting, computing the ML estimator is NP-hard,
and thus impractical. Consequently, it is of interest to determine whether there exist efficient
techniques which come close to the performance bound (7.31), at least for high SNR values.
As we will show in the next section, this question is answered in the affirmative: greedy block

sparsity techniques do indeed approach the CRB for sufficiently high SNR.

7.6 Guarantees for Gaussian Noise

In this section, we analyze the performance of block sparse algorithms when the noise w is
a Gaussian random variable having mean zero and covariance ¢?I. Our main performance
guarantees are summarized in Theorems 7.5 and 7.6. The proofs of these theorems are found

in Appendix 7.C.

Theorem 7.5. Consider the setting of Section 7.2 with additive white Gaussian noise w ~ N(0,0>1).

Suppose it is known that

(1= (d = 1)v)|xXmin| — (2k — 1)dpp | Xmax]
> 20\/20d(1+ (d — 1)v) log N (7.33)
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for some constant « > 1/(2d1og N). Then, with probability exceeding
1 0.84(2ad log N)/2~1

N (7.34)
the BTH algorithm identifies the correct support of x and achieves an error bounded by
2a(1 -1
|&8TH — *[|5 < a1+ (d—Dv) ~dko® log N. (7.35)

(1= (d—=1)v—(k—1)dus)
Theorem 7.6. Consider the setting of Section 7.2 with additive white Gaussian noise w ~ N(0,021).

Suppose it is known that

(1= (d = 1)v)[xmin| — (2k — 1)dpp|Xmin|
> 20\/20d(1+ (d — 1)) log N (7.36)

for some constant « > 1/(2dlog N). Then, with probability exceeding (7.34), the BOMP algorithm
identifies the correct support of x and achieves an error bounded by

Itsomr — x[2 < 20(1+ (d—1)v)
2= (1—(d—1)v— (k—1)dup)

~dko? log N. (7.37)

We now provide some insights into the performance of block-sparse algorithms under ran-
dom noise.

e Random noise vs. adversarial noise: As noted in Section 7.4, performance guarantees in the
case of adversarial noise can ensure a recovery error on the order of the total noise magnitude.
This is a result of the fact that the noise could, in principle, be concentrated in a single nonzero
component of x, whereupon it would be indistinguishable from the signal. However, for ran-
dom noise, such an event is highly unlikely. Consequently, Theorems 7.5 and 7.6 provide much
tighter performance guarantees: both theorems demonstrate that, with high probability, the
estimation error is on the order of dko? log N, i.e., within a constant times log N of the CRB
presented in Section 7.5. Since the noise variance E{||w||?} is given by No?, and since typically
dklog N < N, we conclude that the block sparse algorithms have successfully removed a large
portion of the noise, owing to the utilization of the union-of-subspaces structure.

e BOMP vs. BTH: Comparing Theorems 7.5 and 7.6 leads to an important insight concern-
ing the advantage of the more sophisticated BOMP algorithm over its simpler counterpart.
Indeed, the guarantee for BOMP requires condition (7.36), which basically states that |Xmin|
must be larger than a constant multiplied by the standard deviation of the noise. By contrast,
for the BTH guarantee one requires the stronger condition (7.33), which can be interpreted as
requiring |Ymin| to be larger than a small constant times |xmax|, plus another constant times the

noise standard deviation.



160 CHAPTER 7. BOUNDS AND GUARANTEES FOR BLOCK-SPARSE ESTIMATORS

To explain this difference, recall from Section 7.3 that the BTH approach relies on a single
support-identification stage in which the blocks most highly correlated with the measurements
are chosen as the estimated support set S. Thus, for BTH to correctly identify the support, each
block in S must be sufficiently large in magnitude to overcome interference from the noise and
from the remaining blocks. Condition (7.33) can therefore be interpreted as a requirement that
the magnitude |xmin| of the smallest nonzero block must be larger than the sum of the inter-
ference from the large nonzero blocks (the |Xmax| term) and the noise. By contrast, the BOMP
algorithm iteratively identifies support elements, maintaining a residual vector r’ containing
the components of the measurement vector which have yet to be identified. Thus, BOMP re-
quires only the ability to separately isolate each nonzero block, and hence its weaker condition
(7.36), which necessitates only that |xmin| be larger than the noise.

Finally, it should be noted that when BTH and BOMP both identify the correct support set,
the estimates of the two algorithms coincide, explaining the identical bounds on their perfor-
mance. The conclusion from this analysis is that BOMP should be preferred if a wide dynamic
range of block magnitudes is possible, but that when all blocks have roughly the same size, the
simpler and more efficient BTH technique can be used.

e Scalar sparsity: It is interesting to note that known results for scalar sparsity algorithms
can be recovered from our block sparsity guarantees, by substituting d = 1 into Theorems 7.5
and 7.6. For example, consider the BOMP guarantee (Theorem 7.6). In the scalar case, this

algorithm is known as OMP, and its performance guarantee can be written as follows.

Corollary 7.7. Let y = Dx + w be a measurement vector of a signal x having sparsity ||x|lo < k.

Suppose the coherence u of D satisfies

|Xmin|(1 — (2k — 1)u) > 20+/2alog N (7.38)
for some o > 1. Then, with probability exceeding

0.8/V2

1-—— 7.39
N«—1, /alog N (7:39)
the OMP algorithm recovers the correct support of x, and achieves an error bounded by
|l Zomp — x||5 < 20 ko?log N (7.40)
oMP TR = A k- BT |

Corollary 7.7 is nearly identical to [78, Thm. 4], with the only difference being that the con-
stant 0.8/+/2 ~ 0.566 in (7.39) is replaced in [78] with the slightly better constant 1/ /7t & 0.564.

This slight discrepancy can be resolved if the more accurate version (7.89a) of Lemma 7.11 is
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Problem Dimensions  Coherence OoMP Block-OMP Cramér-Rao

M d L k U up Guar./ 02 Omax  Guar./o?  Omax CRB/¢?
1200 5 3000 1 0.10 0.026 301.0 0.033 37.0 0.160 5.0
1200 5 3000 2 0.10 0.026 — — 98.8 0.110 10.0
1200 5 3000 3 0.10 0.026 — — 204.4 0.063 15.1
1200 5 3000 4 0.10 0.026 — — 417.0 0.010 20.1
1200 5 3000 5 0.10 0.026 — — — — 252
1200 5 3000 3 0.10 0.026 — — 204.4 0.063 15.1
600 10 3000 3 0.10 0.015 — — 364.3 0.049 30.2
300 20 3000 3 0.10 0.010 — — 879.1 0.008 60.8
200 30 3000 3 0.10 0.007 — — — — 91.8
1200 5 3000 1 0.10 0.026 301.0 0.033 37.0 0.160 5.0
1200 5 1000 1 0.17 0.043 — — 37.0 0.144 5.0
1200 5 500 1 0.25 0.060 — — 37.0 0.128 5.0
1200 5 100 1 0.51 0.133 — — 37.0 0.062 5.0
1200 5 50 1 071 0.165 — — 37.0 0.032 5.0
1200 5 20 1 090 0.197 — — 37.0 0.003 5.0
1200 5 10 1 098 0.200 — — — — 5.0

Table 7.1: Performance Guarantees for OMP and Block-OMP
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used in the proof of Theorem 7.6, but the resulting expression becomes much more cumber-
some in the block sparse case.

e Block sparsity vs. scalar sparsity: A legitimate question is whether the incorporation of
the block sparsity structure substantially assists estimation algorithms. In other words, do
the performance guarantees of the block algorithms BOMP and BTH compare favorably with
the results achievable on identical signals using scalar sparsity algorithms, such as OMP and

thresholding? This question is examined numerically in the next section.

7.7 Numerical Experiments

From a practical point of view, it is important to determine whether the use of block sparse
algorithms contributes significantly to the performance of estimation algorithms. After all, any
block sparse signal containing k nonzero blocks of size d can also be viewed as a sparse signal
containing kd nonzero elements. Is there a significant benefit in using the block algorithms
rather than the ordinary scalar versions?

There are two possible approaches to answering this question. First, one may compare the
performance achieved in practice by block sparse and scalar sparse algorithms. This requires
a complete specification of the problem setting, including a choice of the parameter value x,
which is unknown in practice. Alternatively, one can compare the performance guarantees for
block sparse techniques, which were derived in Section 7.6, to the previously known guarantees
for scalar approaches [109]. The performance guarantees apply to all parameter values having a
specified sparsity level, and are therefore more general. However, there may be a gap between
the guarantee and the performance observed in practice. In order to take advantage of both
approaches, in the following we compare both the actual performance and the guarantees of
the various algorithms discussed in this paper.

In our experiments, we used dictionaries containing orthonormal blocks. Such dictionar-
ies were constructed by first generating a random L X N matrix containing IID, zero-mean
Gaussian random variables, and then performing a Gram-Schmidt procedure separately on
the columns of each block. As a first experiment, we generated a variety of such dictionaries,
and computed their coherence y and block coherence yig. (The sub-coherence of dictionaries
generated in this manner is necessarily v = 0.) These values were used to compute perfor-
mance guarantees for BOMP (using Theorem 7.6) and for OMP (using Corollary 7.7). We as-

sumed throughout that the minimum norm |xmin| among nonzero blocks equals 1 and that
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Figure 7.1: Median squared error as a function of the noise variance for block and scalar sparse
estimation algorithms. The shaded region indicates the range of errors encountered for differ-
ent parameter values. The dotted line plots the CRB. The thick solid line in Figs. 7.1(a) and
7.1(b) indicates the performance guarantees for the block sparse algorithms; no guarantee can

be made for the scalar sparsity techniques in Figs. 7.1(c) and 7.1(d).
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the minimum nonzero element equals 1/+/d. Some typical results are listed in Table 7.1. To
compute the guarantees in this table, the smallest value of « yielding a 99% probability of suc-
cess was chosen. The resulting guarantee is listed in multiples of ¢?. For example, a value
of Guarantee/o? = 100 means that [|& — x||3 < 10002 for 99% of the noise realizations. Also
listed in Table 7.1 are the maximum noise standard deviations omax for which the performance
guarantees still hold. A dash (—) indicates that no guarantee can be made for the given setting

even in the noise-free case.

It is evident from Table 7.1 that the block sparse algorithm BOMP is guaranteed to perform
over a much wider range of problem settings than the scalar OMP approach. Furthermore,
even when performance guarantees are provided for both techniques, those for BOMP are sub-
stantially stronger. To provide merely one striking example from Table 7.1, note that 50 mea-
surements suffice for BOMP to identify a signal composed of a single 5-element block among a
set of 1200 possible blocks, whereas for OMP to identify such a signal at the same noise level,
as many as 3000 measurements are required. The reason for this advantage is clear: the OMP
algorithm must separately identify each nonzero component of the signal, and must therefore
choose among a total of (12500) ~ 2.1 - 10" possible support sets. This is obviously more chal-
lenging than identifying one nonzero block among a set of 1200 possibilities. Clearly, then,
knowledge of a block-sparse structure can substantially improve performance if it is correctly
utilized.

Table 7.1 also compares the performance guarantees with the CRB of Theorem 7.4. The CRB
is listed for a random choice of support set S containing precisely k nonzero blocks; however,
choosing different sets S only has a small effect on the value of the bound. The gap between
these lower and upper bounds is not inconsiderable, and is typically on the order of a factor
of 10. There are several reasons for this gap. First, the performance guarantees plotted above
indicate an error which is obtained with 99% confidence, whereas the CRB is a bound on the
MSE. By its very nature, the MSE averages out unusually disruptive noise realizations, and
thus tends to be more optimistic. Second, different values of x may yield significantly different
performance; the performance guarantees apply to all values of x, whereas the CRB is plotted
for a single, typical parameter value. Third, some loss of tightness undoubtedly results from
the derivations of the theorems, i.e., there may still be room for improved bounds.

To measure the relative influence of these factors, we performed another experiment, in
which the guarantees were compared with the actual performance of the various algorithms. To

overcome the aforementioned pessimistic effect of a guarantee which holds with overwhelming
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Figure 7.2: Median squared error as a function of the noise variance for block sparse estimation
algorithms. The shaded region indicates the range of errors encountered for different parame-
ter values. The dotted line plots the CRB. The thick solid line in Fig. 7.2(a) indicates the perfor-
mance guarantee for BOMP; no guarantee can be made for BTH. The deteriorated performance

of BTH is a result of the existence of low-magnitude blocks.

probability, in this second experiment we computed guarantees with a 50% confidence level.
In other words, these are assurances on the median of the distance between x and its estimate,
which captures the typical estimation error. We also computed the actual median error of the
various algorithms for a variety of parameter values.

The details of this experiment are as follows. We constructed a 3000 x 6000 dictionary
D containing M = 1200 blocks of d = 5 atoms each, using the orthogonalization algo-
rithm described above. The resulting coherence of D was y = 0.094, the block coherence
was pup = 0.026, and since each block was orthonormal, the sub-coherence was v = 0. We
then constructed a variety of block sparse vectors x, each having s = 3 nonzero blocks, with
| Xmin| = 2v/d and |Xmax| = 3v/d. We chose the parameter vectors so as to cover as wide a range
of scenarios as possible, within the aforementioned requirements. For example, some parame-
ter vectors contained a block with a single nonzero component whose value was |Xmax|, while
other vectors contained a block with each of the d elements receiving a value of |Xmax|/ Vid. Al-
though it is clearly not feasible to cover the full range of possible parameter vectors, it is hoped
that in this way some sense is given of the variability in performance for different parameter
values. Indeed, as shown below, different parameters often yield widely differing estimation

errors.
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For each choice of a parameter vector, 20 noise realizations were generated and the resulting
measurement vector y was computed using (7.8). The BOMP, BTH, OMP, and thresholding al-
gorithms were then applied to each of the measurement vectors. For every technique and each
parameter vector, the median estimation error (among the noise realizations) was computed.
The range of median estimation errors obtained for different choices of x is plotted as a shaded

area in Fig. 7.1.

In the present setting, neither of the scalar sparsity algorithms was capable of providing
a performance guarantee. For BOMP and BTH, performance guarantees were available, and
these are plotted as a solid line in Fig. 7.1. These guarantees are valid only up to a certain
maximal noise variance, at which point the solid line in Fig. 7.1 stops. The results are also
compared with the CRB of Theorem 7.4. It should be emphasized that the CRB is a bound
on the MSE, rather than the median error, although in practice the differences between these
two quantities appear to be quite small. It is also worth recalling that the CRB is a bound
on unbiased estimators, while all of the techniques discussed herein are biased; nevertheless,
it is evident that the CRB still provides a rough measure of the optimal performance of the

proposed algorithms.

Several comments are in order concerning Fig. 7.1. First, the performance of both block
sparse algorithms exhibits a transition: near-CRB performance for low noise levels deterio-
rates substantially when the noise level crosses a certain threshold. This behavior qualitatively
matches the predictions of the performance guarantees, which ensure support recovery and
near-CRB performance for sufficiently low noise levels. The threshold at which this transition
occurs is identified fairly accurately for BOMP, and less so for BTH, although it is possible that
there exist some (untested) parameter values for which the BTH transition occurs at lower noise
levels. However, the numeric value of the performance guarantee is somewhat pessimistic:
while the observed performance is close to the CRB for all parameter values, analytically one
can guarantee only that the median error will not be larger than approximately 10 times the
CRB. This result is most likely due to the various inequalities employed in the proofs of Theo-
rems 7.5 and 7.6. Indeed, since the correct support is identified with high probability for most
noise realizations, the BTH and BOMP algorithms will likely tend to coincide with the oracle
estimator, whose error equals that of the CRB. The question of formally proving such a claim

remains a topic for further research.

The advantages of the block sparse approach become evident when compared with scalar

sparsity algorithms (Figs. 7.1(c) and 7.1(d)). For the scalar techniques, no performance guar-
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antees can be made in the present setting. Unlike the block sparsity algorithms, the scalar
approaches fail to recover the correct parameter vector even when the noise is negligible, and
for some parameter values, their error does not converge to the CRB. The thresholding algo-
rithm, in particular, ceases to improve (for some parameter values) as the noise is reduced,
while the OMP approach, although significantly better than thresholding, does not converge to
the CRB as do the block sparse techniques. This demonstrates the advantages of utilizing the
fact that the signal is known to have a block-sparse structure.

The performance of BOMP (Fig. 7.1(a)) is quite similar to that of BTH (Fig. 7.1(b)) in the
experiment above. This is not surprising when one compares our problem setting with the
guarantees of Section 7.6. Indeed, as we have seen, the primary difference between the BOMP
and BTH algorithms is that the one-shot support estimation employed by BTH causes large-
magnitude blocks to overshadow small-magnitude nonzero blocks. In the setting of Fig. 7.1, the
range of magnitudes between |Xmax| = 3v/d and | Xmin| = 2+/d is not very large, and therefore
BTH performs nearly as well as BOMP. The advantages of BOMP become readily apparent
if one considers a wider dynamic range. This is illustrated in Fig. 7.2, in which the setup
is identical to that of the previous experiment, except that parameter vectors having |Xmin| =
0.1v/d and |xmax| = v/d were chosen, yielding a 10-fold dynamic range in the block magnitudes.
In this case, while the guarantee for BOMP is hardly changed, the conditions for Theorem 7.5 no
longer hold, so that nothing can be ensured concerning the BTH technique. Indeed, in Fig. 7.2
we see that BTH performs poorly for some parameter values even when the noise level is low,

and its performance is no longer proportional to the CRB.

7.8 Conclusion

In this paper, we analyzed the performance of the greedy block algorithms BOMP and BTH
under the adversarial and Gaussian noise models. In the adversarial setting |w||2 < ¢, we
showed that the estimation error equals a constant times the noise bound ¢, which shows that
performance in this case will not necessarily reduce the noise power. The situation is much
better in the presence of random noise, where we saw that, under suitable conditions, greedy
techniques obtain an error on the order of dko? log N with high probability; this is substantially
lower than the input noise power N¢?. Indeed, the BTH and BOMP algorithms come close to
the CRB and the error of the oracle estimator.

There remain many open questions concerning the performance of block sparse techniques
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under random noise. For example, for scalar sparsity, performance guarantees for convex re-
laxation techniques do not require assumptions on the SNR. An important challenge is to de-
termine whether similar SNR-independent results can be demonstrated for block convex relax-
ation techniques such as L-OPT. Furthermore, it is well-known that scalar sparsity guarantees
can be strengthened if the restricted isometry constants of the dictionary D are known, as is the
case, for example, when D is chosen from an appropriate random ensemble. Thus, it is also of
interest to provide guarantees for block techniques under random noise based on an extension
of the RIP to the block sparse setting. One such extension has already been proposed in [9], and
its application to the Gaussian noise model may provide tighter bounds for some performance

algorithms.

7.A Proofs for Adversarial Noise

We begin by providing several lemmas which will prove useful for the analysis under both the

adversarial and the Gaussian noise models.
Lemma 7.8. Given a dictionary D having block coherence g and sub-coherence v, we have
ID* D[] < dpp foralli # (7.41)

and

ID[i]|I> = [ID*[{[D[]]| <1+ (4 —1)v. (7.42)

If1—(d—1)v >0, then

1
e A\ —1 <
DD = =73, @—1 (7.43)
Suppose 1 — (d —1)v — (k — 1)dup > 0 and let I be an index set with |I| < k. Then
|(DiD) ) < . . (7.4
! “1—(d—1)v— (k—1)dug

Proof. The bound (7.41) follows directly from the definition (7.12) of block coherence. To prove
(7.42)—(7.43), observe that the diagonal elements of the matrix D*[i|D[i] equal 1, while the off-
diagonal elements are bounded in magnitude by v. Therefore, by the Gershgorin circle theorem
[116], all eigenvalues of D*[i]|D|[i] are in the range [1 — (d — 1)v,1 + (d — 1)v], demonstrating
(7.42). Furthermore, it follows that the eigenvalues of (D*[i]D[i]) ! are in the range [(1 + (d —
1)v)~1, (1 - (d —1)v)~1], leading to (7.43).
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It remains to prove (7.44). To this end, let |I| = ¢ < k and write D{ D as

M[1,1] M[1,2] --- M1,/
M2,1 M[2,2] - M[2,1]

DiD;=| o : (7.45)
M1 M[62] - ML ()

where each M([i, j] is a d x d matrix containing the correlations between two blocks of dictionary

atoms. From the definition of block coherence, we have
IM[i jl|| < dus, foralli £ (7.46)

By a generalization of the Gershgorin circle theorem [129, Thm. 2], it follows that all eigenvalues
A of D7Dy satisfy
IM[i, i) = ALl < Y IMi I < (€= 1)dup
j#i
< (k—1)dusp. (7.47)

Now, from the definition of sub-coherence, the off-diagonal elements of M([i, i] are no larger
in magnitude than v, while the diagonal elements of M[i,i] all equal 1. Therefore, by the
Gershgorin circle theorem, given an arbitrary constant A, all eigenvalues of the d x d matrix

M]i,i] — Al are in therange [1 — A — (d — 1)v,1 — A + (d — 1)v]. Consequently
|M[i,i] —=AI||>1—A—(d—1)v. (7.48)
Combining with (7.47) and rearranging, we conclude that all eigenvalues of D} Dy satisfy
A>1—(d—-1)v—(k—1)dus. (7.49)

Consequently, the eigenvalues of (DjD;)~! are no larger than (1 — (d — 1)v — (k — 1)dup) 1,
establishing (7.44). O

Lemma 7.9. Consider the setting of Section 7.2, and suppose it is known that

max, [D*[jlwll2 < T (7.50)

for a given value T > 0. If the dictionary D satisfies

(1—(d—=1)v) |xmax| > 27+ (25 — 1)dpp| X¥max| (7.51)
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then
max [[D*[jly |2 > max |[D*[j]y||2 (7.52)
jes j&S
where S = supp(x).
If (7.51) is replaced by the stronger condition
(1 —(d—=1)v) |Xmin| > 27 + (25 — 1)dpp|Xmax]| (7.53)
then
min [[D*[jly |2 > max ||D*[j]y[|2- (7.54)
jeSs j&S
Proof. The proof is an extension of [78, Lemma 3] to the block-sparse case, and is ultimately
inspired by [7]. We first note that

D*[jlw + ) D*[j]D[i]x[i]

max ||D*[fly||l» = max
na |D* s = ma »

2
< max ID*[jlw|l2 + max Y ID*[ID[]I] |¥max]- (7.55)

ieS
By (7.50), the first term in (7.55) is smaller than 7. Together with (7.41), we obtain

rr%x ID*[jlyll2 < T+ sdup|Xmax| < T+ kdyp|Xmax|- (7.56)
]

On the other hand,

D*[jlw + ) D*[j]D[i]x[i]

max ||D*[fly||l» = max
nax D[y 2 = ma »

2
> max | D*[j]D[j]x[j]]l2
j€

D*[jlw+ ) D[jD[ix[i
i€s\{j)

— max (7.57)

jes

2

As we have seen in the proof of Lemma 7.8, the eigenvalues of D*[j|D[j] are bounded in the

range [1 — (d —1)v,1 4+ (d — 1)v]. Consequently
max || D*[jIDj]x[j]]l2 = max(1 — (d — 1)v)||x[f]|2
jeS jE€S
= (1—(d - 1)v)|¥max|- (7.58)
Combining this result with (7.57), we have
max ID*[yll2 = (1 = (d = 1)v)|xmax]

— D*[i|D[ilx[i]||» — max ||D*[j|w]|>. 7.59
%asxieg\{j}\\ /1D [i]x[i][]2 na; |D*[j]w]|2 (7.59)
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Together with (7.50) and (7.41), this implies that
max ID* ]y
> (1—(d—1)v)|xmax| — (k — 1) |Xmax|dpup — T
= (1= (d—1)v)|%max| — (2k — 1)|Xmax|dpup — 2T
+ k|Xmax|dup + T (7.60)
Merging the results (7.56) and (7.60) yields
max ID*[lyll> > max ID*[lyll2
+ (1= (d—1)v)|¥max| — (2k — 1) |Xmax|dup — 27. (7.61)
Consequently, if (7.51) holds, then (7.52) follows, as required.
In a similar fashion, observe that

Y D*[jID[i]x[i] + D*[j]w

Dl — mi
rjrggll\ Flyll2 min L

2
= min | D*[j]D[j}x[]]||2
je

— max Y. |ID*[jID[i]x[i]||> — [[D*[j]w]]2- (7.62)
J€ ies\{jy

As noted previously, all eigenvalues of D*[j|D|j] are larger than or equal to 1 — (d — 1)v, and
therefore
min ID*[ID[jlx[j]ll2 = (1 = (d = 1)v) |Xmin]- (7.63)
Furthermore, using (7.41) we have, for i # j,
ID*[/ID[i]x[i][]2 < D™ [j]D[i][| |xmax| < dpp|xmax- (7.64)
Substituting (7.50), (7.63), and (7.64) into (7.62) provides us with
i |D*[i
min [|D"[7]y -
> (1—(d—1)v)|xmin| — (k — 1)dpp|Xmax| — T
= (1—=(d—1)v)|%min| — (2k — 1)dpp|xmax| — 27
Finally, using (7.56) we obtain
T D[
min [|D*[7]y > > max ID*[jlyll2

+ (1= (d —1)v)|Xmin| — (2k — 1)dpp|Xmax| — 27. (7.66)
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Therefore, if the condition (7.53) is satisfied, then (7.54) holds, completing the proof. O
We are now ready to prove Theorems 7.1 and 7.2.
Proof of Theorem 7.1. Using (7.10) and (7.42), we have for all j
ID*[flwll2 < IDFI - lwll2 < ey/1+ (d = 1)v. (7.67)

Thus, (7.50) holds with T = e/1 + (d — 1)v.

In light of (7.21), the condition (7.53) for the second part of Lemma 7.9 holds, and therefore,
by Lemma 7.9, we conclude that (7.54) holds. It follows that all blocks DJ[i] with i € S are
more highly correlated than the off-support blocks D[i],i ¢ S. Thus, the estimated support 3
contains the true support set S (with the possible addition of superfluous indices if s < k). It

follows from the definition (7.16) of &gy that (Xprr)g = Dgy, and thus

||x — 5CBTH||% = ||x§— (&BTH)§H%
= |DiDgxs — Diyl
< IDY? - |ly - Dgxl3

= |DE|1? - [lw]]3 (7.68)

where we have used the fact that D;LD ¢ = I, which follows from our assumption that D; has
full row rank for any set I of size s (see Section 7.2).

Since [Xmin| < |Ymax|, it follows from (7.21) that
1—(d—-1)v > (2k—1)dug. (7.69)
Therefore, we may apply (7.44), yielding

IDE]1* = [I(DDs) |
1
< .
“1—-(d-1)v—(k—1)dug

(7.70)
Combining this result with (7.68) and using (7.10), we obtain (7.22), as required. O

Proof of Theorem 7.2. As shown in the proof of Theorem 7.1, it follows from (7.10) that (7.50)
holds with T = &y/1+ (d — 1)v. From (7.23) we then have

(1—(d—1)v)|xmin| > 27 + (2k — 1)dpp| Xmin|- (7.71)

Since |Xmax| > |¥min|, this implies the condition (7.51) for the first part of Lemma 7.9. Thus, by

Lemma 7.9, the dictionary block most highly correlated with y is a block within the support S
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of x. In other words, the first iteration in the BOMP algorithm correctly identifies an element
within the support S.

The proof continues by induction. Assume we have reached the /th iteration with2 < ¢ <'s
and that all previous iterations have correctly identified elements of S. In other words, using
the notation of Section 7.3, we have iy,...,ip_; € S.

By definition, we now have

r'=y-Dx'"'=D¥""+w (7.72)

where ¥ 71 2 x — x/~1 is the estimation error after £ — 1 iterations. Since supp(x) = S and,

by induction, supp(x‘~1) C S, we have supp(¥ ') C S. Furthermore, £ —1 < s, so that
supp(x‘~1) contains less than s elements, and is thus a strict subset of S. It follows that at least

one nonzero block in ¥ ! is equal to the corresponding block in x. Therefore
max 1Z " [i]ll2 > [*min]- (7.73)

To summarize, by (7.72), ¥* can be thought of as a noisy measurement of the block sparse

vector ¥ 1

, which contains a block whose norm is at least |xmin|. Using (7.73) and (7.23), we
find that the condition (7.51) holds for this modified estimation problem. Consequently, by
Lemma 7.9, we have

max [ D*[{]r [}z > max | D*[[]#' . (7.74)
jes j&S

Therefore, by (7.17), the /th iteration of the BOMP algorithm will choose an index iy belonging
to the correct support set S, as long as £ <'s.

Since the BOMP algorithm never chooses the same support element twice, we conclude
that precisely the s elements of S will be identified in the first s iterations. If s < k, then the
remaining iterations will identify some additional elements not in S, so that ultimately the
estimated support set S = {i1,...,ix} will satisfy S D S. The estimate Xgomp therefore satisfies
(XBomp)g = D;iy. Following the procedure (7.68)—(7.70) in the proof of Theorem 7.1, we obtain

in an identical manner the required result (7.24). O

7.B Proof of Theorem 7.4

To compute the CRB, we must first determine the Fisher information matrix J(x) for estimating
x from y of (7.8). This can be done using a standard formula [16, p. 85] and yields

J(x) = %D*D. (7.75)
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We now identify, for each x € X, an orthonormal basis for the feasible direction subspace,
which is defined as the smallest subspace of CV containing all feasible directions at x. To this
end, denote by e; the ith column of the N x N identity matrix. Consider first points x € X for
which s < k. In other words, these are parameter values whose support S contains fewer than

k elements. For such values of x, we have, for any eand any 1 <i < N,
|supp(x +ee;)| < [S|+1<k+1<k (7.76)

and therefore x + ee; € X for any ¢ and for any i. Consequently, the set of feasible directions
at x includes {e, ..., en}, and the feasible direction subspace is therefore CN itself. Thus, for
values x containing fewer than k nonzero blocks, a convenient choice of a basis for the feasible
direction subspace consists of the columns of the identity matrix.

Next, consider maximal-support parameter values, i.e., vectors x for which s = k. It is now
no longer possible to add any vector e; to x without violating the constraints. Indeed, it is not
difficult to see that the only feasible directions are linear combinations of the unit vectors e; for
which i belongs to one of the blocks in S. These unit vectors can thus be chosen as a basis for
the feasible direction subspace.

Let U (x) be a matrix whose columns comprise the chosen orthonormal basis for the feasible
direction subspace at x. Note that the dimensions of U(x) change with x; specifically, U(x) =
Inxn when |S| < k, and U(x) is an N x sd matrix otherwise. A necessary condition for a

finite-variance X'-unbiased estimator to exist at a point x is [70, Thm. 1]
RU(x)U"(x)) € R(Ux)U™ (x)] (x)U (x)U*(x)). (7.77)
When s < k, we have U(x) = I. In this case, using (7.75), the condition (7.77) becomes
CN C R(J(x)) = R(D*D). (7.78)

Since the dimensions of D are L x N with L < N, the rank of D*D is at most L, and thus
R(D*D) cannot include the entire space CN. We conclude that in this case, (7.77) does not
hold, and therefore no X-unbiased estimator exists at points x for which |S| < s, proving part
(a) of the theorem.

Let us now turn to maximal-support parameter values x. As we have seen above, in this
case the matrix U(x) consists of the columns e; for which i is an element of a block within the
support of x. Therefore, the product DU (x) selects those atoms of D belonging to blocks within
S,i.e.,, DU(x) = Ds. Using (7.75), this leads to

1

U (x)J (x)U(x) = 5 DsDs (7.79)
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which is invertible by assumption (see Section 7.2). It follows that the condition (7.77) holds
for maximal-support parameters x. One can therefore apply [70, Thm. 1], which states that for

such values of x,

MSE(%, x) > Tr(u(x) U (x)J(x)u(x)" u* (x)) . (7.80)

Combining with (7.79) and using the fact that U* (x)U(x) = I, we obtain (7.31), proving part
(b) of the theorem.

7.C Proofs for Gaussian Noise

We begin with two lemmas which prove some useful properties of the Gaussian distribution.

The first of these is a generalization of a result due to Sidék [120].

Lemma 7.10. Let vy,..., vy be a set of M jointly Gaussian random vectors. Suppose that E{v;} = 0
for all i, but that the covariances of the vectors are unspecified and that the vectors are not necessarily

independent. We then have

Pr{|lvill2 < c1, ||v2ll2 < co, ..., lomll2 < em}
> Pr{||v1]l2 < c1} - Pr{|val[2 < 2} -+

PI‘{H’UMHQ < CM}. (781)
Proof. We will demonstrate that

Pr{|lvill2 < c1, ||v2ll2 < c2, ..., [lomllz < cm}

2 PI‘{H’(Jle S Cl}PI'{H’(Jsz S 2,y ||’0M||2 S CM} . (782)

The result then follows by induction. For simplicity of notation, we will prove that (7.82) holds
for the case M = 2; the general result can be shown in the same manner.

Denote by f(v1|v2) the pdf of v1 conditioned on v;. Observe that, for a deterministic value
w, the pdf f(v1|w) defines a Gaussian random vector whose mean depends linearly on w, but
whose covariance is constant in w. Therefore, using a result due to Anderson [130], it follows

that

Pr{flonllz < cifor = aw} = [ flujaw)du (7.83)

l|lu1]|2<cr

is a non-increasing function of «.
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Next, denoting by f(v2) the marginal pdf of v, we have

a(cy, c2) £ Pr{|[v1ll2 < 1] [|oal2 < 2}
— ‘[HuH2SC1 waHzSCz f(u|w)f(w) dw du
Pr{llvza[]2 < c2}
 Jiwlaze, Prillonllz < c1lvz = w} f(w) dw

(7.84)
Jiwla<e, f(w) dw
Thus, the function a(cy, ¢2) is a weighted average of expressions of the form
Pr{[[v1]]2 < c1]v2 = w} (7.85)

for values of w satisfying ||w||> < c;. However, as we have shown, (7.85) is non-increasing in
||w]|2. Consequently, a(cy, c2) is non-increasing in c;.

On the other hand, observe that as c; — oo, the probability of the event ||vz][2 < ¢p con-
verges 1. Thus we have

lim a(c1,c2) = Pr{||v1]2 < c1}. (7.86)

Cp—> 00
Combined with the fact that a(c;, ¢2) is non-increasing in ¢, we find that
a(cy, ¢c2) > Pr{||v1||2 < c1} forall ¢q,co. (7.87)

Using the definition of a(c1, ¢2) and applying Bayes’s rule, we obtain

Pr{[[v1]]2 < c1, [[v2]]2 < 2}

> Pr{fjoill2 < e1} Pr{[[vz]}2 < c2} (7.88)
and thus complete the proof. O

Our next lemma bounds the tail probability of the chi-squared distribution.

Lemma 7.11. Let u be a d-dimensional Gaussian random vector having mean zero and covariance I.

Then, for any t > 1, we have

(d —2)!1[d/2] d-2,-12/2

2o 2
< 0.8dt7 2 1/2 (7.89b)
where T(z) £ [ =" e~"dt is the Gamma function and
ntE J] (n—2i) (7.90)

0<i<n/2

is the double factorial operator.
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Of the two bounds provided in (7.89), the first is somewhat tighter, but obviously more

cumbersome. For analytical tractability, we will use the latter bound in the sequel.

Proof of Lemma 7.11. The expression ||u||3 is distributed as a chi-squared random variable with
d degrees of freedom. Therefore, its tail probability is given by [119, §16.3]

r(d/2,t2/2)

Priliully 2 £ = =7

(7.91)

where I'(4,z) is the incomplete Gamma function I'(a,z) £ [ t*"e~'dt. It follows from the

series expansion of I'(a, z) that [131, §6.5.32]

d # et -2
r(3%) < sl + (-2

+(d—2)@d -4t (d = 2) 1] (7.92)

where m = 1 when d is odd and m = 2 when d is even. Note that (7.92) holds with equality for
even d, but the inequality is strict for odd d. Since t > 1, we can enlarge each of the terms in the
square brackets in (7.92) by replacing it with (d — 2)!!t4. The total number of terms in brackets
is [d/2], yielding i
r(%, g) < %t”(d —2)!! Ew : (7.93)
Substituting into (7.91) demonstrates (7.89a).
To prove (7.89b), we distinguish between even and odd values of d. Assume first that d is

even and denote d = 2p. We then have
I'(d/2)=T(p)=(p—1)! (7.94)
and
(d—2)1=(2p—-2)1t =21 (p—1)L (7.95)
Substituting these values into (7.89a) and simplifying yields

d
Pr{lul} > £} < St 2"/ (7.96)

which clearly satisfies (7.89b).
Similarly, assume that d is odd and write d = 2p + 1. Substituting the formula

T(d/2) =T(p+1/2) = W (7.97)

into (7.89a), we obtain

2d+1
Pr{ful} > £} < /= 2422 (7.98)
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It is easily verified that

2d+1 084 foralld > 1. (7.99)
w2
Substituting back into (7.98) yields the required result. O

Our next result applies more specifically to the block sparse estimation setting. Following

[22,78], we consider the event

— * [ 2 < 2
B {12%\4”1) [[lw|; <t } (7.100)
where

2 =2doa(1+ (d — 1)v)log N (7.101)

for a given w > 1/(2dlog N). We then have the following lemma.

Lemma 7.12. Under the setting of Section 7.2, assume that w is a Gaussian random vector with mean

zero and covariance 0 1. Then, the probability of the event B of (7.100) is bounded by

0.8(2ad log N)*/2-1

Pr{B} >1- =

(7.102)

Proof. Observe that D*[ijw is a d-dimensional Gaussian random vector with mean zero and

covariance 0> D*[i]D[i]. Therefore, the random vector

u= %(D*[i]D[i])’l/zD*[i]w (7.103)

is a d-dimensional Gaussian random vector with mean zero and covariance I. We thus have

Pr{|ID*[i]w|} < T} = Pr{c?||(D*[iID[i))"/*u]}} < 7}

> Pr{c?| D*[{|D[]] - [Ju5 < 7}

T2
> Pr{HuH% T d—1)v)} (7.104)

where, in the last step, we used (7.42). Using Lemma 7.11 and substituting the value (7.101) of

2

T%, we obtain

Pr{|D*[{Jw|5 < T*} > 1—79 (7.105)
where

n 21— 0.8d(2adlog N)4/> 1 exp(—dalog N)

8d(2uad1 d/2-1
_ 1 08d( “d;agd N (7.106)
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Using Lemma 7.10, we have

M
Pr{B} > [ [ Pr{||D"[i]w]|3 < 7*}

i=1

= (1-nM. (7.107)

When # > 1, the bound (7.102) is meaningless and the theorem holds vacuously. Otherwise,
when 77 <1, we have

Pr{B} > 1— My (7.108)

where we used the fact that (1 — 7)™ > 1 — My whenever 7 < 1and M > 1. Substituting the

value of # from (7.106) and recalling that N = Md yields the required result. O
We are now ready to prove Theorems 7.5 and 7.6.

Proof of Theorem 7.5. By Lemma 7.12, the event B of (7.100) occurs with probability exceeding
(7.34). Furthermore, using (7.33), it follows from Lemma 7.9 that under the event B, all blocks
in the correct support set S are more highly correlated with y than the off-support blocks.
Consequently, when B occurs, we have S C S, where § is the support estimated by the BTH
algorithm. Note, however, that the estimated set S will contain additional blocks not in S if

s < k. It follows that

||x — 5CBTH||% = ||x§— (&BTH)§H%
= |D{Dgxs — DLyl
< |(DzDg) Y| - || D5wl 3

< [(D5Dg) H1* - Y |ID*[iJewll2 (7.109)
=
where we have used the fact that D;AD ¢ = I, which is a consequence of the assumption that D¢

has full row rank (see Section 7.2). Using (7.44) and (7.100), we have that when B occurs

kt?
— a3 < . :
||x xBTHHZ = (1_ (d—l)l/— (k—l)d]/lg)z (7.110)
Substituting the value (7.101) of T yields the required result (7.35). O

Proof of Theorem 7.6. It follows from Lemma 7.12 that the event B occurs with probability ex-
ceeding (7.34). Our goal in this proof will thus be to show that, if B does occur, then the BOMP
algorithm correctly identifies all elements of the support S of x (although some off-support ele-
ments may be identified as well if s < k). The remainder of the proof will then follow the steps

of the proof of Theorem 7.5.



180 CHAPTER 7. BOUNDS AND GUARANTEES FOR BLOCK-SPARSE ESTIMATORS

To demonstrate that the correct support is recovered, we begin by analyzing the first it-
eration of the BOMP algorithm. This iteration chooses a block i; having maximal correlation
||D*[i1]y]|2 with the measurements y. Now, since |Xmax| > |¥min|, the condition (7.36) implies
(7.51), with T given by (7.101). Consequently, by Lemma 7.9, under the event B we find that the
first iteration of BOMP identifies an element 71 in the correct support set S.

To show that the next s — 1 iterations of the BOMP algorithm also identify support elements,
we proceed by induction. Specifically, assume that £ — 1 < s iterations have correctly identified
elements iy, ..., iy_1, all of which are in the support set S. As in the proof of Theorem 7.2, define

the estimation error after / — 1 iterations as ¥+ 2 x — x/~1

. By the induction hypothesis,
supp(x¥) C S, and clearly supp(x) = S. Thus supp(¥) C S, i.e., the support of X is a strict subset
of S. Using the same arguments as in the proof of Theorem 7.2, we find that ¥ ! contains a
block whose norm is at least |xmin|. Therefore, we can consider a modified estimation problem,
in which r! is a noisy measurement vector of the block sparse signal ¥ . Together with (7.36),
this implies that (7.51) holds for the modified setting. Therefore, by (7.52), the block in r
having maximal correlation with the measurements is an element of S. Consequently, BOMP
will correctly identify a support element in the /th iteration. Since the BOMP algorithm never
selects a previously chosen support element, we find by induction that the support set S will
be identified in full after s iterations. If s < k, then the remaining k — s iterations will identify
arbitrary off-support elements.

Denoting by S the complete k-element support set identified by the BOMP approach, we
thus have S C §S. Following the technique (7.109)—(7.110) used in the proof of Theorem 7.5 thus

yields the required result (7.37). O



Chapter 8

Performance of Finite Rate of

Innovation Signals

This chapter has been submitted for publication as:

e Z. Ben-Haim, T. Michaeli, and Y. C. Eldar, “Performance bounds and design criteria for
estimating finite rate of innovation signals,” submitted to IEEE Trans. Information Theory,

Sep. 2010.

8.1 Introduction

The field of digital signal processing hinges on the availability of techniques for sampling ana-
log signals, thus converting them to discrete measurements. The sampling mechanism aims to
preserve the information present in the analog domain, ideally permitting flawless recovery of
the original signal. For example, one may wish to recover a continuous-time signal x(¢) from a
discrete set of samples. The archetypical manifestation of this concept is the Shannon sampling
theorem, which states that a B-bandlimited function can be reconstructed from samples taken
at the Nyquist rate 2B [32].

Recently, considerable attention has been devoted to the extension of sampling theory to
functions having a finite rate of innovation (FRI). These are signals determined by a finite num-
ber p of parameters per time unit [30]. Such a definition encompasses a rich variety of signals,
including splines, shift-invariant signals, multiband signals, and pulse streams. In many FRI
settings, several existing algorithms are guaranteed to recover the signal x(t) from samples

taken at rate p [30,31,34,36,37,125]. In other words, signals which correspond to the FRI model

181
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can be reconstructed from samples taken at the rate of innovation, which is potentially much
lower than their Nyquist rate.

The set of signals described by an FRI model can often be viewed as a union of sub-
spaces [9, 34,36, 125]. For example, consider a stream of pulses parameterized by pulse lo-
cations and amplitudes. The set of all pulses having a given location is a subspace of the space
of continuous-time functions. Thus, the set of all pulses having arbitrary locations is a union of
such subspaces. As we will see, this point of view yields a flexible and productive framework

for understanding the types of constraints implied by the model.

Real-world signals are often contaminated by continuous-time noise and thus do not con-
form precisely to the FRI model. Furthermore, like any mathematical model, the FRI frame-
work is an approximation which does not precisely hold in practical scenarios, an effect known
as mismodeling error [9]. It is therefore of interest to quantify the effect of noise and mismod-
eling errors on FRI techniques [31, 34, 38, 125]. In the noisy case, it is no longer possible to
perfectly recover the original signal from its samples. Nevertheless, one might hope for an
appropriate finite-rate technique which achieves the best possible estimation accuracy, in the
sense that increasing the sampling rate confers no further performance benefits. For example,
to recover a B-bandlimited signal contaminated by continuous-time white noise, one can use
an ideal low-pass filter with cutoff B prior to sampling at a rate of 2B. This strategy removes all
noise components with frequencies larger than B, while leaving all signal components intact.
Consequently, any alternative method which does not zero out frequencies above B can be im-
proved upon, whereas methods which zero out some of the signal frequencies can suffer from
an arbitrarily large reconstruction error. Thus, sampling at a rate of 2B is indeed optimal in
the case of a B-bandlimited signal, if the signal is corrupted by continuous-time noise prior to
sampling. Sampling at a rate higher than 2B can be beneficial only when the sampling process
itself introduces additional noise into the system, e.g., as a result of quantization.

By contrast, empirical observations indicate that, for some noisy FRI signals, substantial
performance improvements are achievable when the sampling rate is increased beyond the
rate of innovation [34,37]. Thus, in some cases, there appears to be a fundamental difference
between the noiseless and noise-corrupted settings, in terms of the required sampling rate.
Our first goal in this paper will be to provide an analytical justification and quantification of
these empirical findings. As we will see, the fact that oversampling improves performance is
not merely indicative of flaws in existing algorithms; rather, it is a consequence of the inher-

ent difficulty of reconstructing FRI signals under noise. Indeed, we will demonstrate that for
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some FRI signals, unless considerable oversampling is employed, performance will necessarily
deteriorate by several orders of magnitude relative to the optimal achievable reconstruction ca-
pability. Such effects occur even when the noise level is exceedingly low. Our analysis will also

enable us to identify and characterize the types of signals for which oversampling is necessary.

To demonstrate these results, we first derive the Cramér—Rao bound (CRB) for estimating
a finite-duration segment of an FRI signal x(f) directly from continuous-time measurements
y(t) = x(t) + w(t), where w(t) is a Gaussian white noise process. This yields a lower bound on
the accuracy whereby x(t) can be recovered by any technique, regardless of its sampling rate.
This setting is to be distinguished from previous bounds in the FRI literature [38,132] in three
respects. First and most importantly, the measurements are a continuous-time process y(t) and
the bound therefore applies regardless of the sampling method. Second, in our model, the noise
is added prior to sampling. Thus, as will be shown below, even sampling at an arbitrarily high
rate will not completely compensate for the noise. Third, we bound the mean-squared error
(MSE) in estimating x(t) and not the parameters defining it, since we seek to determine the
accuracy with which x(t) itself can be recovered. Such a bound does not depend on the specific
parametrization of the signal, and consequently, possesses a simpler analytical expression.

In practice, rather than processing the continuous-time signal y(t), it is typically desired
to estimate x(t) from a discrete set of samples {c,} of y(¢). In this scenario, in addition to
the continuous-time noise w(t), digital noise may arise from the sampling process itself, for
example due to quantization. To quantify the extent to which sampling degrades the ability
to recover the signal, we next derive the CRB for estimating x(t) from the measurements {c, }.
This analysis depends on the relative power of the two noise factors. When only digital noise is
present, oversampling can be used to completely overcome its effect. On the other hand, when
there exists only continuous-time noise, the bound converges to the continuous-time CRB as the
sampling rate increases. In some cases, these bounds coincide at a finite sampling rate, which
implies that the sampling scheme has captured all of the information present in the continuous-
time signal, and any further increase in the sampling rate is useless. Conversely, when the
continuous-time and sampled CRBs differ, the gap between these bounds is indicative of the
degree to which information is lost in the sampling process. Our technique can then be used
to plot the best possible performance as a function of the sampling rate, and thus provide the

practitioner with a tool for evaluating the benefits of oversampling.

When a certain sampling technique achieves the performance of continuous-time measure-

ments, it can be identified using the method described above. However, in some cases no such
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technique exists, or the sampling rate it requires may be prohibitive. In these cases, it is desir-
able to determine the optimal sampling scheme having an allowed rate. Since different signals
are likely to perform successfully with different sampling kernels, a Bayesian or average-case
analysis is well-suited for this problem. Specifically, we assume that the signal x () has a known
prior distribution over the class of signals, and determine the linear sampling and reconstruc-
tion technique which minimizes the MSE for recovering x(t) from its measurements. While
nonlinear reconstruction techniques are commonly used and typically outperform the best lin-
ear estimator, this approach provides a simple means for identifying an appropriate sampling
method. The resulting method can then be used in conjunction with standard nonlinear FRI

algorithms.

We demonstrate our results via the problem of estimating a finite-duration sequence of
pulses having unknown positions and amplitudes [30, 34, 36, 37]. In this case, a simple suffi-
cient condition is obtained for the existence of a sampling scheme whose performance bound
coincides with the continuous-time CRB. This scheme is based on sampling the Fourier coef-
ficients of the pulse shape, and is reminiscent of recent time-delay estimation algorithms [34].
However, while the sampling scheme is theoretically sufficient for optimal recovery of x(t), we
show that in some cases there is room for substantial improvement in the reconstruction stage
of these algorithms. Finally, we demonstrate that the Fourier domain is also optimal (in the
sense of minimizing the reconstruction MSE) when the sampling budget is limited. Specifically,
given an allowed number of samples N, the reconstruction MSE is minimized by sampling the

N highest-variance Fourier coefficients of the signal x(f).

The rest of this paper is organized as follows. The problem setting is defined in Section 8.2,
and some examples of signals conforming to this model are presented in Section 8.3. We then
briefly summarize our main results in Section 8.4. In Section 8.5, we provide a technical gener-
alization of the CRB to general spaces. This result is used to obtain bounds on the achievable
reconstruction error from continuous-time measurements (Section 8.6) and using a sampling
mechanism (Section 8.7). Next, in Section 8.8 a Bayesian viewpoint is introduced and utilized
to determine the optimal sampling kernels having a given rate budget. The results are demon-

strated for the specific signal model of time-delay estimation in Section 8.9.
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8.2 Definitions

8.2.1 Notation

The following notation is used throughout the paper. A boldface lowercase letter v denotes a
vector, while a boldface uppercase letter M denotes a matrix. Iy is the N x N identity matrix.
For a vector v, the notation ||v|| indicates the Euclidean norm. Given a complex number z € C,
the symbols z* and R{z} denote the complex conjugate and the real part of z, respectively. For
an operator P, the range space and null space are R(P) and N (P), respectively, while the trace
and adjoint are denoted, respectively, by Tr(P) and P*. The Kronecker delta, denoted by d,, ,,
equals 1 when m = n and 0 otherwise. The expectation of a random variable v is written as
E{v}.

The Hilbert space of square-integrable complex-valued functions over [0, Ty] is denoted

L>[0, Ty] or simply L,. The corresponding inner product is

To
() 2 [ f0g (e )

and the induced norm is || f H%z £ (f, f). For an ordered set of K functions g1, ..., gx in Ly, we

define the associated set transformation G : CX — L, as

K
(Go)(t) = Z Qi (t). (8.2)
k=1
By the definition of the adjoint, it follows that

G'f=((f81),-. (frgx))". (8.3)

8.2.2 Setting

In this work, we are interested in the problem of estimating FRI signals from noisy measure-
ments. To define FRI signals formally, let the Ty-local number of degrees of freedom N, ()
of a signal x(t) at time ¢ be the number of parameters defining the segment {x(f) : t €
[t —To/2,t+ To/2]}. The Tp-local rate of innovation of x(¢) is then defined as [30]

_ NTo(t)
P =0 "1

(8.4)

We then say that x(t) is an FRI signal if pr, is finite for all sufficiently large values of Tp. In

Section 8.3, we will give several examples of FRI signals and compute their rates of innovation.
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For concreteness, let us focus on the problem of estimating the finite-duration segment
{x(t) : t € [0,Tp]}, for some constant Ty, and let K £ Nr,(Ty/2) denote the number of pa-

rameters defining this segment. We then have
x€X 2 {hg € [,[0,Ty] : 6 € O} (8.5)

where g is a set of functions parameterized by the vector 8, and © is an open subset of RX.

We wish to examine the random process
y(t) =x(t) +w(t), te]l0, T (8.6)

where w(t) is continuous-time white Gaussian noise. Recall that formally, it is not possible
to define Gaussian white noise over a continuous-time probability space [133]. Instead, we

interpret (8.6) as a simplified notation for the equivalent set of measurements
t
z(t) = / x(T)dt +ocb(t), te[0,To] (8.7)
0

where b(t) is a standard Wiener process (also called Brownian motion) [134]. It follows that
w(t) can be considered as a random process such that, for any f,g € Lo, the inner products
a= (f,w)and b = (g, w) are zero-mean jointly Gaussian random variables satisfying E{ab*} =
02 (f,g) [133]. The subscript ¢ in o, is meant as a reminder of the fact that w(t) is continuous-
time noise. By contrast, when examining samples of the random process y(t), we will also
consider digital noise which is added during the sampling process.

In this paper, we consider estimators which are functions either of the entire continuous-
time process (8.6) or of some subset of the information present in (8.6), such as a discrete set of
samples of y(t). To treat these two cases in a unified way, let (), %) be a measurable space and
let {Pg : 6 € ©} be a family of probability measures over (Q),.%). Let (), % ) be a measurable
space, and let the random variable y : {2 — ) denote the measurements. This random variable
can represent either y(t) itself or samples of this quantity.

An estimator can be defined in this general setting as a measurable function £ : }J — Lo.

The MSE of an estimator £ at x is defined as

T,
MSE(%,x) 2 E{[2 — x[3,} = E{/ 121 — x(t)]zdt} . (8.8)
0
An estimator £ is said to be unbiased if

E{2(t)} = x(t) for all x € X and almost all ¢ € [0, Tp]. (8.9)
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In the next section, we demonstrate the applicability of our model by reviewing several
scenarios which can be formulated using the FRI framework. Some of these settings will also

be used in the sequel to exemplify our theoretical results.

8.3 Types of FRI Signals

Numerous FRI signal structures have been proposed and analyzed in the sampling literature.
Whereas most of these can be treated within our framework, some FRI structures do not con-
form exactly to our problem setting. Thus, before delving into the derivation of the CRB, we
first provide examples for scenarios that can be analyzed via our model and discuss some of its

limitations.

8.3.1 Shift-Invariant Spaces

Consider the class of signals that can be expressed as

x(t) =) a[m]g(t —mT) (8.10)

meZ

with some arbitrary square-integrable sequence {a[m]},,cz, where g(t) is a given pulse in
Ly(R) and T > 0 is a given scalar. This set of signals is a linear subspace of Ly(IR), which
is often termed a shift-invariant (SI) space [135,136]. The class of functions that can be repre-
sented in the form (8.10) is quite large. For example, choosing ¢(t) = sinc(t/T) leads to the
subspace of 71/ T-bandlimited signals. Other important examples include the space of spline
functions (obtained by letting g(¢) be a B-spline function) and communication signals such
as pulse-amplitude modulation (PAM) and quadrature amplitude modulation (QAM). Recon-
struction in SI spaces from noiseless samples has been addressed in [137,138] and extended to
the noisy setting in [139-141].

Intuitively, every signal lying in a SI space with spacing T has one degree of freedom per
T seconds (corresponding to one coefficient from the sequence {a[m]}). It is thus tempting to
regard the rate of innovation of such signals as 1/ T. However, this is only true in an asymptotic
sense and for compactly supported pulses g(¢). For any finite window size Tj, the Ty-local rate
of innovation pr, is generally larger. Specifically, suppose that the support of g(t) is contained
in [t,,tp] and consider intervals of the form [t,t + MT]|, where M is an integer. Then, due to
the overlaps of the pulses, for any such interval we can only assure that there are no more

than M + [(t, — t,)/T] coefficients affecting the values of x(t). Thus, the MT-local rate of
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innovation of signals of the form (8.10) is given by

ty—ta
PMT:%<1+(A€I—|>- (8.11)

In particular, signals of the form (8.10) having a generator g(¢) which is not compactly sup-

ported have an infinite Tp-local rate of innovation, for any finite Ty. This is the case, for exam-
ple, with bandlimited signals, which are therefore not FRI functions under our definition. As
will be discussed in the sequel, this is not a flaw of the definition we use for the rate of inno-
vation. Rather, it reflects the fact that it is impossible to recover any finite-duration segment

[T1, T»] of such signals from a finite number of measurements.

8.3.2 Nonlinearly-Distorted Shift-Invariant Spaces

In certain communication scenarios, nonlinearities are introduced in order to avoid amplitude
clipping, an operation known as companding [142]. When the original signal lies in a SI space,
the resulting transmission takes the form

x(t) = r( Y a[m]g(t — mT)) , (8.12)

mez

where 7(-) is a nonlinear, invertible function. Clearly, the MT-local rate of innovation pyr
of this type of signals is the same as that of the underlying SI function, and is thus given by
(8.11). The recovery of nonlinearly distorted SI signals from noiseless samples was treated

in [142-145]. We are not aware of research works treating the noisy case.

8.3.3 Union of Subspaces

Much of the FRI literature treats signal classes which are unions of subspaces [9, 36,125,126].

We now give examples of a few of these models.

Finite Union of Subspaces

There are various situations in which a continuous-time signal is known to belong to one of a
finite set of spaces. One such signal model is described by
K
x(t) =Y. Y a[m]g(t —mT), (8.13)
meZ k=1
where {gi(#)}K | are a set of generators. In this model it is assumed that only L < K out of

the K sequences {a1[m|} ez, - - ., {ax[m] } mez are not identically zero [83]. Therefore, the signal
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x(t) is known to reside in one of (Iz) spaces, each of which is spanned by an L-element subset
of the set of generators {g,(f)}X_,. This class of functions can be used to describe multiband
signals [126,127]. However, the discrete nature of these models precludes analysis using the
differential tools employed in the remainder of this paper. Therefore, in this work we will focus

on infinite unions of subspaces.

Single-Burst Channel Sounding

In certain medium identification and channel sounding scenarios, the echoes of a transmitted
pulse g(f) are analyzed to identify the positions and reflectance coefficients of scatterers in the

medium [34,146]. In these cases, the received signal has the form

L
x(t) =) arg(t —ty), (8.14)
=1

where L is the number of scatterers and the amplitudes {a,}}_; and time-delays {t,}}_; cor-
respond to the reflectance and location of the scatterers. Such signals can be thought of as
belonging to a union of subspaces, where the parameters {t,}}_, determine an L-dimensional
subspace, and the coefficients {a,}%_, describe the position within the subspace. In contrast
with the previous example, however, in this setting we have a union of an infinite number of
subspaces, since there are infinitely many possible values for the parameters ty, ..., tr.

In this case, for any window of size Ty > max/{t;} — min,{t,}, the Ty-local rate of innova-

tion is given by

2L

T, = T (8.15)

Periodic Channel Sounding

Occasionally, channel sounding techniques consist of repeatedly probing the medium [147].
Assuming the medium does not change throughout the experiment, the result is a periodic
signal
L
x(t) =Y Y ag(t—t,—mT). (8.16)
meZ (=1
As before, the set X' of feasible signals is an infinite union of finite-dimensional subspaces in
which {t,}}_, determine the subspace and {a,}L_, define the position within the subspace.

The Ty-local rate of innovation in this case coincides with (8.15).
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Semi-Periodic Channel Sounding

There are situations in which a channel consists of L paths whose amplitudes change rapidly,
but the time delays can be assumed constant throughout the duration of the experiment [35,36,

147]. In these cases, the output of a channel sounding experiment will have the form

x(t) =), i agm)g(t —ty —mT), (8.17)

meZ (=1
where a,[m] is the amplitude of the ¢th path at the mth probing experiment. This is, once again,
a union of subspaces, but here each subspace is infinite-dimensional, as it is determined by the

infinite set of parameters {a,[m]|}. In this case, the MT-local rate of innovation can be shown to

be L
L 1+ [l
pMr = (1 + #) : (8.18)

Multiband Signals

Multiuser communication channels are often characterized by a small number of utilized sub-
bands interspersed by large unused frequency bands [127]. The resulting signal can be de-

scribed as

x(t) =) i ag[n)g(t — nT)el“, (8.19)

neZ (=1

where {ay[n]},cz is the data transmitted by the (th user, and wy is the corresponding carrier
frequency. In some cases the transmission frequencies are unknown [126,127], resulting in an
infinite union of infinite-dimensional subspaces. This setting is analogous in many respects to
the semi-periodic channel sounding case; in particular, the MT-local rate of innovation can be

shown to be the same as that given by (8.18).

8.4 Summary of Main Results

Before delving into the mathematical details, we provide in this section a high-level overview
of our main contributions and summarize the resulting conclusions.

The overarching objective of this paper is to design and analyze sampling schemes for re-
constructing FRI signals from noisy measurements. This goal is accomplished in three stages.
First, we identify the best achievable MSE for estimating an FRI signal x(f) from its continuous-
time measurements y(t) = x(f) + w(t), providing a fundamental lower bound which is in-

dependent of the sampling method. We then compare this continuous-time bound with the
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lowest possible MSE for a given sampling scheme, thus measuring the loss entailed in any par-
ticular technique. Finally, we provide a mechanism for choosing the optimal sampling kernels
(in a specific Bayesian sense) utilizing a pre-specified sampling rate budget. Our results can be
applied to specific families of FRI signals, but they also yield some general conclusions as to
the relative difficulty of various classes of estimation problems. These general observations are

summarized below.

8.4.1 Continuous-Time Bound

Our first goal in this paper is to derive the continuous-time CRB, which defines a fundamental
limit on the accuracy with which an FRI signal can be estimated, regardless of the sampling
technique. This bound turns out to have a particularly simple closed form expression which
depends on the rate of innovation, but not on the class X of FRI signals being estimated. Specif-
ically, under suitable regularity conditions, the MSE of any unbiased estimator £ satisfies

1
TMSE(ﬁ,x) > pr,02. (8.20)
0

Thus, the rate of innovation can be given a new interpretation as the ratio between the best
achievable MSE and the noise variance ¢2. This is to be contrasted with the characterization
of the rate of innovation in the noise-free case as the lowest sampling rate allowing for perfect

recovery of the signal; indeed, when noise is present, perfect recovery is no longer possible.

8.4.2 Bound for Sampled Measurements

We next consider lower bounds for estimating x(t) from samples of the signal y(t). In this
setting, the samples inherit the noise w(t) embedded in the signal y(t), and may suffer from
additional discrete-time noise, for example, due to quantization. We derive the CRB for esti-
mating x(f) from sampled measurements in the presence of both types of noise. However, the
combination of the two noise models complicates the mathematical analysis. Consequently,
since the sampling noise model has been previously analyzed [38,132], we focus in this paper
on the assumption that the discrete-time noise is negligible.

In this setting, the sampled CRB can be designed so as to converge to the continuous-time
bound as the sampling rate increases. Moreover, if the family A’ of FRI signals is contained in a
finite-dimensional subspace M of L,, then a sampling scheme achieving the continuous-time
CRB can be constructed. Such a sampling scheme is obtained by choosing kernels which span

the subspace M, and yields samples which fully capture the information present in the signal
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y(t). Contrariwise, if X is not contained in a finite-dimensional subspace, then no finite-rate
sampling method achieves the continuous-time CRB. In this case, any increase in the sampling
rate can improve performance, and the continuous-time bound is obtained only asymptotically.

It is interesting to examine this distinction from a union of subspaces viewpoint. Suppose
that, as in the examples of Section 8.3.3, the family X" can be described as a union of an infinite

number of subspaces {U, } indexed by the continuous parameter «, so that
X = U (8.21)
o

In this case, a finite sampling rate captures all of the information present in the signal if and

only if
dim (Zu“> < oo (8.22)

where dim(M) is the dimension of the subspace M. By contrast, in the noise-free case, it has
been previously shown [123] that the number of samples required to recover x(f) is given by

max dim (Uy, + Uy, ), (8.23)

x1,00

i.e., the largest dimension among sums of fwo subspaces belonging to the union. In general, the
dimension of (8.22) will be much higher than (8.23), illustrating the qualitative difference be-
tween the noisy and noise-free settings. For example, if the subspaces U, are finite-dimensional,
then (8.23) is also necessarily finite, whereas (8.22) need not be.

Nevertheless, one may hope that the structure embodied in X will allow nearly optimal re-
covery using a sampling rate close to the rate of innovation. This is certainly the case in many
noise-free FRI settings. For example, there exist techniques which recover the pulse stream
(8.14) from samples taken at the rate of innovation, despite the fact that in this case X is typ-
ically not contained in a finite-dimensional subspace. However, this situation often changes
when noise is added, in which case standard techniques improve considerably under over-
sampling. This empirical observation can be quantified using the CRB: as we show, the CRB
for samples taken at the rate of innovation is substantially higher in this case than the optimal,
continuous-time bound. This demonstrates that the sensitivity to noise is a fundamental aspect
of estimating signals of the form (8.14), rather than a limitation of existing algorithms. On the
other hand, other FRI models, such as the semi-periodic pulse stream (8.17), exhibit consider-
able noise resilience, and indeed in these cases the CRB converges to the continuous-time value

much more quickly.
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As we discuss in Section 8.9.5, the different levels of robustness to noise can be explained
when the signal models are examined in a union of subspaces context. In this case, the parame-
ters 0 defining x(t) can be partitioned into parameters defining the subspace U, and parameters
pinpointing the position within the subspace. Our analysis hints that estimation of the posi-
tion within a subspace is often easier than estimation of the subspace itself. Thus, when most
parameters are used to select an intra-subspace position, estimation at the rate of innovation is
successful, as occurs in the semi-periodic case (8.17). By contrast, when a large portion of the
parameters define the subspace in use, a sampling rate higher than the rate of innovation is
necessary; this is the case in the non-periodic pulse stream (8.14), wherein 0 is evenly divided
among subspace-selecting parameters {t;} and intra-subspace parameters {a,}. Thus we see
that the CRB, together with the union of subspaces viewpoint, provide valuable insights into

the relative degrees of success of various FRI estimation techniques.

8.4.3 Choosing the Sampling Kernels

In some cases, one may choose the sampling system according to design specifications, leading
to the question: What sampling kernels should be chosen given an allotted number of samples?
We tackle this problem by adopting a Bayesian framework, wherein the signal x(t) is a random
process distributed according to a known prior distribution. We further assume that both the
sampling and reconstruction techniques are linear. While nonlinear reconstruction methods are
often used for estimating FRI signals, this assumption is required for analytical tractability, and
is used only for the purpose of identifying sampling kernels. Once these kernels are chosen,
they can be used in conjunction with nonlinear reconstruction algorithms.

Under these assumptions, we identify the sampling kernels yielding the minimal MSE. An
additional advantage of our assumption of linearity is that in this case, the optimal kernels

depend only on the autocorrelation
Rx(t,t) = E{x(t)x* (1)} (8.24)

of the signal x(t), rather than on higher-order statistics. Indeed, given a budget of N samples,
the optimal sampling kernels are given by the N eigenfunctions of Rx corresponding to the N
largest eigenvalues. This is reminiscent of the Karhunen-Loeéve transform (KLT), which can be
used to identify the optimal sampling kernels in the noiseless setting. However, in our case,
shrinkage is applied to the measurements prior to reconstruction, as is typically the case with

Bayesian estimation of signals in additive noise.
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A setting of particular interest occurs when the autocorrelation Ry is cyclic, in the sense
that
Rx(t,7) = Rx((t —7)mod T) (8.25)

for some T. This scenario occurs, for example, in the periodic pulse stream (8.16) and the semi-
periodic pulse stream (8.17), assuming a reasonable prior distribution on the parameters 0. It
is not difficult to show that the eigenfunctions of Rx are given, in this case, by the complex
exponentials

1

Pn(t) = 7 Tty eZ. (8.26)

Furthermore, in the case of the periodic and semi-periodic pulse streams, the magnitudes of the
eigenvalues of Rx are directly proportional to the magnitudes of the respective Fourier coeffi-
cients of the pulse shape g(t). It follows that the optimal sampling kernels are the exponentials
(8.26) corresponding to the largest Fourier coefficients of g(¢). This result is encouraging in
light of recently proposed FRI reconstruction techniques which utilize exponential sampling
kernels [125], and demonstrates the suitability of the Bayesian approach for designing practical

estimation kernels.

8.5 Mathematical Prerequisites: CRB for General Parameter Spaces

In statistics and signal processing textbooks, the CRB is typically derived for parameters be-
longing to a finite-dimensional Euclidean space [6,16,69]. However, this result is insufficient
when it is required to estimate a parameter x belonging to other Hilbert spaces, such as the L,
space defined above. When no knowledge about the structure of the parameter x is available,
a bound for estimating x(t) from measurements contaminated by colored noise was derived
in [59]. However, this bound does not hold when the noise w(t) is white. Indeed, in the white
noise case, it can be shown that no finite-MSE unbiased estimators exist, unless further in-
formation about x(t) is available. For example, the naive estimator £(t) = y(f) has an error
£(t) — x(t) equal to w(t), whose variance is infinite.

In our setting, we are given the additional information that x belongs to the constraint set
X of (8.5). To the best of our knowledge, the CRB has not been previously defined for any
type of constraint set X € L, a task which will be accomplished in the present section. As we
show below, a finite-valued CRB can be constructed by requiring unbiasedness only within the
constraint set X', as per (8.9). As we will see, the CRB increases linearly with the dimension of

the manifold X'. Thus, in particular, the CRB is infinite when X = L,. However, for FRI signals,
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the dimension of X is finite by definition, implying that a finite-valued CRB can be constructed.
Although the development of this bound invokes some deep concepts from measure theory;, it
is a direct analog of the CRB for finite-dimensional parameters [6, Th. 2.5.15].

To derive the bound in the broadest setting possible, in this section we temporarily gen-
eralize the scenario of Section 8.2, and consider estimation of a parameter x belonging to an
arbitrary measurable and separable Hilbert space H. The MSE of an estimator £ in this set-
ting is defined as MSE(%, x) = E{||% — x||3,}. The concept of bias can similarly be extended if
one defines the expectation E{v} of a random variable v : ) — # as an element k € H such
that (k, ¢) = E{(v, ¢)} for any ¢ € H. If no such element exist, the expectation is said to be
undefined.

The derivation of the CRB requires the existence of a “probability density” pg(y) (more
precisely, a Radon-Nikodym derivative) which is differentiable with respect to 8, and such
that its differentiation with respect to 6 can be interchanged with integration with respect to y.
The CRB also requires the mapping /g between 0 and x to be non-redundant and differentiable.
The formal statement of these regularity conditions is specified below. For the measurement
setting (8.6), with reasonable mappings hy, these conditions are guaranteed to hold, as we will
demonstrate in the sequel; in this section, however, we list these conditions in full so that a

more general statement of the CRB will be possible.

P1) There exists a value 8y € © such that the measure Py, dominates {Pp : 6 € ®}. In other
words, there exists a Radon-Nikodym derivative pg(y) = dPy/dPp, such that, for any
event A € %,

Po(A) = [ paly) P, (dy). 627)

P2) For all y such that pg(y) > 0, the functions pg(y) and log pg(y) are continuously differen-
tiable with respect to 8. We denote by dpg(y) /960 and dlog pg(y) /96 the column vectors of

the gradients of these two functions.
P3) The support {y € Y : pg(y) > 0} of pe(y) is independent of 6.

P4) There exists a measurable function g : J x ® — R such that for all sufficiently small A > 0,

foralli =1,...,K, forall y, and for all 6,

< Porae(y) — poly)] < q(y,6) (8.28)

and such that for all 0,
/ 42(y, 8) Py, (dy) < co. (8.29)
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In (8.28), e; represents the ith column of the K x K identity matrix.

P5) For each 0, the K x K Fisher information matrix (FIM)

Jo & E{ <alogpe(y)> <810g Pe(y)>*} (8.30)

00 00

is finite and invertible.

P6) hg is Fréchet differentiable with respect to 6, in the sense that for each 0, there exists a
continuous linear operator dhg /00 : RX — L, such that, for any sufficiently small § € RK,

hors —he _ dhg

= d+o(|lo as ||d]| — 0. (8.31)
e = Gas ol as )

P7) The null space of the mapping dhg/d0 contains only the zero vector. This assumption is
required to ensure that the mapping from 6 to x is non-redundant, in the sense that there
does not exist a parametrization of X in which the number of degrees of freedom is smaller

than K.

We are now ready to state the CRB for the estimation of a parameter x € L,[0, T| parame-

terized by a finite-dimensional vector 6. The proof of this theorem is given in Appendix 8.A.

Theorem 8.1. Let 0 € © be a deterministic parameter, where © is an open set in RX. Let H be a
measurable, separable Hilbert space and let hg be a mapping from © to H. Let {Py : 6 € O} be a family
of probability measures over a measurable space (Q), F ), and let y : (0 — Y be a random variable, where
Y is a measurable Hilbert space. Assume regularity conditions P1-P6. Let X : ) — H be an unbiased

estimator of x from the measurements y such that

E{2W)l5} < co. (8.32)

Then, the MSE of % satisfies

MSE(%, x) > Tr [<%>* <%> 151} (8.33)

where ] is the FIM (8.30).

Theorem 8.1 enables us to obtain a lower bound on the estimation error of x based on the
FIM for estimating 6. The latter can often be computed relatively easily since 6 is a finite-
dimensional vector. Even more conveniently, the trace on the right-hand side of (8.33) is taken
over a K x K matrix, despite the involvement of continuous-time operators. Thus, the com-
putation of (8.33) is often possible either analytically or numerically, a fact which will be used

extensively in the sequel.
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8.6 CRB for Continuous-Time Measurements

We now apply Theorem 8.1 to the problem of estimating a deterministic signal x from

continuous-time measurements y given by (8.6).

Theorem 8.2. Let x be a deterministic function defined by (8.5), where 0 € © is an unknown determin-
istic parameter and © is an open subset of R¥X. Suppose that Assumptions P6-P7 are satisfied. Then,

the MSE of any unbiased, finite-variance estimator % is bounded by
MSE(%, x) > Ko~ (8.34)

The bound of Theorem 8.2 can be translated to units of the rate of innovation pr, if we as-
sume that the segment [0, Ty] under analysis achieves the maximum (8.4), i.e., this is a segment
containing the maximum allowed number of degrees of freedom. In this case p7, = K/ Tp, and

any unbiased estimator £(t) satisfies

FE{ 5 () — 2(t) Pt |

o7

> pr,. (8.35)

In the noisy setting, p, loses its meaning as a lower bound on the sampling rate required for
perfect recovery, since the latter is no longer possible at any sampling rate. On the other hand,
it follows from (8.35) that the rate of innovation gains an alternative meaning; namely, p7, is a
lower bound on the ratio between the average MSE achievable by any unbiased estimator and
the noise variance 07, regardless of the sampling method.

Before formally proving Theorem 8.2, note that (8.34) has an intuitive geometric interpre-
tation. Specifically, the constraint set X is a K-dimensional differential manifold in L,[0, T]. In
other words, for any point x € X, there exists a K-dimensional subspace U/ tangent to A" at
x. We refer to U as the feasible direction subspace [70]: any perturbation of x which remains
within the constraint set X must be in one of the directions in /. Formally, {/ can be defined as
the range space of dhy/06.

If one wishes to use the measurements y to distinguish between x and its local neighbor-
hood, then it suffices to observe the projection of y onto U/. Projecting the measurements onto
U removes most of the noise, retaining only K independent Gaussian components, each hav-
ing a variance of 02. Thus we have obtained an intuitive explanation for the bound of K¢? in
Theorem 8.2. To formally prove this result, we apply Theorem 8.1 to the present setting, as

follows.
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Proof of Theorem 8.2. The problem of estimating the parameters 8 from a continuous-time signal
y(t) of the form (8.6) was examined in [134, Example 1.7.3], where the validity of Assumptions
P1-P4 was demonstrated. It was further shown that the FIM J§™™ for estimating 6 from y(t) is

given by [134, ibid.]
1 [Ohg\™ [ Ohyg
Icont:_<_> <_> (8.36)
0 o2 \ 26 00

Our goal will be to use (8.36) and Theorem 8.1 to obtain a bound on estimators of the

continuous-time function x(t). To this end, observe that the FIM J f,"“t is finite since, by As-

sumption P6, the operator dhg/d0 is a bounded operator into L,. Furthermore, by Assump-

cont

tion P7, dhg /00 has a trivial null space, and thus J*" is invertible. Therefore, Assumption P5

has been demonstrated. We may consequently apply Theorem 8.1, which yields

MSE(%, x)
ohe\ * [ g g\ * (Mg \\

> g2 —° - —° -

—“CTrKae) (%) (%) (%))

_ 2

= 0, TI'(IK)

= Ko? (8.37)
thus completing the proof. O

To illustrate the use of Theorem 8.2 in practice, let us consider as a simple example a signal

x(t) belonging to a finite-dimensional subspace G. Specifically, assume that

K
x(t) =) argi(t) (8.38)
k=1
for some coefficient vector = (ay,...,ax)T and a given set of linearly independent func-

tions {gx} spanning G. This includes, for example, families of shift-invariant subspaces with
a compactly supported generator (see Section 8.3.1). From Theorem 8.2, the MSE of any unbi-
ased estimator of x is bounded by K(Tf, where K is the dimension of the subspace §G. We now

demonstrate that this bound is achieved by the unbiased estimator
£=Pgy (8.39)

where Pg is the orthogonal projector onto the subspace G.
To verify that (8.39) achieves the CRB, let G denote the set transformation (8.2) associated
with the functions {g}X ;. One may then write x = G6 and Pg = G(G*G)'G*. Thus (8.39)
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becomes
£ =G(G*G)"'G*GO+ G(G*G) 'G*w
=GO+ Pgw (8.40)

and therefore

E{lI#—x[IZ,} = E{IPgwl,} . (8.41)

Since G is a K-dimensional subspace, it is spanned by a set of K orthonormal' functions
Uy, ...,ug € Lp. Thus p

E{IPgwifl,} = Y. E{(w,m) "} = Kot (8.42)
which demonstrates that £ indeed achieves the CRB in this case.

In practice, a signal is not usually estimated directly from its continuous-time measure-
ments. Rather, the signal y(f) is typically sampled and digitally manipulated. In the next
section, we will compare the results of Theorem 8.2 with the performance achievable from
sampled measurements, and demonstrate that in some cases, a finite-rate sampling scheme is

sufficient to achieve the continuous-time bound of Theorem 8.2.

8.7 CRB for Sampled Measurements

In this section, we consider the problem of estimating x(f) of (8.5) from a finite number of
samples of the process y(t) given by (8.6). Specifically, suppose our measurements are given
by
To
cn=(Y,Sn) +vp = /0 y(t)s;(t)dt+v,, n=1,...,N (8.43)
where {s,}N_; C L,[0, Ty] are sampling kernels, and v, is a discrete white Gaussian noise
process, independent of w(t), having mean zero and variance ¢7. Note that the model (8.43)
includes both continuous-time noise, which is present in the signal y(t) = x(t) + w(t) prior
to sampling, and digital noise v,, which arises from the sampling process, e.g., as a result
of quantization. In this section, we will separately examine the effect of each of these noise
components.
From (8.6) and (8.43), it can be seen that the measurements cy, ..., cy are jointly Gaussian
with mean
pn = E{ca} = (x,50) (8.44)

IWe require the new functions uy, ..., ux since the functions gi,...,gx are not necessarily orthonormal. The

choice of non-orthonormal functions g, ..., gx will prove useful in the sequel.
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and covariance

Tij £ Cov(ci,¢j) = 02 (si,s}) + 038;;. (8.45)

A somewhat unusual aspect of this estimation setting is that the choice of the sampling
kernels s, (t) affects not only the measurements obtained, but also the statistics of the noise.
One example of the impact of this fact is the following. Suppose first that no digital noise is
present, i.e., 0; = 0, and consider a modified set of sampling kernels {5, (¢)}_, which are an

invertible linear transformation of {s,(t)})_;, so that
N
§n(t) = Z Bnisi(t) (846)
i=1

where B € RN*N is an invertible matrix. Then, the resulting measurements ¢ are given by
¢ = Bc, and similarly the original measurements c can be recovered from &. It follows that these
settings are equivalent in terms of the accuracy with which x can be estimated. In particular,
the FIM for estimating x in the two settings is identical [134, Th. 1.7.2].

When digital noise is present in addition to continuous-time noise, the sampling schemes
{sx(t)} and {5, ()} are no longer necessarily equivalent, since the gain introduced by the trans-
formation B will alter the ratio between the energy of the signal and the digital noise. The two
estimation problems are then equivalent if and only if B is a unitary transformation.

How should one choose the space S = span{sy, ...,sy} spanned by the sampling kernels?
Suppose for a moment that there exist elements in the range space of dhg/06 which are or-
thogonal to §. This implies that one can perturb x in such a way that the constraint set X
is not violated, without changing the distribution of the measurements c¢. This situation oc-
curs, for example, when the number of measurements N is smaller than the dimension K of the
parametrization of X'. While it may still be possible to reconstruct some of the information con-
cerning x from these measurements, this is an undesirable situation from an estimation point

of view. Thus we will assume henceforth that

g

R<¥> NS+ = {o0}. (8.47)

As an example of the necessity of the condition (8.47), consider again the signal (8.38), which
belongs to a K-dimensional subspace G C L, spanned by the functions g1, ..., gk. In this case

it is readily seen that for any vector v

ohg K

T k;lvkgk(t). (8.48)



8.7. CRB FOR SAMPLED MEASUREMENTS 201

Since the functions {gx } span the space G, this implies that R(dhg/90) = G, and therefore the
condition (8.47) can be written as

GnSt = {0} (8.49)

which is a standard requirement in the design of a sampling system for signals belonging to a
subspace G [148].

By virtue of Theorem 8.1, a lower bound on unbiased estimation of x can be obtained by
first computing the FIM J;™" for estimating 6 from c. This yields the following result. For
simplicity of notation, in this theorem we assume that the function /19 and the sampling kernels
sy are real. If complex sampling kernels are desired (as will be required in the sequel), the result
below can still be used by translating each measurement to an equivalent pair of real-valued

samples.

Theorem 8.3. Let x be a deterministic real function defined by (8.5), where 0 € © is an unknown
deterministic parameter and © is an open subset of R¥. Assume regularity conditions P6-P7, and let %
be an unbiased estimator of x from the real measurements ¢ = (cy, ..., CN)T of (8.43). Then, the FIM

To F for estimating 6 from c is given by

ahg * * -1 ahg
Jo ot = <¥> S(028*S+a3In) S <¥> (8.50)
where S is the set transformation corresponding to the functions {s, }I_,. If (8.47) holds, then Jy© i

invertible. In this case, any finite-variance, unbiased estimator £ for estimating x from c satisfies

MSE(£, x) > Tr K%’“g) (ah9>(famp) ] (851)

Proof. In the present setting, the FIM J; © is given by [16]

AN d
samp _ ( OH -1 (%
e (2 1 (%) 62
where the matrix I € RNV*N is defined by (8.45) and the matrix du /90 € RN*K is given by
op _ On
<%> T % (8.53)

with y,, defined in (8.44).
By the definition of the set transformation, the ijth element of the N x N matrix S*S is given
by
(5*S)ij = (Sej, Se;) = (sj,si) (8.54)

where ¢; is the ith column of the N x N identity matrix. Therefore, we have

T =025*S+01y. (8.55)
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Similarly, observe that

*ahg 8h9~ . ahg . a“l/ln
<S 86) <89 ek,Sen>—<aek,sn>— 20, (8.56)

where &, is the kth column of the K x K identity matrix. Thus

o .,
=55 (8.57)

Substituting (8.55) and (8.57) into (8.52) yields the required expression (8.50).

samp .

We next demonstrate that if (8.47) holds, then |,
(8.50) we have

is invertible. To see this, note that from

NTZ™) =N <s* (%h; >> (8.58)
Now, consider an arbitrary function f € R(dhg/00). If (8.47) holds, then f is not orthogonal to
the subspace S. Therefore, (f,s,) # 0 for at least one value of n, and thus by (8.3), S*f # 0.

/\/(S* <%h;>> = /\/<%> = {o0}. (8.59)

Combined with (8.58), we conclude that N ( ] samp) = {0}. This demonstrates that J, AP

This implies that

invertible, proving Assumption P5. Moreover, in the present setting, Assumptions P1-P4 are

fulfilled for any value of 6y [6]. Applying Theorem 8.1 yields (8.51) and completes the proof. [

In the following subsections we draw several conclusions from Theorem 8.3.

8.7.1 Discrete-Time Noise

Suppose first that 02 = 0, so that only digital noise is present. This setting has been ana-
lyzed previously [38,132], and therefore only briefly examine the contrast with continuous-time
noise. When only digital noise is present, its effects can be surmounted either by increasing the
gain of the sampling kernels, or by increasing the number of measurements. These intuitive
conclusions can be verified from Theorem 8.3 as follows. Assume that condition (8.47) holds,
and consider the modified kernels §,(t) = 2s,(t). The set transformation S corresponding to
the modified kernels is S = 25, and since (72 = 0, this implies that the FIM obtained from the
modified kernels is given by Tzam = 4], P Thus, a sufficient increase in the sampling gain
can arbitrarily increase J T and consequently reduce the bound (8.51) arbitrarily close to zero.

Of course, from a practical point of view, increasing the gain also increases the likelihood
that the sampled signal will exceed the dynamic range of the quantizer. It is therefore not

feasible to arbitrarily increase the sampling gain. As an alternative, it is possible to increase
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the number of measurements. For example, suppose one simply repeats each measurement
twice. Let S and S denote the transformations corresponding to the original and doubled sets
of measurements. It can then readily be seen from the definition of the set transformation (8.2)
and its adjoint (8.3) that SS* = 45S*. Consequently, by the same argument, in the absence
of continuous-time noise one can achieve arbitrarily low error by repeated measurements, or

more generally, by increasing the sampling rate.

8.7.2 Continuous-Time Noise

As we have seen, sampling noise can be mitigated by increasing the sampling rate. Further-
more, digital noise is inherently dependent on the sampling scheme being used. Since our
goal is to determine the fundamental performance limits regardless of the sampling technique,
we will focus here and in subsequent sections on continuous-time noise. Thus, suppose that
02 = 0, so that only continuous-time noise is present. In this case, as we now show, it is
generally impossible to achieve arbitrarily low reconstruction error, regardless of the sampling
kernels used; indeed, it is never possible to outperform the continuous-time CRB of Section 8.6,
which is typically nonzero. To see this formally, observe first that in the absence of digital noise,

the FIM for estimating 6 can be written as

1 [ohg\" _ oh
samp 1 ([ Olg * 1eox [ 90
=g () s (5)

where Pgs is the orthogonal projection onto the subspace S. It is insightful to compare this
expression with the FIM J§! obtained from continuous-time measurements in (8.36). In both
cases, a lower bound on the MSE for unbiased estimation of x was obtained from J4 by applying
Theorem 8.1. Consequently, if it happens that J¢™ = J;", then the continuous-time bound
of Theorem 8.2 and the sampled bound of Theorem 8.3 coincide. Thus, if no digital noise is
added, then it is possible (at least in terms of the performance bounds) that estimators based
on the samples ¢ will suffer no degradation compared with the “ideal” estimator based on the
entire set of continuous-time measurements. This occurs if and only if R(dhg/00) C S; in this
case, the projection Ps will have no effect on the FIM | Zamp, which will then coincide with J ‘éont

of (8.36). In the remainder of this section, we will discuss several cases in which this fortunate

circumstance arises.
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8.7.3 Example: Sampling in a Subspace

One situation in which samples provide all of the information present in the continuous-time
signal is the case in which x(t) belongs to a K-dimensional subspace G of L,. This is the case,
for example, when the signal lies in a shift-invariant subspace having a compactly supported
generator (see Section 8.3.1). As we have seen above (cf. (8.48)), in this scenario dhg/9d0 is a
mapping onto the subspace §G. Assuming that there is no discrete-time noise, it follows from
(8.60) that the optimal choice of a sampling space S is G itself. Such a choice requires N = K
samples and yields J§™ = J,""". Of course, such an occurrence is not possible if the sampling
process contributes additional noise to the measurements.

In some cases, it may be difficult to implement a set of sampling kernels spanning the
subspace G. It may then be desirable to choose a K-dimensional subspace S which is close
to G but does not equal it. We will now compute the CRB for this setting and demonstrate that
it can be achieved by a practical estimation technique. This will also demonstrate achievability
of the CRB in the special case S = G. We first note from (8.2) and (8.48) that 0hg /90 = G, where
G is the set transformation corresponding to the generators {g;}~_,. Furthermore, it follows
from (8.49) that S*G and G*S are invertible K x K matrices [148]. Using Theorem 8.3, we thus
find that the CRB is given by

-1
MSE(%, x) > o2 Tr<c (G*S(S*S)*ls*G) G*)
= o2 Tr(G(S*G)’ls*S(G*S)’lG*> . (8.61)

It is readily seen that when S = G, the bound (8.61) reduces to K¢Z, which is (as expected) the
continuous-time bound of Theorem 8.2. When S # G, the bound (8.61) will generally be higher
than Kc¢?, since Iséamp of (8.60) will exceed J§™ of (8.36). In this case, it is common to use the

consistent, unbiased estimator [137,148]
£=G(S*G) te. (8.62)

As we now show, the bound (8.61) is achieved by this estimator. Indeed, observe that ¢ =
S*y = 5*GO + S*w, and thus
E{|lz - xI3,} = E{IG(s*G) s w3, }
= E{Tr(G(S*G)’ls*ww*S(G*S)’1G*)}

= Tr(c;(s*c;)—1 Cov(s*w)(G*S)—lc*) . (8.63)
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Note that Cov(S*w) = Cov(c), which by (8.55) is equal to ¢2S*S. Substituting this result into
(8.63) and comparing with (8.61) verifies that £ achieves the CRB.

8.7.4 Nyquist-Equivalent Sampling

We refer to situations in which the dimension of the sampling space equals the dimension
of the signal space as “Nyquist-equivalent” sampling schemes. In the previous section, we
saw that Nyquist-equivalent sampling is possible using K samples when the signal lies in a
K-dimensional subspace X, and that the resulting system achieves the continuous-time CRB.
A similar situation occurs when the set of possible signals X is a subset of an M-dimensional
subspace M of L, with M > K. In this case, it can be readily shown that R(dhg/068) C M.
Thus, by choosing N = M sampling kernels such that S = M, we again achieve J§™ = JF,
demonstrating that all of the information content in x has been captured by the samples. This
is again a Nyquist-equivalent scheme, but the number of samples it requires is higher than the
number of parameters K defining the signals. Therefore, in this case it is not possible to sample
at the rate of innovation without losing some of the information content of the signal.

In general, the constraint set X will not be contained in any finite-dimensional subspace of
L. In such cases, it will generally not be possible to achieve the performance of the continuous-
time bound using any finite number of samples, even in the absence of digital noise. This im-
plies that in the most general setting, sampling above the rate of innovation can often improve
the performance of estimation schemes. This conclusion will be verified by simulation in Sec-

tion 8.9.

8.8 Optimal Sampling Kernels: A Bayesian Viewpoint

In this section, we address the problem of designing a sampling method which minimizes the
MSE. One route towards this goal could be to minimize the sampled CRB of Theorem 8.3 with
respect to the sampling space S. However, the CRB is a function of the unknown parameter
vector 8. Consequently, for each value of 0, there may be a different sampling space S which
minimizes the bound. To obtain a sampling method which is optimal on average over all
possible choices of 8, we now make the additional assumption that the parameter vector 6 is
random and has a known distribution. Our goal, then, is to determine the sampling space &
that minimizes the MSE E{ | —x H%z} within a class of allowed estimators. Note that the mean

is now taken over realizations of both the noise w(t) and the parameter 6.
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Since 6 is random, the signal x(t) is random as well. To make our discussion general,
we will derive the optimal sampling functions for estimating a general random process x(t)
(not necessarily having realizations in X' of (8.5)) from samples of the noisy process y(t) =
x(t) + w(t). We will then specialize the results to several specific types of FRI signals and
obtain explicit expressions for the optimal sampling kernels in these scenarios.

Let x(t) denote a zero-mean random process defined over t € [0, Ty], and suppose that its

autocorrelation function
Rx(t,n) £ E{x(t)x* (1)} (8.64)

is continuous in t and 7. Our goal is to estimate x(t) based on a finite number N of samples of
the signal y(t) = x(t) + w(t), t € [0, Tp], where w(t) is a white noise process (not necessarily
Gaussian) with variance ¢ which is uncorrelated with x(t). We focus our attention on linear

sampling schemes, i.e., we assume the samples are given by
cn = (Y,5n) - (8.65)

Finally, we restrict the discussion to linear estimation methods, namely those techniques in

which the estimate £(#) is constructed as
N
ﬁ(t) = Z Cnvn(t)/ (866)
n=1

for some set of reconstruction functions {v, (t)}_,. It is important to note that for any given

set of sampling functions {s,(t)})_;, the minimum MSE (MMSE) estimator of x(t) is often

N
n=1"

a nonlinear function of the measurements {c, } Indeed, typical FRI reconstruction tech-
niques involve a nonlinear stage. Consequently, restricting the discussion to linear recovery
schemes may seem inadequate. However, this choice has two advantages. First, as we will
see, the optimal linear scheme is determined only by the second-order statistics of x(t) and
w(t), whereas the analysis of nonlinear methods necessitates exact knowledge of their entire
distribution functions. Second, it is not the final estimate £(¢) that interests us in this discus-
sion, but merely the set of optimal sampling functions. Once such a set is determined, albeit
from a linear recovery perspective, it can be used in conjunction with existing nonlinear FRI
techniques. As we will see in Section 8.9, the conclusions obtained through our analysis appear
to apply to FRI techniques in general. Under the above assumptions, our goal is to design the

sampling kernels {s, (t)})_; and reconstruction functions {v,(t)})_; such that the MSE (8.8) is

minimized.
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As can be seen from (8.65), we assume henceforth that only continuous-time noise is present
in the sampling system. The situation is considerably more complicated in the presence of
digital noise. First, without digital noise, one must choose only the subspace spanned by the
sampling kernels, as the kernels themselves do not affect the performance; this is no longer the
case when digital noise is added. Second, digital noise may give rise to a requirement that a
particular measurement be repeated in order to average out the noise. This is undesirable in
the continuous noise regime, since the repeated measurement will contain the exact same noise

realization.

8.8.1 Relation to the Karhunen-Loéve Expansion and Finite-Dimensional Gener-

alizations

The problem posed above is closely related to the Karhunen-Loeve transform (KLT) [149,150],
which is concerned with the reconstruction of a random signal x(f) from its noiseless samples.
Specifically, one may express x(t) in terms of a complete orthonormal basis {4 (t)}>, for Lo

as

[ee]

Z (x, W) Pr(t) (8.67)

The goal of the KLT is to choose the functions {(t)}3>; such that the MSE resulting from the
truncation of this series after N terms is minimal. It is well known that the solution to this
problem is given by the N-term truncation of the Karhunen-Loeve expansion [149,151].

Since Rx(t,7) is assumed to be continuous in our setting, by Mercer’s theorem [151] it
possesses a discrete set of eigenfunctions {{,(t)}¢>,, which constitute an orthonormal basis

for L,. These functions satisfy the equations

To
M) = [ Rl (), (5:68)

in which the corresponding eigenvalues A; > Ay > --- > 0 are nonnegative and are assumed
to be arranged in descending order. With these functions, (8.67) is known as the Karhunen-
Loeve expansion. It can be easily shown that the first N terms in this series constitute the best
N-term approximation of x(¢) in an MSE sense [151]. In other words, in the noiseless case, the
optimal sampling and reconstruction functions are s, (t) = v, (t) = P, (t).

In our setting, we do not have access to samples of x(f) but rather only to samples of the
noisy process y(t). In this case, it is not clear a priori whether the optimal sampling and recon-

struction filters coincide or whether they match the Karhunen-Loeve expansion of x().
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The finite-dimensional analogue of our problem, in which x, y, and w are random vectors
taking values in CM was treated in [152,153]. The derivation in these works, however, relied on
the low-rank approximation property of the singular-value decomposition (SVD) of a matrix.
The generalization of this concept to infinite-dimensional operators is subtle and will thus be
avoided here. Instead, we provide a conceptually simple (if slightly cumbersome) derivation
of the optimal linear sampling and reconstruction method for noisy signals. As we will see, it

still holds that s, (t) = v, (t) = Pu(f).

8.8.2 Optimal Sampling in Noisy Settings

As explained in Section 8.7, in the absence of discrete-time noise, the MSE is not affected by
modifications of the sampling kernels which leave the set S = span{s;(t),...,sn(t)} un-

changed. Thus, without loss of generality, we constrain {s,(t)})V_; to satisfy

T

<sn, 025 —i—/o RX(-,T)sm(T)dT> = Omn (8.69)
for every m,n =1,..., N. This can always be done since the operator Ry : L, — L, defined by
(Ryf)(t fo Rx(t,7)f(t)dT + ¢?f(t) is positive definite. This choice is particularly conve-

nient as it results in a set of uncorrelated samples {c, }. Indeed

Blencit = £{ ([ Ts:;(r)y(r)dr) ([ ssmnan) b
= [ si@ Bty ()} suliy
= [ si@Rx(e stz
+ E{{sn0) (50,20)")
= [ si@R 0, )iy +02 (5,5
— b (8.70)

We are now ready to determine the optimal sampling method. We begin by expressing the

MSE (8.8) as

T T
| E{Ixt sl par = [ E{x(n} at
T T
—2/0 %{E{x*(t)ﬁ(t)}}dt+/o E{|2(t)} dt. 8.71)

N

The first term in this expression does not depend on the choice of {s,(t)}"_; and {v,(t)}_,,

and is therefore irrelevant for our purpose. Substituting (8.66) and (8.65), and using the fact
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that w(f) is uncorrelated with x(t), the second term can be written as

-y { <vn, /O Rx(, T)sn(r)dr> } . (8.72)

Similarly, using the fact that {c,})¥_; are uncorrelated and have unit variance (see (8.70)), the
last term in (8.71) becomes

T N
/ E
0 n=1

Z Cnvn(

2
£) } leE{c wiCn } (O, Un)

N
=) [loulP (873)
n=1

Substituting (8.72) and (8.73) back into (8.71), we conclude that minimization of the MSE is

equivalent to minimization of

nil (1onl? =20 { (o, [ Ret (1) ) 674)

with respect to {s,(t) }I\_; and {v,(t)}}\_,, subject to the set of constraints (8.69).
As a first stage, we minimize (8.74) with respect to the reconstruction functions {v, (t) }\\_;.

To this end, we note that the nth summand in (8.74) is lower bounded by

T
Jonl = 2ol | | R, ()t

- H [ Ra 2)su () 2

where we used the Cauchy-Schwarz inequality and the fact that min,{z*> — 2bz} = —b%. This

) (8.75)

bound is achieved by choosing

on(t) = /0 " Ryt )5 (T)dT, (8.76)

thus identifying the optimal reconstruction functions.
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Substituting (8.76) into (8.74), our goal becomes to maximize

N 2

)3

n=1

T
/o Rx (-, T)sn(T)dT

(8.77)

with respect to the sampling functions {s,(¢) }}_,. As we show in Appendix 8.B, the maximum
of this expression is achieved by any set of kernels of the form
N 1
su(t) = Y Arn (M +02) 2 (t), (8.78)
k=1
where A is a unitary N X N matrix and A, and y,(t) are the eigenvalues and eigenfunctions of
Ry (t, 1) respectively (see (8.68)). In particular, we can choose A = Iy, leading to
1

- £,
oz

From (8.76), the optimal reconstruction kernels are given by

su(t) = n=1,...,N. (8.79)

on(t) = — w8, n=1,...,N. (8.80)

V /\n +0'C2

The following theorem summarizes the result.

Theorem 8.4. Let x(t), t € [0,T] be a random process whose autocorrelation function Rx(t,n) is
jointly continuous in t and . Assume that y(t) = x(t) + w(t), where w(t) is a white noise process
uncorrelated with x(t). Then, among all estimates %(t) of x(t) having the form
N T
() = L oult) | sioya (8.81)
the MSE (8.8) is minimized with {s, (t)}_, and {v, (t)})_, of (8.79) and (8.80) respectively. In these
expressions, A, and P, (t) are the eigenvalues and eigenfunctions of Ry (t, ) respectively (see (8.68)).

Interestingly, the optimal sampling and reconstruction functions in our noisy setting are
similar to those dictated by the KLT. The only difference is that in the present scenario, the nth
sample is shrunk by a factor of A,/ (A, + ¢2) prior to reconstruction. This ensures that the low-
SNR measurements do not contribute to the recovery as much as their high-SNR counterparts.
From the viewpoint of designing the sampling mechanism, however, this difference is of no
importance.

As stated above, in practice one would generally favor nonlinear processing of the sam-
ples (namely, applying standard nonlinear FRI techniques) rather than a simple element-wise
shrinkage. Thus, the importance of Theorem 8.4 for our purposes is in identifying that the

eigenfunctions of Rx(t, T) remain the optimal sampling kernels even in the noisy setting.
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8.8.3 Example: Sampling in a Subspace

To demonstrate the utility of Theorem 8.4, we now revisit the situation in which x(t) is given by
(8.38) for some set of linearly independent functions {gx(#)}X_, spanning a subspace G € L,.
We assume that the coefficients 0 = {a3,...,a K}T form a zero-mean random vector and denote

its autocorrelation matrix by Ry. In this case, the signal’s autocorrelation function is given by

k=1 (=1
K K
= kZ ; k(£)87 (1) (Ro) - (8.82)
=1/=1

Consequently, the operator Rx : L, — L, defined by (R:h)(t) = fOT Ry (t,)h(n)dy can be
expressed as

R, = GRyG", (8.83)

where G is the set transformation (8.2) associated with {g;}KX ;.

Now, let U be a unitary matrix and let D be a diagonal matrix, such that
UDU* = (G*G)/2Ry(G*G)2. (8.84)

Since the dimension of R(G) is K, the operator Rx has at most K nonzero eigenvalues {A}X_,.

Let ¥ denote the set transformation associated with the N eigenfunctions {¢, }!_, correspond-
ing to the N largest eigenvalues, for some N < K. Then, it can be shown that
Y =G(G*G)V2u (8.85)
and the corresponding eigenvalues are
Ay =Dy p. (8.86)
To see this, note that according to (8.85), ¥ is an isometry, since
Y = U*(G*G)"V2G*G(G*G)V?u = U*U = Ix. (8.87)
Furthermore, (8.83) and (8.84) imply that Rx = YDY*. Consequently
RxY =YDY'Y = ¥D, (8.88)

which proves the claim.
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It is important to emphasize that the K functions {i,(t)}X_, span G. Therefore, if one
is allowed to take N = K samples, then the optimal choice is a set of kernels that span G.
This conclusion is compatible with the CRB analysis of the previous sections. However, the
advantage of the Bayesian viewpoint is that it allows us to identify the optimal sampling space
when less than K samples are allowed. For example, suppose that {¢,, ()} are orthonormal, and
the coefficients {a, } are uncorrelated. Then the optimal sampling space is the one spanned by
the N functions {g,(t)} corresponding to the N largest-variance coefficients {a, }.

A second example demonstrating the derivation of the optimal sampling kernels will be

given in the next section.

8.9 Application: Channel Estimation

In this section, we focus on a specific application of FRI signals, namely, that of estimating a
signal consisting of a number of pulses having unknown positions and amplitudes [34,36,125].
More precisely, we consider periodic signals x(t) of the form (8.16), which were discussed in
Section 8.3.3. These are T-periodic pulse sequences, in which the pulse shape g(t) is known,
but the amplitudes {a,} and delays {t;} are unknown. After analyzing periodic signals of this
type, we will also compare estimation performance in this case with the semi-periodic family
(8.17), and attempt to explain the empirically observed differences in stability between these
two cases.

By defining the T-periodic function h(t) = Y_,cz ¢(t — nT), we can write x(t) of (8.16) as

= i Elgh(t - tg). (889)

Our goal is now to estimate x(t) from samples of the noisy process y(t) of (8.6). As before, we
will assume that only continuous-time noise is present in the system. Since x(t) is T-periodic,
it suffices to recover the signal in the region [0, T]. In particular, we would like to identify the
optimal sampling kernels for this setting, and to compare existing algorithms with the resulting
CRB in order to determine when the optimal estimation performance is achieved.

Let

=g (hgi), keZ (.90)

— pf2mkt/T

be the Fourier series of h(t), where ¢y (t) . The Fourier series of x(t) is then given by

1 L
2 = (x,e0) = Iy Zage ]Tktf ke . (8.91)
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Let = {k € Z : I # 0} denote the indices of the nonzero Fourier coefficients of /(t). Sup-
pose for a moment that K is finite. It then follows from (8.91) that x(t) also has a finite number
of nonzero Fourier coefficients. Consequently, the set X’ of possible signals x(t) is contained in
the finite-dimensional subspace M = span{ ¢y }xcx. Therefore, as explained in Section 8.7.4,
choosing the N = | K| sampling kernels {s, (t) = e /2™*/T} i results in a sampled CRB which
is equivalent to the continuous-time bound. This result is compatible with recent work demon-
strating successful performance of FRI recovery algorithms using exponentials as sampling

kernels [125].

Note, however, that this is a “Nyquist-equivalent” sampling scheme, i.e., the number of
samples required N = || is potentially much higher than the number of degrees of freedom
2L in the signal x(t) (see Section 8.7.4). This provides a theoretical explanation of the empiri-
cally recognized fact that sampling above the rate of innovation improves the performance of
FRI techniques in the presence of noise [34], a fact which stands in contrast to the noise-free

performance guarantees of many FRI algorithms.

Moreover, if there exists an infinite number of nonzero coefficients 1, then in general the
set X will not belong to any finite-dimensional subspace. Consequently, it will not be possible
in this case for an algorithm based on a finite number of samples to achieve the performance
obtainable from the complete signal y(t). This occurs, for example, whenever the pulse g(t) of
(8.16) is time-limited. In such cases, any increase in the sampling rate will potentially continue
to reduce the CRB, although the sampled CRB will converge to the asymptotic value of pr,0?

in the limit as the sampling rate increases.

8.9.1 Choosing the Sampling Kernels

An important question in the current setting is how to choose the sampling kernels so as to
achieve the best possible performance under a limited budget of samples. This can be done
via the Bayesian analysis provided in Section 8.8. Assume, for example, that the time delays
{t;}L_, are independently drawn from a uniform distribution over the interval [0, T]. Fur-

thermore, suppose that the amplitudes {a,}%_, are mutually uncorrelated zero-mean random
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variables which are independent of the time delays and have variance ¢2. Then,
Rx(t,7) = E{x(t)x"(7)}

i ZL: E{aay } E{h(t — ti)l™ (T — t)}
k=1

1

2

=2 Y E{h(t — to)h* (T — t)}

1= 1

o~
Il
—_

T
:aﬁL%/o h(t — to)h* (T — tg)dty

= 2L Y |y 2 TR, (8.92)
keZ

where we used Parseval’s theorem. It is easily verified that the eigenfunctions of Rx(t, T) are
given by

Pu(t) = —= JF", nez (8.93)

-

and the corresponding eigenvalues are
Ay = La2T|h, |2, ne€Z. (8.94)
Therefore, the optimal set of N sampling functions is
su(t) = TP, n=1,...,N (8.95)

where p,, is the index of the nth largest Fourier coefficient |f1,, |. The optimal linear recovery of

x(t) from the resulting samples is given by

N L0—2’fl |2 27
2t =Y ¢ a4l Pn el TPt 8.96
0= L Loty o+ a2 (520

The performance of this estimator is poorer than state-of-the-art techniques, due to the restric-
tion to linear reconstruction schemes. We recall that this technique is intended only for selecting
the sampling kernels.

The above analysis again lends credence to the recently proposed time-delay estimation
technique of Gedalyahu et al. [125], which makes use of complex exponentials as sampling
functions. A disadvantage of this algorithm is that it can only handle a set of exponents with
successive frequencies, while for general pulses, the indices of the N largest Fourier coefficients
may be sporadic. As we will see in Section 8.9.3, this limitation may result in deteriorated

performance of the algorithm in some cases.
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8.9.2 Computing the CRB

Having identified the optimal sampling kernels (8.95), we would now like to compute the
CRB for estimating x(t) from the resulting samples. In order to compare these results with
the continuous-time CRB, we assume that no digital noise is added in the sampling process.
However, the calculations described below can be adapted without difficulty to situations con-

taining both continuous-time and digital noise.

We assume for simplicity that i(t) and {a,} are real-valued. Nonetheless, the sampling ker-
nels chosen above are complex-valued, implying that Theorem 8.3 cannot be directly applied.
Yet since h(t) is real-valued, we have || = |li_;|, and consequently the optimal sampling
kernels consist of complex conjugate pairs e™/27"/T, Recall that the sampling kernels can be
changed without affecting the CRB, as long as the subspace they span remains constant. Con-
sequently, the CRB can be computed for the equivalent sampling kernels sin(27tnt/T) and
cos(27mtnt/T), which are real and can therefore be used in conjunction with the results of Sec-
tion 8.7. We note that since the transition to these real-valued kernels is unitary, the CRB will
not change even if digital noise is added. To be specific without complicating the notation,
we assume that N is odd and that the DC component is included among the sampling kernels

chosen in (8.95). We can then define the equivalent set of kernels

§o(t) =1,
N-1
$u(t) = cos(2mtp,t/T), n=1,..., 5
< . N-1
sn+¥(t) = sin(2rtp,t/T), n=1,..., —5 (8.97)
We further define the parameter vector
Bz(al,...,aL,tl,...,tL)T (898)

whose length is K = 2L.

Theorem 8.3 provides a two-step process for computing the CRB of the signal x(t) from

its samples. First, the FIM | Seamp for estimating 0 is determined. Second, the formula (8.51) is

applied to compute the CRB. While Theorem 8.3 also provides a means for calculating J," ",
it is more convenient in the present setting to derive the FIM directly. This can be done by

calculating the expectations yu, of (8.44) and applying (8.52). In our setting, u, = (x,5,) are
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given by
Xp, +X%_ N -1
Vn:%r ”:0""’T
Xy — % N-1
yn+¥=”27j”, n=1,..., ~—5— (8.99)

where {%,} are the Fourier coefficients of x(t). These coefficients depend in turn on the param-
eter vector 0, as shown in (8.91). Substituting 1, into (8.52) yields a closed-form expression for
Jo P. Since the resulting formula is cumbersome and not very insightful, it is not explicitly
written herein.
To obtain the sampled CRB, our next step is to compute the 2L x 2L matrix

M2 (%") @—Z") . (8.100)
The function kg : R?> — L, maps a given parameter vector 6 to the resulting signal x(t) as
defined by (8.89). Differentiating this function with respect to 8, we find that the operator
ohg/00 : R?L — L, is defined by

oh
<8—;> 0= Ulh(t — tl) + - —|—7)Lh(t — tL)

—vppmh' (t—t) — - —vgraph’(t —tr) (8.101)

for any vector v € R2L.

One may now compute the ikth element of M as

L (Og\" (e Johy Ok
Mlk =€ <¥> <¥> e = <¥el, ¥3k> . (8102)

Thus, each element of M is an inner product between two of the terms in (8.101). To calculate
this inner product numerically for a given function h(t), it is more convenient to use Parse-
val’s theorem in order to convert the (continuous-time) inner product to a sum over Fourier

coefficients. For example, in the case 1 < i,k < L, we have
T
My = / B(E— £ (t — 1)dt
0

—T Z flne—]?nt,»n/Tfl;kleﬁntkn/T
nez

=T Y |k e 2rton/T 1 <k < L. (8.103)

nez

An analogous derivation can be carried out when i or k are in the complementary range L +
1,...,2L.

Finally, having calculated the matrices ;" and M, the CRB for sampled measurements is
obtained using (8.51). We are now ready to compare this bound to the performance of practical

estimators in some specific scenarios.
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8.9.3 Effect of the Pulse Shape

In Fig. 8.1, we document several experiments comparing the CRB with the time-delay estima-
tion technique of Gedalyahu et al. [125]. Specifically, we sampled the signal x(¢) of (8.16) using
a set of exponential kernels, and used the matrix pencil method [154] to estimate x () from the
resulting measurements. Since we are considering only continuous-time noise, applying an in-
vertible linear transformation to the sampling kernels has no effect on our performance bounds
(see Section 8.7). The various kernels suggested in [125] amount to precisely such an invertible
linear transformation, and the same performance bound applies to all of these approaches.
Moreover, under the continuous-time noise model, it can be shown that these techniques also
exhibit the same performance. For the same reason, the performance reported here is also
identical to the method of Vetterli et al. [30].

In our experiments, a signal containing L = 2 pulses was constructed. The delays and

amplitudes of the pulses were chosen randomly and are given by

ap = 0.3204, t1 = 0.6678,

a, = 0.6063, t, = 0.9863. (8.104)

Modifications of these parameters does not appear to significantly affect the reported results,
except when the time delays are close to one another, a situation which will be discussed in
depth in Section 8.9.4. The pulse h(t) consisted of || = 401 nonzero Fourier coefficients at
positions K = {—200,...,200}. The CRB is plotted as a function of the number of samples N,
where the sampling kernels are given by s, (t) = e/2™*/T withn € {—|N/2],...,|N/2]}. This
is done because the matrix pencil method requires the sampling kernels to have contiguous
frequencies.

In Fig. 8.1(a), we chose fzk = 1 for —200 < k < 200 and fzk = 0 elsewhere; these are
the low-frequency components of a Dirac delta function. The noise standard deviation was
0. = 107°. In this case, for a fixed budget of N samples, any choice of N exponentials having
frequencies in the range —200 < k < 200 is optimal according to the criterion of Section 8.8. As
expected, the sampled CRB achieves the continuous-time bound K(T? when N > |K|. However,
the CRB obtained at low sampling rates is higher by several orders of magnitude than the
continuous-time limit. This indicates that the maxim of FRI theory, whereby sampling at the
rate of innovation suffices for reconstruction, may not always hold in the presence of mild
levels of noise. Indeed, if no noise is added in the present setting, then perfect recovery can

be guaranteed using as few as N = 4 samples; yet even in the presence of mild noise, our
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Figure 8.1: Comparison of the CRB and the performance of a practical estimator, as a function

of the number of samples.
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bounds demonstrate that performance is quite poor unless the number of samples is increased
substantially. This result may provide an explanation for the previously observed numerical
instability of FRI techniques [30, 34].

As a further observation, we note that in this scenario, existing algorithms come very close
to the CRB. Thus, the previously observed improvements achieved by oversampling are a
result of fundamental limitations of low-rate sampling, rather than drawbacks of the specific
technique used.

The same experiment is repeated in Fig. 8.1(b) with a pulse having Fourier coefficients /i =
1/(1 4 0.01k?). Since the Fourier coefficients decrease with |k|, in this case our choice of low-
frequency sampling kernels is optimal. However, the SNR of the measurements ¢, decreases
with n. As can be seen, this has a negative effect on the performance of the algorithm, which is
not designed for high noise levels. Indeed, including low-SNR measurements causes the MSE
not only to depart from the CRB, but eventually even to increase as more noisy samples are
provided. In other words, one would do better to ignore the high-frequency measurements
than to feed them to the recovery algorithm. Yet information is clearly present in these high-
frequency samples, as indicated by the continual decrease of the CRB with increasing N. Thus,
our analysis indicates that improved estimation techniques should be achievable in this case,
in particular by careful utilization of low-SNR measurements.

The adverse effect of low-SNR measurements is exacerbated if, for a given N, one does not
choose the N largest Fourier coefficients. This is demonstrated in Fig. 8.1(c). Here, the results of
a similar experiment are plotted, in which flk = Psinc(nP/T), —200 < k < 200. These are the
401 lowest-frequency Fourier coefficients of a rectangular pulse having width P. In this case,
the Fourier coefficients are no longer monotonically decreasing with |k|. Consequently, the
sampling kernels s, (t) = e/>™/T with n € {—|N/2|,...,|N/2]} do not correspond to the N
largest Fourier coefficients, and thus are not optimal. In particular, for the chosen parameters,
|ips| = |h_25| are considerably smaller than the rest of the coefficients. When N > 50, the

corresponding measurements are included, causing the MSE to deteriorate significantly.

8.9.4 Closely-Spaces Pulses

It is well-known that the estimation of pulse positions becomes ill-conditioned when several
of the pulses are located close to one another. Intuitively, this is a consequence of the overlap
between the pulses, which makes it more difficult to identify the precise location of each pulse.

However, our goal is to estimate the signal x(t) itself, rather than the positions of its constituent
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Figure 8.2: Comparison between the CRB and the performance of a practical estimator as a
function of the pulse positions. The signal contains L = 2 pulses, the first of which is located at

t; = 0.5. The MSE is plotted as a function of the position of the second pulse.

pulses. As we will see, for this purpose the effect of closely-spaced pulses is less clear-cut.

To study the effect of pulse position on the estimation error, we used a setup similar to the
one of Fig. 8.1(b), with the following differences. First, a higher noise level of 0, = 1073 was
chosen. Second, the signal consisted of L = 2 pulses, with the first pulse at position t; = 0.5.
The position of the second pulse was varied in the range [0.3,0.7] to demonstrate the effect of
pulse proximity on the performance. The setting was otherwise identical to that of Section 8.9.3.
In particular, recall that T = 1.

The results of this experiment are plotted in Fig. 8.2, which documents both the values of
the sampled CRB and the actual MSE obtained by the estimator of Gedalyahu et al. [125]. The
continuous-time CRB is also plotted, although, as is evident from Theorem 8.2, this bound is a
function only of the number of parameters determining the signal, and is therefore unaffected
by the proximity of the pulses.

Several different effects are visible in Fig. 8.2. First, as the two pulses begin to come closer,
both the CRB and the observed MSE increase by several orders of magnitude; this occurs when
|t; — t2| is between about 0.15 and 0.03. (Of course, the precise distances at which these effects
occur depend on the pulse width and other parameters of the experiment.) This level of prox-
imity is demonstrated in Fig. 8.3(a). At this stage, the overlap between the pulses is sufficient
to make it more difficult to estimate their positions accurately, but the separation between the
pulses is still large, so that they are not mistaken for a single pulse.

As the pulses draw nearer each other, they begin to resemble a single pulse located at
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Figure 8.3: Demonstration of the different levels of overlap between pulses.

(t1 + t2)/2 (see Fig. 8.3(b)). Depending on the noise level, at some point the estimation al-
gorithm will indeed identify the two pulses as one. Since our goal is to estimate x(¢) and not
the pulse positions, such an “error” causes little deterioration in MSE. This is visible in Fig. 8.2
as the region in which the MSE of the practical algorithm ceases to deteriorate and ultimately
decreases.

Interestingly, the CRB does not capture this improvement in performance. This failure is
due to the fact that the CRB applies only to unbiased estimators, while the strategy utilized
in [125] becomes biased for closely-spaced pulses. For an estimator to be unbiased, it is required
that the mean estimate, averaged over noise realizations, will converge to the true value of x(f),
which has a form similar to that of Fig. 8.3(b). The expectation of an estimator reconstructing
a single pulse will not have the form of two closely-spaced pulses; such an estimator is thus
necessarily biased. In other words, the discrepancy observed here results from the fact that in

this case, biased techniques outperform the best unbiased approach.

8.9.5 Non-Periodic and Semi-Periodic Signal Models

As we have seen above, the reconstruction of signals of the form (8.16) in the presence of noise
is often severely hampered when sampled at or slightly above the rate of innovation. Rather
than indicating a lack of appropriate algorithms, in many cases this phenomenon results from
fundamental limits on the ability to recover such signals from noisy measurements. A similar
effect was demonstrated [34] in the non-periodic (or finite) pulse stream model (8.14). In fact, if

one is allowed to sample a non-periodic pulse stream with arbitrary sampling kernels, then by
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(8.17).

designing kernels having sufficiently large time-domain support, one can capture all or most
of the energy in the signal. This setting then essentially becomes equivalent to a periodic signal
model (8.16) in which the period is larger than the effective support of the pulse stream: One
can imagine that the signal repeats itself beyond the sampled region, as this would not affect
the measurements. Consequently, it is not surprising that the non-periodic model demonstrates
substantial improvement in the presence of oversampling [34].

On the other hand, some types of FRI and union of subspace signals exhibit remarkable
noise resilience, and do not appear to require substantial oversampling in the presence of noise
[36,126]. As we now show, the CRB can be used to verify that such phenomena arise from a
fundamental difference between families of FRI signals.

As an example, we compare the CRB for reconstructing the periodic signal (8.16) with the
semi-periodic signal (8.17). Recall that in the former case, each period consists of pulses having
unknown amplitudes and time shifts. By contrast, in the latter signal, the time delays are
identical throughout all periods, but the amplitudes can change from one period to the next.

While these are clearly different types of signals, an effort was made to form a fair compari-
son between the reconstruction capabilities in the two cases. To this end, we chose an identical
pulse ¢(#) in both cases. We selected the signal segment [0, Ty], where Ty = 1, and chose the
signal parameters so as to guarantee an identical Tp-local rate of innovation. We also used iden-
tical sampling kernels in both settings: specifically, we chose the kernels (8.97) which measure
the N lowest frequency components of the signal.

To simplify the analysis and focus on the fundamental differences between these settings,
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we will assume in this section that the pulses g(t) are compactly supported, and that the time
delays are chosen such that pulses from one period do not overlap with other periods. In other

words, if the support of g(t) is given by |[t,, t;], then we require
méin{tg} >t, and mpax{tg} < T—ty (8.105)

Specifically, we chose the pulse g(¢) used in Fig. 8.1(b), which is compactly supported to a high
approximation.

For the periodic signal, we chose L = 10 pulses with random delays and amplitudes, picked
so as to satisfy the condition (8.105). A period of T = 1 was selected. This implies that the signal
of interest is determined by 2L = 20 parameters (L amplitudes and L time delays).

To construct a semi-periodic signal with the same number of parameters, we chose a period
of T = 1/9 containing L = 2 pulses. The segment [0, Ty then contains precisely M = 9 periods,
for a total of 20 parameters. While it may seem plausible to require the same number of periods
for both signals, this would actually disadvantage the periodic approach, as it would require
the estimation of much more closely-spaced pulses.

The CRB for the periodic signal was computed as explained in Section 8.9.2, and the CRB for
the semi-periodic signal can be calculated in a similar fashion. The results are compared with
the continuous-time CRB in Fig. 8.4. Note that since the number of parameters to be estimated
is identical in both signal models, the continuous-time CRB for the two settings coincides. Con-
sequently, for a large number of measurements, the sampled bounds also converge to the same
values. However, when the number of samples is closer to the rate of innovation, the bound
on the reconstruction error for the semi-periodic signal is much lower than that of the periodic
signal. As mentioned above, this is in agreement with previously reported findings for the two
types of signals [30, 36,125].

To find an explanation for this difference, it is helpful to recall that both signals can be
described using the union of subspaces viewpoint (see Section 8.3.3). Each of the signals in this
experiment is defined by precisely 20 parameters, which determine the subspace to which the
signal belongs and the position within this subspace. Specifically, the values of the time delays
select the subspace, and the pulse amplitudes define a point within this subspace. Thus, in
the above setting, the periodic signal contains 10 parameters for selecting the subspace and 10
additional parameters determining the position within it; whereas for the semi-periodic signal,
only 2 parameters determine the subspace while the remaining 18 parameters set the location in

the subspace. Evidently, identification of the subspace is challenging, especially in the presence
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of noise, but once the subspace is determined, the remaining parameters can be estimated using
a simple linear operation (a projection onto the chosen subspace). Consequently, if many of
the unknown parameters identify the position within a subspace, estimation can be performed
more accurately. This may provide an explanation for the difference between the two examined
signal models.

As further evidence in support of this explanation, we recall from Section 8.3.3 that the
multiband signal model (8.19) can also be viewed as a union of subspaces. Here, again, the
parameters {w,}}_, determining the subspace (i.e., the utilized frequency bands) are far fewer
than the parameters {a,[n]} selecting the point within the subspace (i.e., the content of each
frequency band). In support of the proposed explanation, highly noise resistant algorithms
can be constructed for the recovery of multiband signals [126, 127]. An even more extreme
case is the single subspace setting, exemplified by shift-invariant signals (Section 8.3.1). In this
case, all of the signal parameters are used to determine the position within the one possible
subspace. As we have seen in Section 8.7.3, in this case Nyquist-equivalent sampling at the rate

of innovation achieves the continuous-time CRB.

8.10 Conclusion

In this paper, we studied the inherent limitations in recovering FRI signals from noisy measure-
ments. We derived a continuous-time CRB which provides a lower bound on the achievable
MSE of any unbiased estimation method, regardless of the sampling mechanism. We showed
that the rate of innovation pr, is a lower bound on the ratio between the average MSE achiev-
able by any unbiased estimator and the noise variance 07, regardless of the sampling method. This
stands in contrast to the noise-free interpretation of pr, as the minimum sampling rate required
for perfect recovery.

We next examined the CRB for estimating an FRI signal from a discrete set of noisy samples.
We showed that the sampled bound is in general higher than the continuous-time CRB, and
approaches it as the sampling rate increases. In general, the rate which is needed in order to
achieve the continuous-time CRB is equal to the rate associated with the smallest subspace
that encompasses all possible signal realizations. In particular, if a signal belongs to a union of
subspaces, then the rate required to achieve the continuous-time bound is that associated with
the sum of the subspaces. In some cases, this rate is finite, but in other cases the sum covers the

entire space L, and no finite-rate technique achieves the CRB.
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A consequence of these results is that oversampling can generally improve estimation per-
formance. Indeed, our experiments demonstrate that sampling rates much higher than pr, are
required in certain settings in order to approach the optimal performance. Furthermore, these
gains can be substantial: In some cases, oversampling can improve the MSE by several orders
of magnitude. We showed that the CRB can be used to determine which estimation problems
require substantial oversampling to achieve stable performance. As a rule of thumb, it appears
that for union of subspace signals, performance is improved at low rates if most of the parame-
ters identify the position within the subspace, rather than the subspace itself. Our analysis can
also be used to identify cases in which no existing algorithm comes close to the CRB, implying
that better approaches can be constructed. In particular, it seems that existing algorithms do
not deal well with measurement sets having a wide dynamic range.

Lastly, we addressed the problem of choosing the sampling kernels. This was done by
adopting a Bayesian framework, so that an optimality criterion can be rigorously defined. Us-
ing a generalization of the KLT, we showed that the optimal kernels are the eigenfunctions of
the autocorrelation function of the signal. In the context of time-delay estimation, these kernels
are exponentials with appropriately chosen frequencies. This choice coincides with recent FRI

techniques [36].

8.A Proof of Theorem 8.1

The following notation will be used within this appendix. Let #; and H> be two measurable
Hilbert spaces, and let (€),.%, P) be a probability space. Consider two random variables u :
Q — Hqand v : QO — H,. Then, the notation E{uv* } will be used to denote the linear operator

‘H» — H1 such that, for any h; € Hq and hy € Hy,

(ln, E{uv*} ha)yy, = E{(hl,u>Hl (0, h2>H2} (8.106)

if the expectation exists for all #; and h,.

We begin by stating two general lemmas which will be of use in the proof of Theorem 8.1.

Lemma 8.5. Let H1 and H, be two Hilbert spaces, and consider the operators
A 7‘[1 — 7‘[1 ’

B: 7‘[2 — 7‘[1,
C:Hy — Ho. (8.107)
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Suppose C is self-adjoint and invertible. Define the product Hilbert space H1 X Hy in the usual manner,
and suppose the operator M : Hq X Hy — H1 X Ho defined by

h Ahy + Bh
M| = e (8.108)
hy B*hy + Chy
is positive semidefinite (psd). Then,

A > BC!B* (8.109)

in the sense that the Hy — Hy operator A — BC~1B* is psd.

Proof. Since M is psd, we have for any h; € H; and h; € Hp

< ) o™ > >0 (8.110)
hy hy HyxHa

(h1, Ahy)y, + 2R {<h1,3h2>7{2] + (b,Cb)y, > 0. (8.111)

which implies

Choosing hp = —C~1B*h;, we have that (I, Bl’72>H2 = — <B*h1, C1B*hy >7—l1’ which is real since
C~!is self-adjoint. It follows from (8.111) that

(h, Ahy) gy, — <h1,BC*1B*h1>H >0 (8.112)

1

which leads to (8.109), as required. O

Lemma 8.6. Let H1 and Hy be two Hilbert spaces and let (Q), ., P) be a probability space. Let u :
QO — Hyand v : QO — Hy be random variables, and suppose the expectations E{uu*}, E{uv*}, and
E{vv*} exist as linear operators as defined in (8.106). If E{vv*} is invertible, then

E{uu*} = E{uv*} (E{vo*}) ' E{vu*}. (8.113)

Proof. Letus denote A = E{uu*}, B = E{uv*}, and C = E{vv*} and define the linear operator
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M :Hi x Hy — Hi X H as in (8.108). From (8.106), for any h; € H1 and h, € H, we have

()

hy hy HixHa

= (i, Al )y, + 2R [(1, Bha)y,, | + (b, Cb)y,

—E{ ‘<h1,u>%\2 + 2R [ (I, u), (0,12),]
+ ‘(hz,w%f}

- E{‘(hl,u)% + <v,h2>H2(2}

> 0. (8.114)
Thus M is a psd operator. Invoking Lemma 8.5 yields (8.113), as required. O
We are now ready to prove Theorem 8.1.

Proof of Theorem 8.1. Throughout the proof, let 8 be a fixed parameter and consider all functions

as implicitly dependent on 6. Define the random variables

u:Q—H: u(w) = 2(y(w)) — he, (8.115)
v:0 - RK: o(w) = %‘gy(w)). (8.116)

We then have the linear operators E{vo*} : RK — RX, E{uu*} : # — H, and E{uv*} : RK —
‘H, which satisfy

E{vv*} = J,, (8.117)

(i E{uu*} ;) = E{{pi,u) (, 9j) } , (8.118)

(¢i, E{uv*} e;) = E{ (i, u) dlog po(y) logagg(y) } , (8.119)
j

where {¢,},cz denotes a complete orthonormal basis for 7{. The operator E{uu*} can be
thought of as the covariance of £, and is well-defined since, by (8.32), £ has finite variance.

Indeed, we have

Y (@i E{uu*} ¢;) = E{||% — he||7,} < oo (8.120)
icZ

so that E{uu*} is not only well-defined, but a trace class operator. Furthermore, E{vv*} = J, is
well-defined and invertible by Assumption P5. The operator E{uv*} is thus also well-defined
by virtue of the Cauchy-Schwarz inequality.
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To prove the theorem, we will show that

oh
E{uv*} = 8—99 (8.121)

and then obtain the required result by applying Lemma 8.6. To demonstrate (8.121), observe
that

(pi Eluo}e;) = E{<(pi,u> Zegpl |

1 dp(y;0)
= i :0) Py (d
/ Pi % 0) 5ry;0) a6, PV 0P (ay)
20+ Ae;) — ;0
_ / (93, 3(y) — hg) lim * (y;0 +2e) — ply )Pgo(dy). (8.122)
A—0 A

By Assumption P4, for any sufficiently small A > 0 we have

‘(9"1’: 2(y) — he) py;0+ A? —p(y;6)

< (i, 2(y) — ho)|q(y,0). (8.123)

Let us demonstrate that the right-hand side of (8.123) is absolutely integrable. By the Cauchy-

Schwarz inequality,

2
(/140520 = ha} gt 0)Pa ()
< / (i, 2(y) — he)|” Pa, (dy) / q*(y, 0) P, (dy). (8.124)

The rightmost integral in (8.124) is finite by virtue of (8.29). As for the remaining integral, we

have
[ 41,20 — ho) [ Poy dy)
< [ 12(s) = ol Pay (dy)
(%’ [ 111+ 1) Pay(dy)
< [ 1et) PP ey) + ol [ o)
w2l { [ 150 Fraan))
Qo (8.125)

where we have used the triangle inequality in (a), the Cauchy-Schwarz inequality in (b), and

the assumption (8.32) that £ has finite energy in (c). We conclude that (8.123) is bounded by an
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absolutely integrable function, and we can thus apply the dominated convergence theorem to

(8.122), obtaining
- Ef{uv*le) = 0 & ;0) Py, (d
(pu B} €)= 3o [ {90 20)) P 0) Py )
d
— (@i ho) = ;0) Pa, (dy). 8.126
(k) 5 | P36) Py (8126)

The second integral in (8.126) equals 1 and its derivative is therefore 0. Thus we have

<§01‘,E{M’0*}e]‘> _ aE{«oal'Gje(y»} _ J <€319/]h9> (8.127)

On the other hand, note that the Fréchet derivative dhg/00 of (8.31) coincides with the

Gateaux derivative of hy. In other words, for any vector v € RX, we have

ohg .. hgyep—hg
Fr alslgé e (8.128)
It follows that
dhg 0 (@, hg
<¢i, “ e].> _ 7“31% ) (8.129)

Since E{uv*} and (0hy/90)* are both linear operators, (8.127) and (8.129) imply that the two
operators are equal, demonstrating (8.121). Applying Lemma 8.6 and using the results (8.117)
and (8.121), we have

E{(% —hg)(£ —hg)*} = <%> It <%> : (8.130)

As we have seen, the left-hand side of (8.130) is trace class, and thus so is the right-hand side.

Taking the trace of both sides of the equation, we obtain

E{||2 — he|*} > Tr <<%> Jo! <%> > (8.131)

which is equivalent to (8.33), as required. O

8.B Maximization of (8.77)

The task of maximizing (8.77) is most easily accomplished by optimizing the coordinates of
sy (t) in the orthonormal basis for Ly [0, T] generated by the eigenfunctions of Rx(t,7). Specifi-

cally, the function s, (¢) can be written as

Su(t) = Y (A +02) 7 (1), (8.132)
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with {y ()}, and {A;}$2, of (8.68). (The coefficients (A + ¢2) /2 are inserted since they

simplify the subsequent analysis.) Now, by Mercer’s theorem, Rx(f,77) can be expressed as

n) =) Aepe()yi (), (8.133)
(=1
where the convergence is absolute and uniform. Therefore
T
Rx(t,T)sy(T)dT

= 1% o (o) o) X Ay ()
(=1

e (t), (8.134)

and consequently, by Parseval’s theorem, (8.77) is given by

2

(T)dt| dt
n=1
N 2
= Z Z o ———— ()| dt
n=1 k=1 (A + 02) 2
N o )\2
n|2 k
= . (8.135)
ng:lk:1’ H M+ 02
Similarly, using (8.132) and (8.134), we have
Ak
/ / DRy (L T)sn(T)drdt = Z o) T (8.136)
and by (8.132)
2 T * d - n my* 0(32 8 137
aC/O 55 ()sn(T) t_k;ak(ak) R (8.137)
Combining (8.136) and (8.137), the set of constraints (8.69) is translated to
Yool (@)t = mn (8.138)
k=1

forevery m,n = 1,..., N. Consequently, our problem has now been reduced to

N o )L2 o
max Z Z ]zxz]z k 5 st Z oczi (aZ)* = S n- (8.139)
n A+ 0 =

[

We now show that the sequences {a}} which solve (8.139) must satisfy a} = 0 for every

k> Nand n = 1,...,N. To see this, assume to the contrary that the nth sequence satisfies
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) # 0 for some ¢ > N. We can then replace this sequence by a sequence {&} }cz satisfying

|¢x?|2+a% 1<k<N
&> =<0 k=10 (8.140)
|t |2 N <kandk # ¢

where Y& ; a2 = |a|? (to ensure that Y. |#|> = 1). Such a set of coefficients {a;}N ; can
always be found since the N-term truncation of the remaining N — 1 sequences cannot span

CN. With this sequence, the nth summand in the objective of (8.139) becomes

© A2 = M
kg:l]ockI A+ o2 _k;’ ¢l Ap + 07
" (é %AkAfUE P ﬁf?)
Z:_il' Z’ZAkAfaz A 1%03 (,i %—razyz>
) ko_il |“Z’2Ak)fgg' (8.141)

where we used the fact that Ay > A, for every k < £ and thatz?/(a + z) is a monotone increasing
function of z for all z > 0. This contradicts the optimality of {a} }xcz. Therefore, the set of
sequences maximizing (8.139) satisfy «}! = 0 foreveryk > Nandn =1,...,N.

It remains to determine the optimal values of the first N elements of each of the N sequences
{ocZ tkez, n = 1,...,N. For this purpose, let A denote the N x N matrix whose entries are
Ay, = ! and let A be a diagonal matrix with Ay, = A2/ (Ax + 072). Then, the constraint (8.138)
can be written as A*A = Iy, which is equivalent to AA* = Iy. Now, the objective in (8.139)

can be expressed as

N oo AZ
n;k; ya,’§|2/\k fag = Tr{A*AA}
= Tr{AA*A}
= Tr{A}, (8.142)

which is independent of A. Therefore, we conclude that any set of orthonormal sequences

{a}}kez,n =1,...,N, whose elements vanish for every k > N is optimal.
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Chapter 9

The Optimal-Bias Bound

This chapter is a reprint of the paper:

e Z.Ben-Haim and Y. C. Eldar, “A lower bound on the Bayesian MSE based on the optimal
bias function,” IEEE Trans. Inform. Theory, vol. 55, no. 11, Nov. 2009, pp. 5179-5196.

9.1 Introduction

The goal of estimation theory is to infer the value of an unknown parameter based on observa-
tions. A common approach to this problem is the Bayesian framework, in which the estimate is
constructed by combining the measurements with prior information about the parameter [3].
In this setting, the parameter 6 is random, and its distribution describes the a priori knowledge
of the unknown value. In addition, measurements x are obtained, whose conditional distribu-
tion, given 6, provides further information about the parameter. The objective is to construct
an estimator §, which is a function of the measurements, so that 0 is close to 6 in some sense.
A common measure of the quality of an estimator is its mean-squared error (MSE), given by
E{]l6 —8]}.

It is well-known that the posterior mean E{6|x} is the technique minimizing the MSE. Thus,
from a theoretical perspective, there is no difficulty in finding the minimum MSE (MMSE) es-
timator in any given problem. In practice, however, the complexity of computing the posterior
mean is often prohibitive. As a result, various alternatives, such as the maximum a posteriori
(MAP) technique, have been developed [16]. The purpose of such methods is to approach the
performance of the MMSE estimator with a computationally efficient algorithm.

An important goal is to quantify the performance degradation resulting from the use of
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these suboptimal techniques. One way to do this is to compare the MSE of the method used in
practice with the MMSE. Unfortunately, computation of the MMSE is itself infeasible in many
cases. This has led to a large body of work seeking to find simple lower bounds on the MMSE
in various estimation problems [39,59-61, 65-68, 155, 156].

Generally speaking, previous bounds can be divided into two categories. The Weiss—
Weinstein family is based on a covariance inequality and includes the Bayesian Cramér-Rao
bound [59], the Bobrovski—Zakai bound [155], and the Weiss—Weinstein bound [60, 61]. The
Ziv-Zakai family of bounds is based on comparing the estimation problem to a related detec-
tion scenario. This family includes the Ziv-Zakai bound [65] and its improvements, notably the
Bellini-Tartara bound [67], the Chazan—Zakai-Ziv bound [66], and the generalization of Bell et
al. [68]. Recently, Renaux et al. have combined both approaches [156].

The accuracy of the bounds described above is usually tested numerically in particular
estimation settings. Few of the previous results provide any sort of analytical proof of accuracy,
even under asymptotic conditions. Bellini and Tartara [67] briefly discuss performance of their
bound at high signal-to-noise ratio (SNR), and Bell et al. [68] prove that their bound converges
to the true value at low SNR for a particular family of Gaussian-like probability distributions.
To the best of our knowledge, there are no other results concerning the asymptotic performance
of Bayesian bounds.

A different estimation setting arises when one considers 0 as a deterministic unknown pa-
rameter. In this case, too, a common goal is to construct an estimator having low MSE. How-
ever, the term MSE has a very different meaning in the deterministic setting, since in this case,
the expectation is taken only over the random variable x. One elementary difference with far-
reaching implications is that in the Bayesian case, the MSE is a single real number, whereas the
deterministic MSE is a function of the unknown parameter 6 [6,44,157].

Many lower bounds have been developed for the deterministic setting, as well. These
include classical results such as the Cramér—Rao [45, 48], Hammersley-Chapman-Robbins
[50,51], Bhattacharya [54], and Barankin [53] bounds, as well as more recent results [99, 100,
158-161]. By far the simplest and most commonly used of these approaches is the Cramér—Rao
bound (CRB). Like most other deterministic bounds, the CRB deals explicitly with unbiased
estimators, or, equivalently, with estimators having a specific, pre-specified bias function. Two
exceptions are the uniform CRB [158,159] and the minimax linear-bias bound [160, 161]. The
CRB is known to be asymptotically tight in many cases, even though many later bounds are

sharper than it [44, 134, 159].
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Although the deterministic and Bayesian settings stem from different points of view, there
exist insightful relations between the two approaches. The basis for this connection is the fact
that by adding a prior distribution for 6, any deterministic problem can be transformed to
a corresponding Bayesian setting. Several theorems relate the performance of corresponding
Bayesian and deterministic scenarios [6]. As a consequence, numerous bounds have both a

deterministic and a Bayesian version [59, 60,156,162].

The simplicity and asymptotic tightness of the deterministic CRB motivate its use in prob-
lems in which 6 is random. Such an application was described by Young and Westerberg [39],
who considered the case of a scalar 6 constrained to the interval [0, 6;]. They used the prior
distribution of 6 to determine the optimal bias function for use in the biased CRB, and thus
obtained a Bayesian bound. It should be noted that this result differs from the Bayesian CRB
of Van Trees [59]; the two bounds are compared in Section 9.2.3. We refer to the result of Young
and Westerberg as the optimal-bias bound (OBB), since it is based on choosing the bias function

which optimizes the CRB using the given prior distribution.

This paper provides an extension and a deeper analysis of the OBB. Specifically, we general-
ize the bound to an arbitrary n-dimensional estimation setting [163]. The bound is determined
by finding the solution to a certain partial differential equation. Using tools from functional
analysis, we demonstrate that a unique solution exists for this differential equation. Under
suitable symmetry conditions, it is shown that the method can be reduced to the solution of an

ordinary differential equation and, in some cases, presented in closed form.

The mathematical tools employed in this paper are also used for characterizing the per-
formance of the OBB. Specifically, it is demonstrated analytically that the proposed bound is
asymptotically tight for both high and low SNR values. Furthermore, the OBB is compared
with several other bounds; in the examples considered, the OBB is both simpler computation-

ally and more accurate than all relevant alternatives.

The remainder of this paper is organized as follows. In Section 9.2, we derive the OBB
for a vector parameter. Section 9.3 discusses some mathematical concepts required to ensure
the existence of the OBB. In Section 9.4, a practical technique for calculating the bound is
developed using variational calculus. In Section 9.5, we demonstrate some properties of the
OBB, including its asymptotic tightness. Finally, in Section 9.6, we compare the performance of

the bound with that of other relevant techniques.
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9.2 The Optimal-Bias Bound

In this section, we derive the OBB for the general vector case. To this end, we first examine
the relation between the Bayesian and deterministic estimation settings (Section 9.2.1). Next,
we focus on the deterministic case and review the basic properties of the CRB (Section 9.2.2).
Finally, the OBB is derived from the CRB (Section 9.2.3).

The focus of this paper is the Bayesian estimation problem, but the bound we propose stems
from the theory of deterministic estimation. To avoid confusion, we will indicate that a partic-
ular quantity refers to the deterministic setting by appending the symbol ; 8 to it. For example,
the notation E{-} denotes expectation over both 6 and x, i.e., expectation in the Bayesian sense,
while expectation solely over x (in the deterministic setting) is denoted by E{-; 8}. The notation
E{- | 8} indicates Bayesian expectation conditioned on 6.

Some further notation used throughout the paper is as follows. Lowercase boldface letters
signify vectors and uppercase boldface letters indicate matrices. The ith component of a vector
v is denoted v;, while o), v, . .. signifies a sequence of vectors. The derivative df /dv of a
function f(v) is a vector function whose ith element is df /dv;. Similarly, given a vector function
b(8), the derivative db/d0 is defined as the matrix function whose (i, j)th entry is db;/96;. The
squared Euclidean norm v’ of a vector v is denoted ||v||?, while the squared Frobenius norm
Tr(MMT) of a matrix M is denoted ||M||2. In Section 9.3, we will also define some functional

norms, which will be of use later in the paper.

9.2.1 The Bayesian—Deterministic Connection

We now review a fundamental relation between the Bayesian and deterministic estimation
settings. Let 6 be an unknown random vector in R” and let x be a measurement vector. The
joint probability density function (pdf) of 6 and x is px,e(x, 0) = pyjo(¥|0)pe(8), where py is the
prior distribution of 6 and p, g is the conditional distribution of x given 6. For later use, define

the set O of feasible parameter values by
© = {0 € R": py(6) > 0}. (9.1)
Suppose 8 = 8(x) is an estimator of . Its (Bayesian) MSE is given by

MSE = E{ |8 — 0]} = / 18 — 6| p o, 0)dxdo. 9.2)
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By the law of total expectation, we have

MSE = [ ([ 16 61Ppva(xi0)dx ) po(e)do
:E{E{Hé—euz(e}}. (9.3)

Now consider a deterministic estimation setting, i.e., suppose 0 is a deterministic unknown
which is to be estimated from random measurements x. Let the distribution py,g of x (as a
function of 6) be given by py.e(x;0) = pyje(x|0), i.e., the distribution of x in the deterministic
case equals the conditional distribution in the corresponding Bayesian problem.

The estimator § defined above is simply a function of the measurements, and can therefore

be applied in the deterministic case as well. Its deterministic MSE is given by
E(6 016} = [ 16 6IPpuo(xi0)dx 0.4
Since py0(x;0) = pyjp(x(0), we have
E{|0—0]%0} = E{|6— 0|6} 9.5)

Combining this fact with (9.3), we find that the Bayesian MSE equals the expectation of the

MSE of the corresponding deterministic problem, i.e.
E{|l6—0]*} = E{E{[|6 —0]%6}}. (9.6)

This relation will be used to construct the OBB in Section 9.2.3.

9.2.2 The Deterministic Cramér—-Rao Bound

Before developing the OBB, we review some basic results in the deterministic estimation set-
ting. Suppose 0 is a deterministic parameter vector and let x be a measurement vector having
pdf pre(x;0). Denote by ® C R" the set of all possible values of 6. We assume for technical
reasons that @ is an open set.!

Let O be an estimator of 6 from the measurements x. We require the following regularity

conditions to ensure that the CRB holds [69, §3.1.3].

IThis is required in order to ensure that one can discuss differentiability of p,.p with respect to 0 at any point
0 € O. In the Bayesian setting to which we will return in Section 9.2.3, © is defined by (9.1); in this case, adding a
boundary to ® essentially leaves the setting unchanged, as long as the prior probability for 6 to be on the boundary

of @ is zero. Therefore, this requirement is of little practical relevance.
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1. pxo(x;0) is continuously differentiable with respect to 8. This condition is required to

ensure the existence of the Fisher information.

2. The Fisher information matrix J(0), defined by

[ dlogpxedlogpye
[I(B)JIJ—E{ %, %, ;0 9.7)

is bounded and positive definite for all & € ©. This ensures that the measurements

contain data about the unknown parameter.
3. Exchanging the integral and derivative in the equation

0
/t( )89 Prp(x;0)d 89 / X)prp(x;0)d (9.8)

is justified for any measurable function #(x), in the sense that, if one side exists, then the
other exists and the two sides are equal. A sufficient condition for this to hold is that the

support of py.p does not depend on 6.

4. All estimators 8 are Borel measurable functions which satisfy

apxlo AT
%

< g(x)forall 0 (9.9)
F

for some integrable function g¢(x). This technical requirement is needed in order to ex-
clude certain pathological estimators whose statistical behavior is insufficiently smooth

to allow the application of the CRB.
The bias of an estimator 0 is defined as
b(0) = E{0;0} — 6. (9.10)

Under the above assumptions, it can be shown that the bias of any estimator is continuously
differentiable [39, Lemma 2]. Furthermore, under these assumptions, the CRB holds, and thus,

for any estimator having bias b(0), we have

E{||6 — 8|6} > CRB[b, 0]

<1+g’;>1 (0) <1+%>T

A more common form of the CRB is obtained by restricting attention to unbiased estimators

2 Tr + |b(0)]2. (9.11)

(i-e., techniques for which b(8) = 0). Under the unbiasedness assumption, the bound simplifies

to MSE > Tr(J~1(8)). However, in the sequel we will make use of the general form (9.11).
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9.2.3 A Bayesian Bound from the CRB

The OBB of Young and Westerberg [39] is based on applying the Bayesian—deterministic con-
nection described in Section 9.2.1 to the deterministic CRB (9.11). Specifically, returning now to
the Bayesian setting, one can combine (9.6) and (9.11) to obtain that, for any estimator 6 with

bias function b(6),

E{0 0]} = Z[b] = | CRB[b, 0] po(d0) 9.12)

where the expectation is now performed over both 6 and x. Note that (9.12) describes the
Bayesian MSE as a function of a deterministic property (the bias) of 8. Since any estimator has
some bias function, and since all bias functions are continuously differentiable in our setting,
minimizing Z[b] over all continuously differentiable functions b yields a lower bound on the
MSE of any Bayesian estimator. Thus, under the regularity conditions of Section 9.2.2, a lower

bound on the Bayesian MSE is given by

:'f/ b(6) >
5= int @[n 0)+

Tr ( <1 + g_g> 7-1(6) <1 + g—g> T) ] po(d6) (9.13)

where C! is the space of continuously differentiable functions f : @ — R".

Note that the OBB differs from the Bayesian CRB of Van Trees [59]. Van Trees’ result is
based on applying the Cauchy-Schwarz inequality to the joint pdf p, ¢, whereas the determin-
istic CRB is based on applying a similar procedure to p,,9. As a consequence, the regularity
conditions required for the Bayesian CRB are stricter, requiring that p, ¢ be twice differentiable
with respect to 6. By contrast, the OBB requires differentiability only of the conditional pdf p,e.
An example in which this difference is important is the case in which the prior distribution pg
is discontinuous, e.g., when pg is uniform. The performance of the OBB in this setting will be

examined in Section 9.6.

In the next section, we will see that it is advantageous to perform the minimization (9.13)
over a somewhat modified class of functions. This will allow us to prove the unique existence
of a solution to the optimization problem, a result which will be of use when examining the

properties of the bound later in the paper.
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Figure 9.1: A sequence of continuous functions for which both |b(9)|?> and |1 + b'(0)|* tend to

zero for almost every value of 6.

9.3 Mathematical Safeguards

In the previous section, we saw that a lower bound on the MMSE can be obtained by solving the
minimization problem (9.13). However, at this point, we have no guarantee that the solution
s of (9.13) is anywhere near the true value of the MMSE. Indeed, at first sight, it may appear
that s = 0 for any estimation setting. To see this, note that Z[b] is a sum of two components, a
bias gradient part and a squared bias part. Both parts are nonnegative, but the former is zero
when the bias gradient is —I, while the latter is zero when the bias is zero. No differentiable
function b satisfies these two constraints simultaneously for all 0, since if the squared bias is
everywhere zero, then the bias gradient is also zero. However, it is possible to construct a
sequence of functions b for which both the bias gradient and the squared bias norm tend to
zero for almost every value of 6. An example of such a sequence in a one-dimensional setting
is plotted in Fig. 9.1. Here, a sequence b of smooth, periodic functions is presented. The
function period tends to zero, and the percentage of the cycle in which the derivative equals
—1 increases as i increases. Thus, the pointwise limit of the function sequence is zero almost
everywhere, and the pointwise limit of the derivative is —1 almost everywhere.

In the specific case shown in Fig. 9.1, it can be shown that the value of Z [b(i)] does not tend
to zero; in fact, Z [b(i)] tends to infinity in this situation. However, our example illustrates that

care must be taken when applying concepts from finite-dimensional optimization problems to
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variational calculus.

The purpose of this section is to show that s > 0, so that the bound is meaningful, for any
problem setting satisfying the regularity conditions of Section 9.2.2. (This question was not
addressed by Young and Westerberg [39].) While doing so, we develop some abstract concepts
which will also be used when analyzing the asymptotic properties of the OBB in Section 9.5.

As often happens with variational problems, it turns out that the minimum of (9.13) is not
necessarily achieved by any continuously differentiable function. In order to guarantee an
achievable minimum, one must instead minimize (9.13) over a slightly modified space, which
is defined below. As explained in Section 9.2.2, all bias functions are continuously differen-
tiable, so that the minimizing function ultimately obtained, if it is not differentiable, will not
be the bias of any estimator. However, as we will see, the minimum value of our new opti-
mization problem is identical to the infimum of (9.13). Furthermore, this approach allows us to
demonstrate several important theoretical properties of the OBB.

Let L? be the space of pg-measurable functions b : @ — R" such that

|, 16(6) P pa(a0) < e ©.14)
Define the associated inner product
(61,62 2 ; /@ b (0)b?) (0) po(d6) (9.15)

and the corresponding norm ||b||2, £ (b, b) . Any function b € L? has a derivative in the dis-
tributional sense, but this derivative might not be a function. For example, discontinuous func-
tions have distributional derivatives which contain a Dirac delta. If, for every i, the distribu-
tional derivative db;/90 of b is a function in L?, then b is said to be weakly differentiable [164],
and its weak derivative is the matrix function db/0d0. Roughly speaking, a function is weakly
differentiable if it is continuous and its derivative exists almost everywhere.
The space of all weakly differentiable functions in L? is called the first-order Sobolev space
[164], and is denoted H'. Define an inner product on H' as
(1) 53(2)
<”(1)"’(2)>Hl 2 <b(1),b(2)>L2 + Z <abf % >L2 . (9.16)

=\ 960 90

The associated norm is ||b||%, £ (b,b);x. An important property which will be used exten-
sively in our analysis is that H! is a Hilbert space.
Note that since © is an open set, not all functions in C! are in H!. For example, in the case

® = R”, the function b(6) = k, for some nonzero constant k, is continuously differentiable
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but not integrable. Thus b is in C! but not in H!, nor even in L2. However, any measurable
function which is notin H! has ||b||;p = o0, meaning that either b or 9b /90 has infinite L2 norm.
Consequently, either the bias norm part or the bias gradient part of Z[b] is infinite. It follows
that performing the minimization (9.13) over Cl N H!, rather than over C!, does not change the
minimum value. On the other hand, C! N H! is dense in H?, and Z[b] is continuous, so that
minimizing (9.13) over H! rather than C' N H! also does not alter the minimum. Consequently,
we will henceforth consider the problem

s = inf Z[b]. (9.17)
beH!

The advantage of including weakly differentiable functions in the minimization is that a

unique minimizer can now be guaranteed, as demonstrated by the following result.

Proposition 9.1. Consider the problem
b = arg min Z[b] (9.18)
beH!
where Z[b] is given by (9.12) and J(0) is positive definite and bounded with probability 1. This problem
is well-defined, i.e., there exists a unique b € H! which minimizes Z[b]. Furthermore, the minimum

value s = Z[b] is finite and nonzero.

Proving the unique existence of a minimizer for (9.17) is a technical exercise in functional
analysis which can be found in Appendix 9.B. However, once the existence of such a minimizer
is demonstrated, it is not difficult to see that 0 < s < oo. To see that s < oo, we must find a
function b for which Z[b] < co. One such function is b = 0, for which Z[b] is finite since J(0) is
bounded. Now suppose by contradiction that s = 0, which implies that there exists a function
b € H! such that Z[b] = 0. Therefore, both the bias gradient and the squared bias parts of
Z[b] are zero. In particular, since the squared bias part equals zero, we have ||b||;2 = 0. Hence,

b = 0, because L? is a normed space. But then, by the definition (9.12) of Z[],

Z[5] = [ Te(17!(0))pola0) .19

which is positive; this is a contradiction.

Note that functions in H' are defined up to changes on a set having zero measure. In
particular, the fact that b is unique does not preclude functions which are identical to b®
almost everywhere (which obviously have the same value Z[b]).

Summarizing the discussion of the last two sections, we have the following theorem.
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Theorem 9.2. Let 6 be an unknown random vector with pdf pg(68) > 0 over the open set ® C R", and
let x be a measurement vector whose pdf, conditioned on 8, is given by p,e(x|0). Assume the regularity

conditions of Section 9.2.2 hold. Then, for any estimator 9,

E{ll6— 8|2} > '/CRBb,G 0)d0. 9.20
{16 =8} = min | CRB[b, 6]po(6) (9.20)

The minimum in (9.20) is nonzero and finite. Furthermore, this minimum is achieved by a function

b € H', which is unique up to changes having zero probability.

Two remarks are in order concerning Theorem 9.2. First, the function b solving (9.20) might
not be the bias of any estimator; indeed, under our assumptions, all bias functions are con-
tinuously differentiable, whereas b need only be weakly differentiable. Nevertheless, (9.20) is
still a lower bound on the MMSE. Another important observation is that Theorem 9.2 arises
from the deterministic CRB; hence, there are no requirements on the prior distribution pg(6). In
particular, pg(0) can be discontinuous or have bounded support. By contrast, many previous

Bayesian bounds do not apply in such circumstances.

9.4 Calculating the Bound

In finite-dimensional convex optimization problems, the requirement of a vanishing first
derivative results in a set of equations, whose solution is the global minimum. Analogously,
in the case of convex functional optimization problems such as (9.20), the optimum is given by
the solution of a set of differential equations. The following theorem, whose proof can be found
in Appendix 9.C, specifies the differential equation relevant to our optimization problem.

In this section and in the remainder of the paper, we will consider the case in which the set
© = {0 : pg(0) > 0} is bounded. From a practical point of view, even when ©® consists of the
entire set R”, it can be approximated by a bounded set containing only those values of 6 for

which pg(0) > e.

Theorem 9.3. Under the conditions of Theorem 9.2, suppose © is a bounded subset of R" with a smooth
boundary A. Then, the optimal b(0) of (9.20) is given by the solution to the system of partial differential
equations

po(6)b:(6) = po(6) Y L (1),
L B8,

ob; I o(J 1),
+Z<5ik+a—9k> ((I Vg, + ol®) (’agj)”‘> 9.21)
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fori=1,...n, within the range 0 € ©, which satisfies the Neumann boundary condition

(1 + %) J 'v() =0 (9.22)

for all points @ € A. Here, v(0) is a normal to the boundary at 0. All derivatives in this system of

equations are to be interpreted in the weak sense.

Note that Theorem 9.2 guarantees the existence of a unique solution in H' to the differential
equation (9.21) with the boundary conditions (9.22).
The bound of Young and Westerberg [39] is a special case of Theorem 9.3, and is given here

for completeness.

Corollary 9.4. Under the settings of Theorem 9.2, suppose ® = (6o, 61) is a bounded interval in R.
Then, the bias function b(0) minimizing (9.20) is a solution to the second-order ordinary differential

equation

1(0)b(8) = b"(8) + (1 +1(6)) <dk€’l§ Po _ dl;g’]) 9.23)

within the range 6 € ©, subject to the boundary conditions b'(6y) = b'(61) = —1.

Theorem 9.3 can be solved numerically, thus obtaining a bound for any problem satisfying
the regularity conditions. However, directly solving (9.21) becomes increasingly complex as the
dimension of the problem increases. Instead, in many cases, symmetry relations in the problem
can be used to simplify the solution. As an example, the following spherically symmetric case
can be reduced to a one-dimensional setting equivalent to that of Corollary 9.4. The proof of

this theorem can be found in Appendix 9.D.

Theorem 9.5. Under the setting of Theorem 9.2, suppose that © = {0 : ||0|| < r} is a sphere centered
on the origin, pg(0) = q(||6||) is spherically symmetric, and J(0) = J(||6]|)I, where ] : R — Risa
scalar function. Then, the optimal-bias bound (9.20) is given by

g (14 V()
E{||6—8|*} > F(n/Z)/o v*(p) +T

n—1 M ?
T (H p >

Here, I'(-) is the Gamma function, and b(p) is a solution to the ODE

j0)0(0) = v(0)+ (-1 (17 - 1)

+(145(6)) (dlgggq - d1;§]> 9.25)

q(p)p" " dp. (9.24)
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subject to the boundary conditions b(0) = 0, b'(r) = —1. The bias function for which the bound is
achieved is given by
0
b(8) = b([161) g (9.26)

In this theorem, the requirement J(68) = J(||6]|)I indicates that the Fisher information ma-
trix is diagonal and that its components are spherically symmetric. Parameters having a diago-
nal matrix J are sometimes referred to as orthogonal. The simplest case of orthogonality occurs
when, to each parameter 6;, there corresponds a measurement x;, in such a way that the ran-
dom variables x;|0 are independent. Other orthogonal scenarios can often be constructed by
an appropriate parametrization [165].

The requirement that J have spherically symmetric components occurs, for example, in
location problems, i.e., situations in which the measurements have the form x = 6 + w, where
w is additive noise which is independent of 6. Indeed, under such conditions, J is constant
in 6 [69, §3.1.3]. If, in addition, the noise components are independent, then this setting also
satisfies the orthogonality requirement, and thus application of Theorem 9.5 is appropriate.
Note that this estimation problem is not separable, since the components of 0 are correlated;
thus, the MMSE in this situation is lower than the sum of the components” MMSE. An example

of such a setting is presented in Section 9.6.

9.5 Properties

In this section, we examine several properties of the OBB. We first demonstrate that the optimal
bias function has zero mean, a property which also characterizes the bias function of the MMSE
estimator. Next, we prove that, under very general conditions, the resulting bound is tight at
both low and high SNR values. This is an important result, since a desirable property of a
Bayesian bound is that it provides an accurate estimate of the ambiguity region between high
and low SNR [68]. Reliable estimation at the two extremes increases the likelihood that the

transition between these two regimes will be correctly identified.

9.5.1 Optimal Bias Has Zero Mean

In any Bayesian estimation problem, the bias of the MMSE estimator (%pt = E{6|x} has zero

mean:

E{0opt} = E{E{6|x}} = E{6} (9.27)
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so that
E{b(Bopt)} = E{E{6]x} —6} = 0. (9.28)
Thus, it is interesting to ask whether the optimal bias which minimizes (9.20) also has zero

mean. This is indeed the case, as shown by the following theorem.

Theorem 9.6. Let b(0) be the solution to (9.20). Then,
E{b(0)} = 0. (9.29)

Proof. Assume by contradiction that b(8) has nonzero mean E{b(8)} = u # 0. Define by(8) =
b(6) — u. From (9.11), we then have

CRB|b, 8] — CRBI[b, 6] = [|bo(8)[|* — [|b(6) ||*
= |ul* —2u"b(6). (9.30)

Using the functional Z[-] defined in (9.12), we obtain

Zlbo) - Z[b] = E{ 1] — 21" b(0) }

= ||pl*> —2n"E{b(0)}
= —|ul?* <o (9.31)

Thus Z[by| < Z[b], contradicting the fact that b(0) minimizes (9.20). O

9.5.2 Tightness at Low SNR

Bell et al. [68] examined the performance of the extended Ziv—Zakai bound at low SNR and
demonstrated that, for a particular family of distributions, the extended Ziv-Zakai bound
achieves the MSE of the optimal estimator as the SNR tends to 0. We now examine the low-
SNR performance of the OBB, and demonstrate tightness for a much wider range of problem
settings.

Bell et al. did not define the general meaning of a low SNR value, and only stated that “[a]s
observation time and/or SNR become very small, the observations become useless ... [and]
the minimum MSE estimator converges to the a priori mean.” This statement clearly does not
apply to all estimation problems, since it is not always clear what parameter corresponds to the
observation time or the SNR. We propose to define the zero SNR case more generally as any
situation in which J(0) = 0 with probability 1. This definition implies that the measurements

do not contain information about the unknown parameter, which is the usual informal meaning
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of zero SNR. In the case J(0) = 0, it can be shown that the MMSE estimator is the prior mean,
so that our definition implies the statement of Bell et al.

The OBB is inapplicable when J(0) = 0, since the CRB is based on the assumption that J(6)
is positive definite. To avoid this singularity, we consider a sequence of estimation settings
which converge to zero SNR. More specifically, we require all eigenvalues of J(0) to decrease
monotonically to zero for pg-almost all 8. The following theorem, the proof of which can be

found in Appendix 9.E, demonstrates the tightness of the OBB in this low-SNR setting.

Theorem 9.7. Let 0 be a random vector whose pdf pe(0) is nonzero over an open set @ C R".
Let xM),x2), ... be a sequence of observation vectors having finite Fisher information matrices
J(0),72)(8), ..., respectively. Suppose that, for all N, the matrix J™N)(0) is positive definite for
pe-almost all 0, and that all eigenvalues of J'N) () decrease monotonically to zero as N — oo for

pe-almost all 8. Let By denote the optimal-bias bound for estimating @ from x\N). Then,
. _ B 2
lim By = E{ [l - E{0}|*} (9.32)

9.5.3 Tightness at High SNR

We now examine the performance of the OBB for high SNR values. To formally define the

high SNR regime, we consider a sequence of measurements x!), x(2)

,...of a single parameter
vector 0. It is assumed that, when conditioned on 6, all measurements x(0) are identically and
independently distributed (IID). Furthermore, we assume that the Fisher information matrix
of a single observation J(60) is well-defined, positive definite and finite for pg-almost all 8. We
consider the problem of estimating 0 from the set of measurements {x(l), ., xN) }, for a given
value of N. The high SNR regime is obtained when N is large.

When N tends to infinity, the MSE of the optimal estimator tends to zero. An important
question, however, concerns the rate of convergence of the minimum MSE. More precisely,

() of 0 from {x(l), .. .,x(N)}, one would like to determine the

given the optimal estimator
asymptotic distribution of v N (é(N) — 0), conditioned on 0. A fundamental result of asymptotic
estimation theory can be loosely stated as follows [134, §II1.3], [6, §6.8]. Under some fairly mild
regularity conditions, the asymptotic distribution of v'N (é(N) — 0), conditioned on 6, does not

(N)

depend on the prior distribution pg; rather, vVN(8""' — 8) |8 converges in distribution to a

Gaussian random vector with mean zero and covariance J (). It follows that

lim NE{Hé‘N) 02} = E{T[1 (o))} . (9.33)
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Since the minimum MSE tends to zero at high SNR, any lower bound on the minimum MSE
must also tend to zero as N — co. However, one would further expect a good lower bound to
follow the behavior of (9.33). In other words, if B represents the lower bound for estimating
0 from {x1), ..., x(N)}, a desirable property is NBy — E{Tr[J"'(6)]}. The following theorem,
whose proof is found in Appendix 9.E, demonstrates that this is indeed the case for the OBB.

Except for a very brief treatment by Bellini and Tartara [67], no previous Bayesian bound
has shown such a result. Although it appears that the Ziv—Zakai and Weiss—Weinstein bounds
may also satisfy this property, this has not been proven formally. It is also known that the

Bayesian CRB is not asymptotically tight in this sense [166, Egs. (37)—(39)].

Theorem 9.8. Let 6 be a random vector whose pdf pg(0) is nonzero over an open set @ C R". Let
xM), x2), . be a sequence of measurement vectors, such that x1|0,x2)|0, ... are IID. Let J(0) be the
Fisher information matrix for estimating 6 from xV), and suppose J(0) is finite and positive definite for
pe-almost all . Let By be the optimal-bias bound (9.20) for estimating 6 from the observation sequence
{xM), ..., x(N)}, Then,

lim NBy = E{Tr( ]*1(9))} . (9.34)

Note that for Theorem 9.8 to hold, we require only that J(0) be finite and positive definite.
By contrast, the various theorems guaranteeing asymptotic efficiency of Bayesian estimators all
require substantially stronger regularity conditions [134, §I11.3], [6, §6.8]. One reason for this is
that asymptotic efficiency describes the behavior of 8 conditioned on each possible value of 8,

and is thus a stronger result than the asymptotic Bayesian MSE of (9.33).

9.6 Example: Uniform Prior

The original bound of Young and Westerberg [39] predates most Bayesian bounds, and, sur-
prisingly, it has never been cited by or compared with later results. In this section, we measure
the performance of the original bound and of its extension to the vector case against that of
various other techniques. We consider the case in which 0 is uniformly distributed over an

n-dimensional openball © = {6 : ||6]| < r} C R", so that

1
0)=——1 9.35
PB( ) v, (7’) (S) ( )
where 15 equals 1 when 6 € S and 0 otherwise, and
7.[11/27,1171
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is the volume of an n-ball of radius r [167]. We further assume that
x=0+w (9.37)

where w is zero-mean Gaussian noise, independent of 6, having covariance d21. We are inter-
ested in lower bounds on the MSE achievable by an estimator of 6 from x.
We begin by developing the OBB for this setting, as well as some alternative bounds. We
then compare the different approaches in a one-dimensional and a three-dimensional setting.
The Fisher information matrix for the given estimation problem is given by J(0) = ¢~2I,
so that the conditions of Theorem 9.5 hold. It follows that the optimal bias function is given by
b(6) =0(]|6]])6/||0]||, where b(-) is a solution to the differential equation

b, Vb

with boundary conditions b(0) = 0, b'(r) = —1. The general solution to this differential equa-
tion is given by
6
b(0) = Clgln/ZIn/2<E> + nglfn/ZKn/z <§> (9.39)
where [,(z) and K,(z) are the modified Bessel functions of the first and second types, respec-

tively [131]. Since K,(z) is singular at the origin, the requirement b(0) = 0 leads to C; = 0.
Differentiating (9.39) with respect to 6, we obtain

B (0) = Cio-""2 <1n/2<§> + (9711%/2(;)) (9.40)

so that the requirement V/(r) = —1 leads to

rn/2

Lijo(r/o) +1/0liynya(r/o)

C=— (9.41)

Substituting this value of b(-) into (9.24) yields the OBB, which can be computed by evaluating
a single one-dimensional integral. Alternatively, in the one-dimensional case, the integral can
be computed analytically, as will be shown below.

Despite the widespread use of finite-support prior distributions [60,65], the regularity con-
ditions of many bounds are violated by such prior pdf functions. Indeed, the Bayesian CRB of
Van Trees [59], the Bobrovski-Zakai bound [155], and the Bayesian Abel bound [156] all assume
that pg(6) has infinite support, and thus cannot be applied in this scenario.

Techniques from the Ziv—Zakai family are applicable to constrained problems. An extension

of the Ziv—Zakai bound for vector parameter estimation was developed by Bell ef al. [68]. From
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[68, Property 4], the MSE of the ith component of 6 is bounded by

E{(6; — 0,)*} > /Ooov{ max A(J)Pmin((F)}hdh (9.42)

5:el 6=h

where e, is a unit vector in the direction of the ith component, V{-} is the valley-filling function

defined by

V{f(h)} = r;lggf (h+1), (9.43)

A(5) 2 / min (pg(6), po(6 -+ 6)) d6, (9.44)

and Ppin () is the minimum probability of error for the problem of testing hypothesis Hy : 6 =
6o vs. Hy : 0 = 6 + 4. In the current setting, Pmin(J) is given by Pnin(d) = Q(||6]|/20), where

Q(z) = (2m)~12 [ /24t is the tail function of the normal distribution. Also, we have

_ Ve li8l)
where
V) = [ lolo,d0 (9.46)
]Rn

and © +he; = {0+ he; : 0 € ®}. Thus, V(r,h) is the volume of the intersection of two
n-balls whose centers are at a distance of /1 units from one another. Substituting these results

into (9.42), we have
E{(6; — 6;)*}
°° Vi (r 0161) A (141l
> /0 V{&rer}?i(h e Q< - >}hdh. (9.47)

Note that both VE(r,||8]|) and Q(||]|/20) decrease with ||8||. Therefore, the maximum in

(9.47) is obtained for § = he;. Also, since the argument of V{-} is monotonically decreasing,
the valley-filling function has no effect and can be removed. Finally, since V(r,h) = 0 for
h > 2r, the integration can be limited to the range [0, 2r]. Thus, the extended Ziv-Zakai bound
is given by
. 20 VC(r,h) h
E{|jo—0[?} > / Do ( L) han. 4
(lo-a} > [“nPrlo( ) (0.49

We now compute the Weiss—Weinstein bound for the setting at hand. This bound is given

by

E{|/6—06|*} > Te(HG 'H") (9.49)
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Figure 9.2: Comparison of the MSE bounds and the minimum achievable MSE in a one-

dimensional setting for which § ~ U[—r,7] and x|0 ~ N(6,7?).

where H = [hy, ..., hy] is a matrix containing an arbitrary number m of test vectors and G is a

matrix whose elements are given by

E{r(x,6;h;,s;)r(x,0;hj,s;) }

G;i = 9.50
Y E{Ls(x;0+h;,0)} E{L%(x;0 + h;, )} 630
in which
r(x,0; h;,s;) £ s (x;0+h;,0) — Llfsi(x,' 0—h;,0) (9.51)
and
0 0
L(x;61,6,) 2 P01 Pxjolx|61) (9.52)

Po(02)pyjo(x(62)

The vectors hy, ..., h;, and the scalars sy, . . ., s, are arbitrary, and can be optimized to maximize

the bound (9.49). To avoid a multidimensional nonconvex optimization problem, we restrict
attention to m = n, h; = he;, and s; = 1/2, as suggested by [60]. This results in a dependency
on a single scalar parameter h.

Under these conditions, G;; can be written as

1

Cil = () M)

[M(h; — hj, —h)) + M(h; — hj, h;)

jr
— M(hi + I’l]', h]') — M(hi + I’l]', hi)] (9.53)

where

M(h) 2 E{Ll/z(x;9+h,9)} (9.54)
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and

M(hy, 1) 2 E{Ll/z(x; 0+ hi, 9)1@+h2} . (9.55)

Note that we have used the corrected version of the Weiss—Weinstein bound [168]. Substituting

the probability distribution of x and 0 into the definitions of M (h) and M(hy, h,), we have

M(h) = E{e_ 10+h—x|?/40% || 0—x|/40? 1®+h}

Ve (r, 181D /80
= ———"‘¢ 9.56
and, similarly,
- g*thHz/Sﬂz
M(hi ) = / ToLon Lo udo. (9.57)
Vi (r)

Thus, M(h) is a function only of ||h||, and M(hy,hy) is a function only of ||h]|, ||h2]||, and
||h1 — hz||. Since h; = he;, it follows that, for i # j, the numerator of (9.53) vanishes. Thus, G is

a diagonal matrix, whose diagonal elements equal

M(O, hel) — M(Zhel, hel)

Cii =2 M?(hey)

(9.58)

The Weiss—Weinstein bound is given by substituting this result into (9.49) and maximizing over

h,ie.,
X 2 M?(hey)
o2y > ] n / ' 9.59
{H H } = hrer[l(%(ﬂ Z[M(O,hel) — M(Zhel,hel)] ( )

The value of & yielding the tightest bound can be determined by performing a grid search.

To compare the OBB with the alternative approaches developed above, we first consider
the one-dimensional case in which 6 is uniformly distributed in the range ® = (—r,r). Let
x = 8 + w be a single noisy observation, where w is zero-mean Gaussian noise, independent of
6, with variance 2. We wish to bound the MSE of an estimator of 6 from x.

The optimal bias function is given by (9.39). Using the fact that I »(t) = v/2/7tsinh(t)/+/t,

we obtain
- sinh(6/0)
cosh(r/0)

which also follows [39] from Corollary 9.4. Substituting this expression into (9.20), we have

b(§) = — (9.60)

that, for any estimator 0,

(9.61)

E{(6— )%} > 0 (1 - 7ta“h(r/”)> .

r/o
Apart from the reduction in computational complexity, the simplicity of (9.61) also empha-

sizes several features of the estimation problem. First, the dependence of the problem on the
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dimensionless quantity r/c, rather than on r and ¢ separately, is clear. This is to be expected,
as a change in units of measurement would multiply both  and ¢ by a constant. Second, the
asymptotic properties demonstrated in Theorems 9.7 and 9.8 can be easily verified. For r > o,

the bound converges to the noise variance ¢

, corresponding to an uninformative prior whose
optimal estimator is § = x; whereas, for ¢ > r, a Taylor expansion of tanh(z)/z immediately
shows that the bound converges to r?/3, corresponding to the case of uninformative measure-
ments, where the optimal estimator is § = 0. Thus, the bound (9.61) is tight both for very low
and for very high SNR, as expected.

In the one-dimensional case, we have Vi (r) = 2r and V{-(r, h) = max(2r — h,0), so that the

extended Ziv—Zakai bound (9.48) and the Weiss—Weinstein bound (9.59) can also be simplified

somewhat. In particular, the extended Ziv-Zakai bound (9.48) can be written as

2r
E{|l6 — 8]} > /0 <1 - %) hQ<2h—a> dh. 9.62)

Using integration by parts, (9.62) becomes

E{llo -8} > 2-q(~)

g

2 2
5 r 8 o r
w2 [0a(5m) - smr(am)] oo

where T,(z) = (1/T(a)) [, e~'t*~'dt is the incomplete Gamma function. Like the expression
(9.61) for the OBB, this bound can be shown to converge to the noise variance 0> when r > ¢
and to the prior variance r2 /3 when ¢ >> r. However, while the convergence of the OBB to these
asymptotic values has been demonstrated in general in Theorems 9.7 and 9.8, the asymptotic
tightness of the Ziv—Zakai bound in the general case remains an open question.

The Weiss—Weinstein bound (9.59) can likewise be simplified further in the one-dimensional

case, yielding

IR

2 2 2

> max

~ helo2r] (1 _ % — max (0’1 B %) e—h2/2¢72) . (9.64)

However, calculating this bound still requires a numerical search for the optimal value of h.
These bounds are compared with the exact value of the MMSE in Fig. 9.2. In this figure, the
SNR is defined as

SNR(dB) = 10log,, <\\//:rr((i))> = 10log,, (%) . (9.65)
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Figure 9.3: Comparison of the MSE bounds and the minimum achievable MSE in a three-

dimensional setting for which 6 is uniformly distributed over a ball of radius r and x|6 ~

N(6,52I).

The MMSE was computed by Monte Carlo approximation of the error of the optimal estimator
E{6|x}, which was itself computed by numerical integration. Fig. 9.2(a) plots the MMSE and
the values obtained by the aforementioned bounds, while Fig. 9.2(b) plots the ratio between
each of the bounds and the actual MMSE in order to emphasize the difference in accuracy
between the various bounds. As can be seen from this figure, the OBB is closer to the true MSE

than all other bounds, for all tested SNR values.

The improvements provided by the OBB continue to hold in higher dimensions as well, al-
though in this case it is not possible to provide a closed form for any of the bounds. For exam-
ple, Fig. 9.3 compares the aforementioned bounds with the true MMSE in the three-dimensional

case. In this case the SNR is given by

Var(0 r?
SNR(dB) = 10log;, <Var((w))> = 10log,, <@> .

(9.66)

Here, computation of the minimum MSE requires multi-dimensional numerical integration,
and is by far more computationally complex than the calculation of the bounds. Again, it is
evident from this figure that the OBB is a very tight bound in all ranges of operation, and is

considerably closer to the true value than either of the alternative approaches.
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9.7 Conclusion

Although often considered distinct settings, there are insightful connections between the
Bayesian and deterministic estimation problems. One such relation is the use of the determin-
istic CRB in a Bayesian problem. The application of this deterministic bound to the problem
of estimating the minimum Bayesian MSE results in a Bayesian bound which is provably tight
at both high and low SNR values. Numerical simulation of the location estimation problem

demonstrates that the technique is both simpler and tighter than alternative approaches.

Acknowledgement

The authors are grateful to Dr. Volker Pohl for fruitful discussions concerning many of the
mathematical aspects of the paper. The authors would also like to thank the anonymous re-

viewers for their many constructive comments.

9.A Some Technical Lemmas

The proof of several theorems in the paper relies on the following technical results.
Lemma 9.9. Consider the minimization problems

Mg = inf Zg[b], f = 1,2,3 (967)
bes

where J(8) is positive definite and bounded a.e. (pe),
Zi[b] = [ () 2po(do)
Z,[b] & /@Tr((l + g—g> 7-1(6) <1 + g—g> T) pe(d6)
Z3[b] £ Z1[b] + Z,[b] (9.68)

and S C H' is convex, closed, and bounded under the H' norm (9.16). Then, for each £, there exists a

function b9 € S such that Z[bY)] = My. If ¢ = 1 or £ = 3, then the minimizer of (9.67) is unique.

Note that Z3[b] equals Z[b] of (9.12); the notation Z3[b] is introduced for simplicity. Also
note that under mild regularity assumptions on J(8), uniqueness can be demonstrated for ¢ = 2

as well, but this is not necessary for our purposes.
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Proof. The space H! is a Cartesian product of 1 Sobolev spaces H!(®), each of which is a sepa-
rable Hilbert space [169, §3.7.1]. Therefore, H' is also a separable Hilbert space. It follows from
the Banach-Alaoglu theorem [170, §3.17] that all bounded sequences in H! have weakly con-
vergent subsequences [164, §2.18]. Recall that a sequence f (1), f(Z), ... € Hlis said to converge
weakly to f(o) € H! (denoted f(i) — f(o)

LIf9] — L[] (9.69)

for all continuous linear functionals L[-] [164, §2.9].

Given a particular value ¢ € {1,2,3}, let b") be a sequence of functions in S such that
Zg[b(i)] — M,. This is a bounded sequence since S is bounded, and therefore there exists a
subsequence (") which converges weakly to some bg?t € H'. Furthermore, since S is closed,?
we have b( )t € S. We will now show that Z, [b(()p)t] = My.

To this end, it suffices to show that Z,[-] is weakly lower semicontinuous, i.e., for any se-

quence f) € H! which converges weakly to () € H!, we must show that

Zo[f O] < liminf Z,[f®]. (9.70)

1—00

Consider a weakly convergent sequence f (D"~ £ Then, (9.69) holds for any continuous

linear functional L[-]. Specifically, choose the continuous linear functional

= [ £0)F(6)paldo). ©71)
We then have
2y[fO] = La[fV)
= lim Ly[f1]
]—00
= tim [ 371 @)po(a0)

<hmmf\// Hf 0)||2pe(d6) /Hf 0)[/>pe(d6)

71| liminf \/ Z;| (9.72)
= V2l ﬁ

]—>oo

where we have used the Cauchy-Schwarz inequality. It follows that

\/Z | <liminfy\/Z[f (9.73)

]—)oo

2In fact, we require that S be “weakly closed” in the sense that weakly convergent sequences in S converge to an

element in S. However, since S is convex, this notion is equivalent to the ordinary definition of closure [170, §3.13].
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and therefore Z;[f(¥)] < lim inf; e Z1[f (D], so that Z; -] is weakly lower semicontinuous.

Similarly, consider the continuous linear functional

(0) T
Lalf = [, Tr<<1+a§9 ),_1(6) (1+3) )Pe(dﬂ) ©.74

for which we have

Z[fY] = Lo[ )]
= lim L[]

j—oo

L af(O) .

af(j) !
<I+W> po(d0). (9.75)

Note that, for any positive definite matrix W, Tr(AWBT) is an inner product of the two matrices

A and B. Therefore, by the Cauchy-Schwarz inequality,

Tr(AWBT) < \/ Tr(AWAT) Tr(BWB?). (9.76)
Applying this to (9.75), we have

Zo[f ] < liminf

j—oo

/@\T ((nage )I (6) <1+a§6 ) )
-\Tr(< ag(, )I (0) (Haf >)Pe(d9)- 9.77)

Once again using the Cauchy-Schwarz inequality results in

Zo[f 0] < liminf /7, [0 Z,[f0)] 9.78)

]—)oo

and therefore Z5[f(?)] < lim inf;_e Zo[f (], so that Z, |- is weakly lower semicontinuous. Since
Z3f] = Z1[f] + Z»[f], it follows that Z3[-] is also weakly lower semicontinuous.
Now recall that bl — b(()?t and Z,[b"] — M,. By the definition (9.70) of lower semicon-
tinuity, it follows that
Zbl] < 11m1an/[b( W] = M, (9.79)

opt
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b1 = M. Thus b'¥

and since M, is the infimum of Z,[b], we obtain Z[b] opt 18 @ minimizer of (9.67).

It remains to show that for ¢ € {1,3}, the minimizer of (9.67) is unique. To this end, we first

show that Z;[] is strictly convex. Let b(), b(1) € S be two essentially different functions, i.e.,

pe({e c@:b0(9) £ b(l)(e)}) > 0. (9.80)
Let b2 (8) = A9 (8) 4 (1 — A)bV)(0) for some 0 < A < 1, so that b'® € S by convexity. We
then have

2] = [ [a00)+ (1 - Mp )| potae)

AN ORI V6 (0)|” potae)

< [, [ @1+ - 11 @)*] poto)
+ Lo PRV @1P + (=11 @)1 poe)
= AZ1 [0 + (1 — 1) Z2[pV)] (9.81)

where the inequality follows from strict convexity of the squared Euclidean norm ||x||>. Thus
Z4]] is strictly convex, and hence has a unique minimum.
Note that Z3[b] = Z; [b] + Z,[b]. Since Z; -] is strictly convex and Z,[+] is convex, it follows

that Z3[-] is strictly convex, and thus also has a unique minimum. This completes the proof.

The following lemma can be thought of as a triangle inequality for a normed space of matrix

functions over ©.

Lemma 9.10. Let pg be a probability measure over ©, and let M : ©® — R"*" be a matrix function.

Suppose
11+ M(®)[Fpaa0) < o ©82)
for some constant w. It follows that
[ 1M(©)Fpo(de) < (v -+ i) ©83)
Proof. By the triangle inequality,
IM(8)][r = [IM(8) + I — Iy < [[M(6) + I|[ +[[1]|F- (9.84)

Since || I||% = 1, we have

[ 1M(@)1[; pode)

< [ [I+ M)} +1+2vi |1+ M(0)]¢] pala0) (9.85)
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Using the fact that

[ 1+ M@ po(a0) < ] [ 1+ M@ poao) 956

and combining with (9.82), it follows that

[ IM©) 1 po(d) < a+n+2v/na 0.87)

which completes the proof. O

9.B Proof of Proposition 9.1
The following proof of Proposition 9.1 makes use of the results developed in Appendix 9.A.

Proof of Proposition 9.1. Recall that Z3[b] of (9.68) equals Z[b]. Thus, we would like to apply
Lemma 9.9 (with / = 3) to prove the unique existence of a minimizer of (9.17). However,
Lemma 9.9 requires that the minimization be performed over a closed, bounded, and convex set
S, whereas (9.17) is performed over the unbounded set H 1 To resolve this issue, we must show
that the minimization (9.17) can be reformulated as a minimization over a closed, bounded,
and convex set S.

To this end, note that

/ Te(J~1(6)) po(d6) 2 9.88)

and therefore M < U < oo. Thus, it suffices to perform the minimization (9.17) over those
functions for which Z[b] < U. We now show that this can be achieved by minimizing over a
closed, bounded, and convex set S. First, note that Z[b] > ||b||?,, so that one may choose to

minimize (9.17) only over functions b for which
Ib]17, < U. (9.89)
Similarly, we have

Zb] > [, T(( c3)re (1+5) >pe<d6> 9.90)

so that it suffices to minimize (9.17) over functions b for which

/@Tr<< + gz> 71(6) <1+ 32>T> pe(d) < U. (9.91)
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Note that J(0) is bounded a.e., and therefore Amin(J ’1) > 1/K a.e., for some constant K. It
follows that

Tr<<1+ %) 7(0) <1+ %>T>

Combining with (9.91) yields

2

ab
/@ HI +5p)| Po(d9) < KU, (9.93)

From Lemma 9.10, we then have

Jo

From (9.89) and (9.94) it follows that the minimization (9.17) can be limited to the closed,

ob

2 2
00 '

po(d6) < (v+ VKU) (9.94)
F

bounded, convex set
2
5= {beHl  |1b]2, §u+<\/1<u+ \/E) } (9.95)

Applying Lemma 9.9 proves the unique existence of a minimizer of (9.17). The proof that

0 < s < o0 appears immediately after the statement of Proposition 9.1. U

9.C Proof of Theorem 9.3

The following is the proof of Theorem 9.3 concerning the calculation of the OBB.
Proof of Theorem 9.3. Consider the more general problem of minimizing the functional
Z[b] = / F[b, 6]d6 (9.96)
(C]

where F[b, 0] is smooth and convexin b : ® — R”, and ® C R" is a bounded set with a smooth

boundary A. Then, Z[b] is also smooth and convex in b, so that b is a global minimum of Z[b] if

and only if the differential 6Z[h] equals zero at b for all admissible functions h : ® — R" [171].
By a standard technique [171, §35], it can be shown that

5Z[h] = 62/6 (g—l’j - ;a%]a—F> 1:(6)d0

v/

T
oF oF
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where € is an infinitesimal quantity, b/

i/ = db;/d8;, and v(0) is an outward-pointing normal at

the boundary point 8 € A. We now seek conditions for which 6Z[h] = 0 for all h(6). Consider
first functions h(0) which equal zero on the boundary A. In this case, the second integral

vanishes, and we obtain the Euler-Lagrange equations

oF 0 OF
P (9.98)

i
Substituting this result back into (9.97), and again using the fact that 6Z[h] = 0 for all h, we

obtain the boundary condition

T
Vi, V0 € A, a—Fl,...,a—F v(8) = 0. (9.99)
M ap™
Plugging F[b, 8] = CRB[b, 8]pg(0) into (9.98) and (9.99) provides the required result. O

9.D Proof of Theorem 9.5

Before proving Theorem 9.5, we provide the following two lemmas, which demonstrate some

symmetry properties of the CRB.

Lemma 9.11. Under the conditions of Theorem 9.5, the functional Z[b] of (9.12) is rotation and reflec-

tion invariant, i.e., Z[b] = Z[Ub] for any unitary matrix U.

Proof. We first demonstrate that Z[b] is rotation invariant. From the definitions of Z[b] and

CRB|b, 6], we have
_ ob b\ " | q([le])
vl = )| (14 5) (1 55) ] (el

2
+ [ Ib@)[a(0])de. (0.100

The second integral is clearly rotation invariant, since a rotation of b does not alter its norm. It
remains to show that the first integral, which we denote by I [b], does not change when b is
rotated. To this end, we begin by considering a rotation about the first two coordinates, such

that b is transformed to b £ Ryb, where the rotation matrix Ry is defined such that

Ryb = (by cos ¢ + by sin ¢,

—bysing + by cos ¢, b3,...,bn)T. (9.101)
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We must thus show that I;[b] = I;[b]. Let us perform the change of variables 8 + 8, where

0= R(_4)0. Rewriting the trace in (9.100) as a sum, we have

. a2 q(18)) .
1, [D] _/@%:<5”+a_¢9j> I(HéH)dG (9.102)

where we have used the facts that ||6]| = ||| and that ® does not change under the change of

variables.

We now demonstrate some properties of the transformation of b and 6. First, we have, for

b\’ . b\’ aby + o by 2
96; 96; a6, >0 T g6, 57
by . b, >
+<_89 ¢+£Cos¢>

AT
= <a_9]> +<a—9j> : (9.103)

(B () - (B nmy
a@l 892 a91 851 a92 851
(220, sy’
891 aéz a92 892

ob; \%> [ 9b;\?
JORE

where we used the fact that 0 = R¢9. Third, we have

any

Also, for any i,

%:abl ¢+%sm<])cos¢
0601 90, 06,
+ a—lfz sin ¢ cos ¢ + a—lfz sin® ¢,
00, 06,
oby o . ,
B 9B
oby . ob,
A sin ¢ cos ¢ + 9%, cos” ¢, (9.105)

so that

oby db, ob; o,

26, 26, 96, 95, (.106)
We now show that

2
ob; ob;
Z (517 + 89]> ZZ]: (51-]- + £> : (9.107)

i,j ]
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For terms with i,j > 3, we have b; = b; and 0, = éj, so that replacing b with b and 6 with 8 does
not change the result. The terms with7 = 1,2 and j > 3 do not change because of (9.103), while
the terms with i > 3 and j = 1,2 do not change because of (9.104). It remains to show that the

terms i, j = 1,2 do not modify the sum. To this end, we write out these four terms as

= 2 = 2 = 2 = 2
dabq db, dabq b,
(+g) () + () + ()
TR
= 2+23_91 +28_92

C AN AN AN
26, 26, 26, 26,
P

~ 2_~
TR

N (%)Z (%)Z <%>2+ <%>2
00, 00, 00, 00,
by \ 2 ab2>2 <ab1>2 <ab2>2
( * 891> * < * 00, * 00, * 00, ( )

where, in the second transition, we have used (9.103), (9.104), and (9.106). It follows that I, [b]

of (9.102) is equal to I;[b], and hence Z[b] = Z[b]. The result similarly holds for rotations
about any other two coordinates. Since any rotation can be decomposed into a sequence of
two-coordinate rotations, we conclude that Z[b] is rotation invariant.

Next, we prove that Z[b] is invariant to reflections through hyperplanes containing the
origin. Since Z[b] is invariant to rotations, it suffices to choose a single hyperplane, say {0 :
6, = 0}. Let

b2 (—b1(0),b:(0),...,0,(0)T (9.109)

be the reflection of b, and consider the corresponding change of variables
02 (—01,6,...,0,)7. (9.110)

By the symmetry assumptions, pg and J are unaffected by the change of variables; furthermore,

0b /90 = db/08. It follows that CRB[b, ] = CRB|b, 0], and therefore Z[b] = Z[b]. O

Lemma 9.12. Suppose b(0) is radial and rotation invariant, i.e., b(8) = t(||0||*)0 for some function
t € H'. Also suppose that J(0) = J(||6]|)1, where ] (-) is a scalar function. Then, CRBI[b, 0] of (9.11)
is rotation invariant in 6, i.e., CRB[b, RO] = CRBIb, 0| for any rotation matrix R.

Proof. We will show that CRB[b, 8] depends on 8 only through ||0]|%, and is therefore rotation
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invariant. For the given value of b(0) and J(0), we have

(1e30) @ (14 30) ]
< %f) <1+§—:>T] (9.111)

where, for notational convenience, we have omitted the dependence of t on ||6]|?. It remains to

CRBI[b, 6]

= [[b(6)[|* + Tr

1
= £)|0)* + Tr
J([ell)

show that the trace in the above expression is a function of 8 only through ||0]|2. To this end,

we note that

ab; a(/0]|?

% = té; +1'6; %0, té;j + 2t'6;6; (9.112)
where J;; is the Kronecker delta. It follows that
8b 2 / 120202
51] + 89 =(1+1t) 51']‘ +4(1+ 1)t 91'9]'51']' + 4t0; Gj' (9.113)
Therefore
ob b ab; \?
Tt <I+ae> <I+ae> ] _;j<5’]+3_9j>
n(1+1)% + 42 0767 +4(1+ 1) 292
i
= n(1+t)2 +4t"%)0|* +4(1+t)t'||0]% (9.114)
Thus, CRBJ[b, 8] depends on 6 only through ||6||?, completing the proof. O

Proof of Theorem 9.5. We have seen in Theorem 9.3 that the solution of (9.20) is unique. Now
suppose that the optimum b is not rotation invariant, i.e., there exists a rotation matrix R such
that Rb(0) is not identical to b(0). By Lemma 9.11, Rb(0) is also optimal, which is a contradic-
tion.

Furthermore, suppose that b is not radial, i.e., for some value of 6, b(0) contains a compo-
nent perpendicular to the vector 6. Consider a hyperplane passing through the origin, whose
normal is the aforementioned perpendicular component. By Lemma 9.11, The reflection of b
through this hyperplane is also an optimal solution of (9.20), which is again a contradiction.

Therefore, the optimum b is spherically symmetric and radial, so that it can be written as

b(6) = b(!le\\)ﬁ 9.115)
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where b(-) is a scalar function.

267

To determine the value of b(-), it suffices to analyze the differential equation (9.21) along

a straight line from the origin to the boundary. We choose a line along the ¢; axis, and begin

by calculating the derivatives of b1(0), q(]|6||), and J(||6]|) along this axis. The derivative of

q([|6]) is given by

o _ 9
8_9]- =14 (P);
where we have denoted p = ||6], so that p is weakly differentiable and
% _Y
Along the 6; axis, we have §; = p while 6, = --- = 6, = 0, so that
0
a—(j =q'(0)oj1-
) B:pe1

Similarly, since J(0) = J(p)I,

AP
%, (o) p
so that along the 6; axis
o] ik ) s 5
. 2 JK¥]
B ooy, O
From (9.115), we have
ob; ., 08  b(p) 00
a0, Wty e
Thus, on the 6; axis, we have
ab
| Ve
) Gzpel

The second derivative of b;(0) can be shown to equal
925, 0,0,6,
=t
719V Y
(

4 b 0; 0, 0 0;0:0
+<ﬂ——§)> <—l(5jk+—](5ik+—k(5ij—3 lék>.
Y Y Y P P

Therefore, on the 0, axis

b,

Ev3 =b"(p)

907 |y,

b, bio) bip) .

Y3 = -5 (G#1)

89] 0=pe; P p
b,

=0 (j.k#1).

30,96 |o_,,,

(9.116)

(9.117)

(9.118)

(9.119)

(9.120)

(9.121)

(9.122)

(9.123)

(9.124)
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Substituting these derivatives into (9.21), we obtain

(
10 ()4 n 1 P )
ao)b(p) =1 )<b<>+< D=~ 1) pz)

LAY () (”"(” —4(p) "(")) 9.125)

which is equivalent to (9.25).
To obtain the boundary conditions, observe that Lemma 9.11 implies b(0) = 0, whence
we conclude that b(0) = 0. Next, evaluate the boundary condition (9.22) at boundary point

0 = rej, where the surface normal v(0) equals e, so that

0
1+0'(p) =1+ b _o 6= rej (9.126)
36,
which is equivalent to the boundary condition b'(r) = —1.

To find the OBB (9.24), we must now calculate Z[b]| for the obtained bias function (9.115).
To this end, note that, by Lemma 9.12, CRB(b, 6] is rotation invariant in 6 for the required b(0).
Thus, the integrand CRBI[b, 0]4q(]|6]|) is constant on any (n — 1)-sphere centered on the origin,
so that

= /O r CRB(b, pe1]q(p)Sx(p)dp (9.127)

where
27"/2
Su(p) = WP

is the hypersurface area of an (n — 1)-sphere of radius p [167]. It thus suffices to calculate the

n-1 (9.128)

value of CRB([b, 6] at points along the 6; axis. From (9.121), it follows that

= diag (b'(p), @, e, @) . (9.129)

ob
200

0=pe;

Substituting this into the definition of CRBIb, 6], we obtain

CRBIb, pe1]
1 , n—1 b(p)>2
= b’ ——(1+b'(p))? <1 - 9.130
(P)+](p)( +V' ()" + o U (9.130)
Combining (9.130) with (9.127) yields (9.24), as required. O

9.E Proofs of Asymptotic Properties

Theorems 9.7 and 9.8 demonstrate asymptotic tightness of the OBB. The proofs of these two

theorems follow.
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Proof of Theorem 9.7. We begin the proof by studying a certain optimization problem, whose

relevance will be demonstrated shortly. Let ¢ > 0 be a constant and consider the problem

2

. ab
u(t) = blenlg1 I+ — 8 pg(d@)
st / 1B(6) 2 pg(d@) <t 9.131)
(C]

Notice that u(t) < n for all ¢, since an objective having a value of 7 is achieved by the function

b(6) = 0. Thus, it suffices to perform the minimization (9.131) over functions b € H! satisfying

bl

It follows from Lemma 9.10 that such functions also satisfy

Pe (do) < (9.132)

ob ||?
30 || ;

po(d6) < (2/n)* = 4n. (9.133)

Therefore, (9.131) is equivalent to the minimization

1+ab

u(t) = inf 8

inf pg(d@) (9.134)

where

5 = {b e H': [ 0(6) Ppo(a0) <,

ob||?
20 ||,

po(d6) < 4n}. (9.135)

The set S; is convex, closed, and bounded in H!. Applying Lemma 9.9 (with ¢ = 2) implies that
there exists a function bopt € S; which minimizes (9.134), and hence also minimizes (9.131).
Note that the objective in (9.131) is zero if and only if

Abapr
00

=—I ae. (pg). (9.136)
The only functions in H! satisfying this requirement are the functions

b(6) =k—6 a.e.(po) (9.137)
for some constant k € R". Let u = E{#} and define

v2 E{||6 —E{0}|*}. (9.138)
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For functions of the form (9.137), the constraint of (9.131) is given by

|k — 6|°pe(d6) = [ ||k —pu+p—6|*pe(d6)
(@) ®
= ||k —pul]* +v
> 0. (9.139)

In (9.139), equality is obtained if and only if k = u. Therefore, if t < v, no functions satisfying
(9.136) are feasible, and thus

u(t) =0 ift>vo,

u(t) >0 ift <o (9.140)

We now return to the setting of Theorem 9.7. We must show that fy — vas N — co. We de-

N)

note functions corresponding to the problem of estimating 0 from xN) with a superscript (N).

Thus, for example, Z(N)[b] denotes the functional Z[b] of (9.12) for the problem corresponding
to the measurement vector x(N).

Since all eigenvalues of | (N) () decrease monotonically with N for pg-almost all 8, we have
CRBN)[b, 0] < CRBN*V b, ] (9.141)
forany b € H 1 for pe-almost all 6, and for all N. Therefore

ZMN[p] < zWN+D1p]. (9.142)

for any b € H! and for all N. It follows that for all N

By = min ZM[b] < min ZNV[B] = py. (9.143)

so that By is a non-decreasing sequence. Furthermore, note that
ZMNu—0)=v forall N (9.144)

where v is given by (9.138). Therefore, By < v for all N. Thus By converges to some value g,

and we have

By <g<v forall N. (9.145)

To prove the theorem, it remains to show that g = v.
Let b'Y) be the minimizer of (9.17) when 0 is estimated from x); this minimizer exists by

virtue of Proposition 9.1. We then have

By =ZMNpMN] < g (9.146)
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and therefore

16 0)]2po(d0) <. 9.147)

It follows that b™) satisfies the constraint of the optimization problem (9.131) with t = 4. Asa

consequence, we have

ap™N)
L pe<d6> > u(g). (9.148)
o) a0 ;
Define
AN £ esssup Amax (JNV(6)) (9.149)
0c®

and note that Ay > 0 for all N, since J(N)(8) is positive definite. Thus

R

1 b

> -

= I+ —5 Pe(d0)

> ula). (9.150)
AN

Assume by contradiction that § < v. From (9.140), it then follows that u(g) > 0. Since all

eigenvalues of | (N) (6) decrease to zero, we have Ay — 0, and thus

BN > “a) — 00, (9.151)
AN
This contradicts the fact (9.145) that Sy < v. We conclude that g = v, as required. O

Proof of Theorem 9.8. The proof is analogous to that of Theorem 9.7. We begin by considering

the optimization problem
inf / b(0)]|?pe(do
ot 1b(6)||"po(d6)

s.t. /@Tr<<1—i-gg>l (6) <1+3_Z>T> po(d) <t (9.152)

for some constant ¢ > 0. Denote the minimum value of (9.152) by w(t). Let 4 = E{6} and note

that b(0) = u — 0 satisfies the constraint in (9.152) for any ¢t > 0, and has an objective equal to
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v of (9.138). Thus, to determine w(t), it suffices to minimize (9.152) over the set

5 = {b cH': [ [b(0)polde) < v

/@Tr<<1—i—gg>l (0) <1+gg> >p9(de)gt}.

A = esssup Amax(J(0)). (9.153)
0cO

Define

Since J(0) is positive definite almost everywhere, we have A > 0. For any b € S;, we have

N / H % pg (d0) < (9.154)
and therefore, by Lemma 9.10,
b || 2
S| po(dd) < (\/ﬁ+ \/E) . (9.155)
F

Hence, forany b € S,

613 = [ 16(®)]?po(do) + | H

<o+ (Vir+ \/E) . (9.156)

pg d(—)

Thus S; is bounded for all t. It is straightforward to show that S; is also closed and convex.
Therefore, employing Lemma 9.9 (with £ = 1) ensures that there exists a (unique) byt € S;
minimizing (9.152).

Note that the objective in (9.152) is 0 if and only if bypi(6) = 0 almost everywhere. So, if

0 € S;, we have w(t) = 0, and otherwise w(t) > 0. Let us define
& E{Tr(rl(e))} (9.157)
and note that 0 € S; if and only if > s. Thus

w(t) =0 fort>s
w(t) >0 otherwise. (9.158)
Let us now return to the setting of Theorem 9.8. For simplicity, we denote functions cor-

responding to the problem of estimating 6 from {xV),...,x™N)} with a superscript (N). For

example, from the additive property of the Fisher information [16, §3.4], we have

JN)(8) = NJ(0). (9.159)
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It follows that
(N +1)CRBN*V[b, 6] > NCRBN)[b, 6] (9.160)
forallb € H!, all 6 € ©, and all N. Therefore
(N+1)ZzN+D[p] > NZWN[p)] (9.161)
forall b € H!, and hence

(N + 1)y 41 = min ((N+ 1)z p])

> min (NZW) [b])
beH!
= Nfn. (9.162)
Thus {NBy } is a non-decreasing sequence. Furthermore, we have

NzMo] =s (9.163)

so that NBy < s for all N. It follows that { NBy } is non-decreasing and bounded, and therefore

converges to some value r such that
NBn <r <s forall N. (9.164)

To prove the theorem, we must show that r = s.
Let b™N) € H! denote the minimizer of (9.17) when 6 is estimated from {x(l), c,xN )} (the

existence of b™™) is guaranteed by Proposition 9.1). We then have Nfy = NZ(N) [b(N )] <r,s0

(N) VA
/@Tr (<1+ age )1—1(9) <1+ age ) ) pe(d0) <r. (9.165)

Thus, b(N) satisfies the constraint of (9.152) with t = r. As a consequence, we have

that

16X 0)]2po(d0) = w(r) (9.166)
and therefore
NBy = NZWN [pM)]
> N [ 6%)(0)]2po(do)
> Nw(r). (9.167)

Now suppose by contradiction that r < s. It follows from (9.158) that w(r) > 0. Hence, by
(9.167), NBn — oo, which contradicts the fact that Ny is bounded. We conclude that r = s, as

required. O
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Chapter 10

A Comment on the

Weiss—Weinstein Bound

This chapter is a reprint of the paper:

e 7. Ben-Haim and Y. C. Eldar, “A comment on the use of the Weiss-Weinstein bound for
constrained parameter sets,” IEEE Trans. Inform. Theory, vol. 54, no. 10, October 2008, pp.
4682-4684.

10.1 Introduction

We consider the problem of estimating a random vector 6 from observations x, where the qual-
ity of an estimator g(x) is measured by its mean-squared error (MSE) E{||g(x) — 0|*}. It is
well-known that the posterior mean E{0|x} is the technique minimizing the MSE. However,
in many cases, determining the posterior mean is computationally prohibitive, and various
approaches have been developed as alternatives. It is therefore of interest to determine the
degradation in accuracy resulting from the use of suboptimal methods. Unfortunately, com-
putation of the optimal MSE is itself infeasible in many cases. This has led to a large body of
work seeking to find simple lower bounds for the minimum MSE in a given estimation prob-
lem [59-61, 65].

In a landmark paper, Weiss and Weinstein developed a general technique for deriving lower
bounds on the minimum achievable MSE [61]. A noteworthy feature of their method is that it
requires almost no regularity assumptions on the problem setting. The bound was further

developed in [60], and has been used in a variety of practical applications [172-174].

275
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A common setting in which the Weiss—Weinstein bound (WWB) is often applied concerns
constrained parameter sets, i.e., situations in which the parameter 8 occurs with probability 1
in a subset © of IR™. For example, in time-delay estimation, the delay is sometimes assumed
to be uniformly distributed in a given interval [61]. While the WWB continues to hold in the
constrained setting, some of the simplifications presented in [61] and [60] are not valid in this
case.

In this correspondence, we point out the versions of the WWB which do not necessarily
hold for constrained parameter sets. We discuss the regularity conditions under which these
simplified versions are valid, and conclude with an example in which the simplified version of

the bound yields incorrect (and unreasonable) results.

10.2 Background and Summary

We begin by recalling some definitions and results relating to the WWB [60, 61]. Let 8 and
x be finite-variance random vectors whose joint probability density function (pdf) is f(x, ).
Suppose that f(x, 0) is nonzero only for values of 6 in a subset © of R, and let ©® be the set
of values of 0 for which f(x, 0) is positive a.e. in x. We are interested in estimating 6 using a

function g(x) of the measurements. The error covariance matrix is defined as

R2E{(0-g(x))(0-g(x)"}. (10.1)

The goal is to find a lower bound on R, i.e., a matrix B such that R > B, where the matrix
inequality means that R — B is positive semidefinite.

Denote the likelihood ratio by

L(x;01,6,) 2 ;Ez 23, (10.2)

where the function is defined only for values of x and 6, such that f(x,6,) # 0. Let
u(s,h) 2 InE{L°(x;0 +h,0)} (10.3)

and note that the expectation is calculated only over points (x, 0) such that f(x,0) > 0, i.e.,
those points for which L(x; 0 + h, 0) is defined.

In the case of a scalar parameter § € ® C IR, the error covariance (10.1) equals the MSE. The
WWSB in this setting is given by
W2E?{L%(x;0 + h,0)}

MSE > .
E{[Ls(x;e +1,0) — L1=5(x;0 — 1, 0)] }

(10.4)
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for any h and s such that
2
0< E{ [LS(x;e +h,0) — L5 (x;0 — h,e)] } < . (10.5)

If @’ is a connected subset of IR, then (10.4) can also be written as [60,61,174]

W22 (s,h)
MSE > eh(2s,h) + eh(2=2s,~h) _ 26;1(5,2h)' (10'6)

In these cases, calculation of (s, h) is sufficient for evaluation of the bound. However, the

equivalence between the original bound (10.4) and the simplified version (10.6) does not nec-

essarily hold if @ is a disjoint subset of IR; specifically, the cross-term 2¢*(52%)

equal 2E{L(x;0 4+ h,0)L'5(x;0 — h,6) }. As we will see, when @' is disjoint, (10.6) can be

does not always

larger than the minimum estimation MSE, and may even be infinite. Thus, care must be used
when applying the bound to disjoint parameter sets ©'.

In the case of a vector parameter § € ©® C R, the WWB on the error covariance is given by
R>HG 'H". (10.7)

Here, H = [hy, hy, ..., hy] is a matrix consisting of “test vectors” h; € R™, and G is the m x m

matrix whose elements are given by

E{r(x,0;h;,s;)r(x,6; hj,sj)}

Gij = 10.8
T E{Ls(x;0+ hi)} E{L% (x;0 + hj) } (108)
where
r(x,0;h;,s;) 2 L (x;0 + h;,0) — L' *(x;0 — h;, 0). (10.9)
The bound holds for any {h;,s; }!" ; such that G is well-defined and invertible.
Weinstein and Weiss [60] suggest that attention be restricted to the case sy = -+ =5, =

1/2. In this case, and under the additional assumption that ® = R"™, the bound (10.8) simpli-

fies to!
e}l(l/z,h,‘—hj) _ e}l(l/z,hi-‘rhj)

et (1/2,h;) o (1/2,h))

Gij=2 (10.10)

While this simplification is valid if f(x,0) is positive almost everywhere (i.e., if @ = R™),
it does not necessarily hold in other cases. Furthermore, when 6 is a scalar, (10.10) does not

necessarily reduce to (10.6).

LA slightly different version of this equation appears in [60, eq. (42)], the result of an obvious typographical error.
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10.3 Scalar Case

To demonstrate equivalence between (10.4) and (10.6), it is required to show that
E{LS(x; 0+h 0L (x;0 —h, 9)} L gnls2h), (10.11)
When @’ is a connected set, this statement can be verified as follows.

E{Ls(x;G +h,0)L1(x;0 — I, 9)}

Sk s
_ /f (x,0 -+ ) f'5(x,0 — h) dx dO (10.13)
_ /fs;i';zh F(x,0') dx de’ (10.14)
_ puls2h) (10.15)

where we used the change of variables 8/ = 6 — h.

As noted previously, it is implicitly assumed in (10.11) that the expectation is calculated
only over those values of x and 6 for which f(x,6) > 0, otherwise L(x;6 + h,0) is undefined.
Thus, the integral (10.12) is taken only over those values of x and 6 for which f(x,6) > 0.
However, after f(x,0) is canceled out in (10.13), this fact is ignored. The integral (10.14) is
taken over the range f(x,60') > 0, which corresponds to f(x,0 + h) > 0. If there exist points
(x,0) for which f(x,0) =0, f(x,0 +h) > 0,and f(x,0 —h) > 0, then (10.12) is not taken over
those points, whereas (10.13) is positive at those points.

If © is a connected set (i.e., a finite or infinite interval), then, for any x and 6 such that
f(x,0 —h) > 0 and f(x,0 +h) > 0, we also have f(x,0) > 0. In this case, the range of
integration in (10.12) equals that of (10.13), so that the simplified version (10.6) is correct. This
occurs, for instance, in the example given in [61], where @’ is a closed interval.

However, if @' is disjoint, then (10.13) can be greater than (10.12), so that (10.6) can be larger
than (10.4), and is not necessarily a lower bound on the MSE. Indeed, as we will see, in some
cases (10.6) is higher than the minimum MSE; in other cases, (10.6) is infinite, as a result of a

division by zero.

10.4 Vector Case

When ® = R™, the simplified equation (10.10) can be derived from the WWB (10.8) as fol-
lows. Substituting sy = --- = s, = 1/2 in (10.8), the denominator equals that of (10.10). The
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Figure 10.1: Plot of the corrected WWB (10.24), the incorrect version (10.6), and the actual MSE,

for a scalar estimation setting with a disjoint set ®.

numerator consists of a sum of four expressions of the type
E{Ll/z(x; 0+ h;,0)LY2(x;0 + Iy, e)} .

These can be simplified by writing

{L1/2(x 0+ h;, 0)L'2(x;0 + I, e)}

X A 172
_ [ (£ e 0+ 1) (f’(i,:)h])> F(x,0)dx o
- / (f<x,e+hi>f<x,e+h»)“zdxd@

1/2

0+ I — I

_/< s +e, >> Flx,0')dx 6’
x

— e}l(l/z,hi—hj)

(10.16)

(10.17)

(10.18)

(10.19)

(10.20)

where a change of coordinates 8’ = 6 + h; was performed. Analogous results can be obtained

for the remaining expressions of the type (10.16). Substituting these into (10.8) yields (10.10).

When @ does not consist of the entire space R", the reasoning above is not valid. The

integration in (10.17) must be carried out only over those values of x and 6 for which f(x, ) >

0, but this restriction is dropped in the transition to (10.18). If there exist values (x, 8) such that
f(x,0) =0, f(x,06+h;) >0, and f(x,6+ h]-) > 0, then those values are included in (10.18),
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but not in (10.17). This will always occur for some values of h; and h;, unless f(x,0) > 0 for
all 0. Therefore, the value E{L'/?(x;0' 4+ h; — hj, 0')} can, in fact, be larger than E{LY?(x;0 +
hi,0)LY%(x; 0 + hj,0)}. We conclude that (10.10) does not necessarily hold unless @' includes

the entire parameter space R™.

10.5 Counterexample

We now present an example which illustrates that (10.6) provides incorrect and even impossible
results in some cases.

Consider the problem of estimating a scalar 6 based on a single measurement x. Suppose
that 6 is uniformly distributed over the set @ = [a,b] U [—b, —a], where b > a > 0 are given
constants. Also suppose that the distribution of x conditioned on 6 is Gaussian with mean 6

and variance 0. The joint pdf of x and 0 is thus given by

ef(x79)2/2(72

f(x,0) = 20— o)V lo (10.21)

where 1¢ is an indicator function, which equals 1 when 6 € © and 0 otherwise.

From (10.3),

1

psh) — -
¢ 2(b—a)

e—hzs(l—s)/ZUz / ]l@]].@+hd9 (1022)

where ® +h = {0 + 1 : 0 € ©}, and the integral equals the length of the intersection of the sets
® and © + h. On the other hand,

M(s, h) 2 E{LS(x;e R, 0) L1 (x;0 — h,e)}

1 (1 Vh2 /2
— me 25(1 S)h /U /]].@]].@+h]].@_hd9 (1023)

Thus, contrary to (10.11), el (52h) does not equal M (s,h), since the latter depends on the
length of the intersection of the three sets ®, ® + h, and ® — h. Indeed, M (s, h) is often sub-

S'Zh), and as a result, use of (10.6) results in a “lower bound” which

stantially smaller than e#(
may exceed the true MSE.
This problem is illustrated in Fig. 10.1, where the incorrect bound (10.6) is compared with
the original Weiss—Weinstein bound (10.4), which can be written as
221 (sh)

eh(2s,h) 4 eh(2=2s,~h) _ ZM(S, h) : (10.24)
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The actual MSE obtained by the optimal estimator can be calculated using Monte Carlo simu-
lations, and is also plotted. In the figure, values of 2 = 1/2 and b = 2 were used. The variance

o2

was modified to obtain various signal-to-noise ratios (SNRs), where SNR = Var () /0.

It is evident from Fig. 10.1 that the value (10.6) becomes exceedingly high at low SNR.
Indeed, for SNR values below approximately 0 dB, there always exist values of s and h such
that the denominator of (10.6) is arbitrarily small, and thus the bound tends to infinity. For SNR
values around 2—4 dB, (10.6) yields finite values which are larger than the actual MSE obtained
by the optimal estimator. The original version (10.24), by contrast, closely follows the true MSE

value.
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Chapter 11

Conclusion

The central goal of this thesis is to quantify the performance achieved by practical techniques in
structured estimation problems, and to determine whether and to what extent current estima-
tion capabilities are close to the theoretical optimum. This goal is attained by the combined use
of lower bounds and performance guarantees, with the former providing a limit on the feasible
achievements in a given scenario, and the latter determining whether actual techniques come

close to this performance.

Several structured estimation settings were considered in the course of our analysis. First,
we examined the setting of sparsely representable signals, wherein the parameter vector is a
linear combination of a small number of atoms from a large dictionary. A lower bound for
this setting was derived in Chapter 4 by developing a version of the constrained CRB for non-
differentiable constraints. This bound was shown to equal the oracle error for almost all param-
eter values, a fact which gives further credibility to the oracle as a benchmark against which
practical estimators can be compared. Such a comparison was performed in Chapter 6, where
we demonstrated that several common methods do indeed come within a nearly constant fac-
tor of the oracle, thus providing performance guarantees for sparse estimators. Our approach
provided tighter bounds than those previously available for ¢; relaxation techniques, as well as
the first frequentist performance guarantees for greedy sparse estimation methods. Neverthe-
less, there is still some gap between these upper and lower bounds, and empirical observations

suggest that both can still be improved somewhat.

Bounds and guarantees were also developed for the related model of block sparsity (Chap-
ter 7). In this setting, it was again shown that the CRB coincides with the oracle error for nearly

all parameter values. Moreover, performance guarantees for greedy block sparse estimators

283
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were derived and shown to be close to the CRB or oracle bound. Performance guarantees for
;1 relaxation techniques in the frequentist block sparse setting have not been demonstrated,
and their existence remains an open question. Comparing the guarantees for scalar and block
sparsity, we demonstrated that the block model is particularly advantageous when the coher-
ence between atoms within a single block is low; indeed, highly correlated blocks may cause
the performance of block sparse algorithms to fall below standard sparsity approaches. This
example illustrates the power of performance guarantees in pinpointing the pros and cons of
estimation models.

We next investigated the finite rate of innovation (FRI) model (see Chapter 8). In this setting,
one seeks to estimate a continuous-time signal from low-rate samples. This analysis necessi-
tated an extension of the CRB for the estimation of parameters in arbitrary Hilbert spaces, such
as the space of finite-energy continuous-time functions. We applied this extended CRB to the
FRI setting in two ways. First, a bound was obtained for the ultimate performance achiev-
able in the absence of any restrictions on the allowed sampling technique or rate. Next, a lower
bound was derived for a given sampling scheme. Comparing these two bounds with the actual
performance achieved by practical estimators can identify both situations in which the estima-
tor fails to utilize all of the information present in the given samples, and cases in which the
available information is fully exploited, but better performance could have been achieved by
sampling at a higher rate. Examples of state-of-the-art algorithms with both types of failures
were identified. Thus, unlike the sparse setting, in the FRI case there are clearly situations in
which existing algorithms can be improved considerably.

Interestingly, our analysis helps explain the apparent discrepancy between the successful
performance of low-rate FRI techniques in the absence of noise and the empirically observed
difficulty in achieving similar results when even low levels of noise are introduced. Indeed,
we showed that while some models are amenable to accurate estimation from low-rate noisy
samples, other models are necessitate sampling at the Nyquist rate for optimal recovery. Specif-
ically, in the context of the common union of subspaces structure, high sampling rates tend to
be necessary, unless the number of parameters determining the subspace under consideration
is small relative to the dimension of the subspaces involved.

Finally, we examined performance bounds for Bayesian models in Chapters 9 and 10. In
this context, we analyzed the optimal bias bound, a technique utilizing the biased CRB for
obtaining performance bounds in the Bayesian setting. We extended this bound to general

vector parameters and demonstrated that the bound is tight at both low and high SNR values,
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a result which has not been demonstrated, to the best of our knowledge, for any other bound.
We also numerically compared this result with other Bayesian bounds, and showed that it tends

to be tighter than both the Ziv-Zakai and Weiss—Weinstein techniques.



286 CHAPTER 11. CONCLUSION



Bibliography

[1] I. Daubechies, Ten Lectures on Wavelets. Philadelphia, PA: SIAM, 1992.

[2] S. Mallat, A Wavelet Tour of Signal Processing — The Sparse Way, 3rd ed. San Diego, CA:
Academic Press, 2009.

[3] J. O. Berger, Statistical Decision Theory and Bayesian Analysis, 2nd ed. New York, NY:
Springer-Verlag, 1985.

[4] K. Schnass and P. Vandergheynst, “Average performance analysis for thresholding,”
IEEE Signal Process. Lett., vol. 14, no. 11, pp. 828-831, Nov. 2007.

[5] Y. C. Eldar and H. Rauhut, “Average case analysis of multichannel sparse recovery
using convex relaxation,” IEEE Trans. Inf. Theory, to appear. [Online]. Available:

http:/ /arxiv.org/abs/0904.0494

[6] E. L. Lehmann and G. Casella, Theory of Point Estimation, 2nd ed. New York: Springer,
1998.

[7] D. L. Donoho, M. Elad, and V. N. Temlyakov, “Stable recovery of sparse overcomplete
representations in the presence of noise,” IEEE Trans. Inf. Theory, vol. 52, no. 1, pp. 6-18,

2006.

[8] E.Candes and T. Tao, “The Dantzig selector: Statistical estimation when p is much larger

than n,” Ann. Statist., vol. 35, no. 6, pp. 2313-2351, 2007, with discussion.

[9] Y. C. Eldar and M. Mishali, “Robust recovery of signals from a structured union of sub-

spaces,” IEEE Trans. Inf. Theory, vol. 55, no. 11, pp. 5302-5316, Nov. 2009.

[10] H.Liuand H. Motoda, Feature selection for knowledge discovery and data mining. Dordrecht,
The Netherlands: Kluwer, 1998.

287



288

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

BIBLIOGRAPHY

S. Mallat and Z. Zhang, “Matching pursuit in a time-frequency dictionary,” IEEE Trans.
Signal Process., vol. 41, no. 12, pp. 3397-3415, Dec. 1993.

E. ]. Candes, J. K. Romberg, and T. Tao, “Stable signal recovery from incomplete and

inaccurate measurements,” Comm. Pure Appl. Math., vol. LIX, pp. 1207-1223, 2006.

E. J. Candes, “The restricted isometry property and its implications for compressed
sensing,” Compte Rendus de I’Academie des Sciences, Paris, Serie I, vol. 346, pp. 589-592,
2008. [Online]. Available: http:/ /www.acm.caltech.edu/~emmanuel/papers/RIP.pdf

M. Aharon, M. Elad, and A. Bruckstein, “K-SVD: An algorithm for designing overcom-
plete dictionaries for sparse representation,” IEEE Trans. Signal Process., vol. 54, no. 11,

pp- 43114322, Nov. 2006.

A. M. Bruckstein, D. L. Donoho, and M. Elad, “From sparse solutions of systems of equa-
tions to sparse modeling of signals and images,” SIAM Review, vol. 51, no. 1, pp. 34-81,
Feb. 2009.

S. M. Kay, Fundamentals of Statistical Signal Processing: Estimation Theory. Englewood
Cliffs, NJ: Prentice Hall, 1993.

Y. C. Pati, R. Rezaiifar, and P. S. Krishnaprasad, “Orthogonal matching pursuit: Recur-
sive function approximation with applications to wavelet decomposition,” in Proc. 27th

Asilomar Conf. Signals, Systems, and Computers, Nov. 1993, pp. 40—44.

D. Needell and ]. A. Tropp, “CoSaMP: Iterative signal recovery from incomplete and
inaccurate samples,” Appl. Computat. Harmonic Anal., vol. 26, no. 3, pp. 301-321, 2009.

R. Tibshirani, “Regression shrinkage and selection via the lasso,” J. Roy. Statist. Soc. B,

vol. 58, no. 1, pp. 267-288, 1996.

S.S. Chen, D. L. Donoho, and M. A. Saunders, “Atomic decomposition by basis pursuit,”
SIAM ]. Sci. Comput., vol. 20, pp. 3361, 1998.

E.]. Candes and Y. Plan, “Near-ideal model selection by ¢; minimization,” Ann. Statist.,

vol. 37, no. 5A, pp. 2145-2177, Oct. 2009.

J. A. Tropp, “Just relax: Convex programming methods for identifying sparse signals in

noise,” IEEE Trans. Inf. Theory, vol. 52, no. 3, pp. 1030-1051, 2006.



BIBLIOGRAPHY 289

(23]

[24]

[25]

[26]

[27]

[28]

[33]

[34]

P. J. Bickel, Y. Ritov, and A. Tsybakov, “Simultaneous analysis of Lasso and Dantzig se-

lector,” Ann. Statist., vol. 37, no. 4, pp. 1705-1732, 2009.

E. J. Candés, “Modern statistical estimation via oracle inequalities,” Acta Numerica, pp.

1-69, 2006.

E. J. Candes and T. Tao, “Decoding by linear programming,” IEEE Trans. Inf. Theory,
vol. 51, no. 12, pp. 42034215, 2005.

M. Yuan and Y. Lin, “Model selection and estimation in regression with grouped vari-

ables,” J. Royal Statist. Soc. B, vol. 68, pp. 49-67, 2006.

M. Stojnic, F. Parvaresh, and B. Hassibi, “On the reconstruction of block-sparse signals
with an optimal number of measurements,” IEEE Trans. Signal Process., vol. 57, no. 8, pp.

3075-3085, Aug. 2009.

Y. C. Eldar, P. Kuppinger, and H. Bolcskei, “Block-sparse signals: Uncertainty relations
and efficient recovery,” IEEE Trans. Signal Process., vol. 58, no. 6, pp. 3042-3054, Jun. 2010.

Z. Ben-Haim and Y. C. Eldar, “Near-oracle performance of greedy block-sparse
estimation techniques from noisy measurements,” IEEE |. Sel. Topics Signal Process., 2010,

submitted. [Online]. Available: http:/ /arxiv.org/abs/1009.0906

M. Vetterli, P. Marziliano, and T. Blu, “Sampling signals with finite rate of innovation,”

IEEE Trans. Signal Process., vol. 50, no. 6, pp. 1417-1428, 2002.

I. Maravic and M. Vetterli, “Sampling and reconstruction of signals with finite rate of
innovation in the presence of noise,” IEEE Trans. Signal Process., vol. 53, no. 8, pp. 2788—

2805, Aug. 2005.

C. Shannon, “A mathematical theory of communication,” Bell Syst. Tech. ]., vol. 27, pp.

379423, 623656, 1948.

M. Unser, “Splines: A perfect fit for signal/image processing,” IEEE Signal Process. Mag.,
vol. 16, no. 6, pp. 22-38, Nov. 1999.

R. Tur, Y. C. Eldar, and Z. Friedman, “Low rate sampling of pulse streams with
application to ultrasound imaging,” IEEE Trans. Signal Process., to appear. [Online].

Available: http://arxiv.org/abs/1003.2822



290 BIBLIOGRAPHY

[35] W. U. Bajwa, K. Gedalyahu, and Y. C. Eldar, “Identification of underspread linear
systems with application to super-resolution radar,” IEEE Trans. Signal Process., to

appear. [Online]. Available: http:/ /arxiv.org/abs/1008.0851

[36] K. Gedalyahu and Y. C. Eldar, “Time delay estimation from low rate samples: A union of
subspaces approach,” IEEE Trans. Signal Process., vol. 58, no. 6, pp. 3017-3031, Jun. 2010.

[37] P. L. Dragotti, M. Vetterli, and T. Blu, “Sampling moments and reconstructing signals of
finite rate of innovation: Shannon meets Strang-Fix,” IEEE Trans. Signal Process., vol. 55,

no. 7, pp. 1741-1757, 2007.

[38] J. Berent, P. L. Dragotti, and T. Blu, “Sampling piecewise sinusoidal signals with finite
rate of innovation methods,” IEEE Trans. Signal Process., vol. 58, no. 2, pp. 613-625, Feb.
2010.

[39] T. Y. Young and R. A. Westerberg, “Error bounds for stochastic estimation of signal pa-
rameters,” IEEE Trans. Inf. Theory, vol. 17, no. 5, pp. 549-557, Sep. 1971.

[40] Y.C.Eldar, A. Ben-Tal, and A. Nemirovski, “Robust mean-squared error estimation in the
presence of model uncertainties,” IEEE Trans. Signal Process., vol. 53, no. 1, pp. 168-181,

Jan. 2005.

[41] , “Linear minimax regret estimation of deterministic parameters with bounded data

uncertainties,” IEEE Trans. Signal Process., vol. 52, no. 8, pp. 2177-2188, Aug. 2004.

[42] Z.Ben-Haim and Y. C. Eldar, “Blind minimax estimation,” IEEE Trans. Inf. Theory, vol. 53,
no. 9, pp. 3145-3157, Sep. 2007.

[43] W. James and C. Stein, “Estimation with quadratic loss,” in Proc. Fourth Berkeley
Symp. Math. Statist. Prob., vol. 1, 1961, pp. 361-379. [Online]. Available: http:
/ /projecteuclid.org/euclid.bsmsp /1200512173

[44] Y. C. Eldar, “Rethinking biased estimation: Improving maximum likelihood and the
Cramér—Rao bound,” Foundations and Trends in Signal Processing, vol. 1, no. 4, pp. 305-

449, 2008.

[45] H. Cramér, “A contribution to the theory of statistical estimation,” Skand. Akt. Tidskr.,
vol. 29, pp. 85-94, 1945.



BIBLIOGRAPHY 291

[46] G. Darmois, “Sur les limites de la dispersion de certains estimations,” Rev. Inst. Int.

Statist., vol. 13, pp. 9-15, 1945.

[47] M. Fréchet, “Sur l'extension de certaines evaluations statistiques au cas de petits echan-

tillons,” Rev. Inst. Int. Statist., vol. 11, pp. 182-205, 1943.

[48] C. R. Rao, “Information and accuracy attainable in the estimation of statistical parame-

ters,” Bull. Calcutta Math. Soc., vol. 37, pp. 81-91, 1945.

[49] P. Stoica and T. L. Marzetta, “Parameter estimation problems with singular information

matrices,” IEEE Trans. Signal Process., vol. 49, no. 1, pp. 87-90, Jan. 2001.

[50] J. M. Hammersley, “On estimating restricted parameters,” J. Roy. Statist. Soc. B, vol. 12,
no. 2, pp. 192-240, 1950.

[51] D. G. Chapman and H. Robbins, “Minimum variance estimation without regularity as-

sumptions,” Ann. Math. Statist., vol. 22, no. 4, pp. 581-586, Dec. 1951.

[52] J. D. Gorman and A. O. Hero, “Lower bounds for parametric estimation with con-

straints,” IEEE Trans. Inf. Theory, vol. 26, no. 6, pp. 1285-1301, Nov. 1990.

[63] E. W. Barankin, “Locally best unbiased estimates,” Ann. Math. Statist., vol. 20, no. 4, pp.
477-501, Dec. 1949.

[54] P. K. Bhattacharya, “Estimating the mean of a multivariate normal population with gen-

eral quadratic loss function,” Ann. Math. Statist., vol. 37, no. 6, pp. 1819-1824, Dec. 1966.

[55] T. L. Marzetta, “A simple derivation of the constrained multiple parameter Cramér—Rao

bound,” IEEE Trans. Signal Process., vol. 41, no. 6, pp. 2247-2249, Jun. 1993.

[56] P.Stoica and B. C. Ng, “On the Cramér-Rao bound under parametric constraints,” IEEE
Signal Process. Lett., vol. 5, no. 7, pp. 177-179, 1998.

[57] T.]J. Moore, R. J. Kozick, and B. M. Sadler, “The constrained Cramér—-Rao bound from the
perspective of fitting a model,” IEEE Signal Process. Lett., vol. 14, no. 8, pp. 564-567, Aug.
2007.

[58] Z. Ben-Haim and Y. C. Eldar, “On the constrained Cramér-Rao bound with a singular
Fisher information matrix,” IEEE Signal Process. Lett., vol. 16, no. 6, pp. 453—456, Jun.
2009.



292 BIBLIOGRAPHY

[59] H. L. Van Trees, Detection, Estimation, and Modulation Theory. ~New York: Wiley, 1968,

vol. 1.

[60] E. Weinstein and A. J. Weiss, “A general class of lower bounds in parameter estimation,”

IEEE Trans. Inf. Theory, vol. 34, no. 2, pp. 338-342, Mar. 1988.

[61] A.]. Weiss and E. Weinstein, “A lower bound on the mean-square error in random pa-

rameter estimation,” IEEE Trans. Inf. Theory, vol. 31, no. 5, pp. 680-682, Sep. 1985.

[62] K.L.Belland H. L. Van Trees, Bayesian bounds for parameter estimation and nonlinear filtering

/ tracking. 1EEE, 2007.

[63] K. Todros and J. Tabrikian, “A new Bayesian lower bound on the mean square error of es-
timators,” in Proc. 16th European Signal Processing Conference (EUSIPCO 2008), Lausanne,
Switzerland, Aug. 2008.

[64] K. Todros and J. Tabirikian, “General classes of performance lower bounds for parameter
estimation—part ii: Bayesian bounds,” IEEE Trans. Inf. Theory, vol. 56, no. 10, pp. 5064—
5082, Oct. 2010.

[65] ]J. Ziv and M. Zakai, “Some lower bounds on signal parameter estimation,” IEEE Trans.

Inf. Theory, vol. 15, no. 3, pp. 386-391, May 1969.

[66] D. Chazan, M. Zakai, and J. Ziv, “Improved lower bounds on signal parameter estima-

tion,” IEEE Trans. Inf. Theory, vol. 21, no. 1, pp. 90-93, 1975.

[67] S. Bellini and G. Tartara, “Bounds on error in signal parameter estimation,” IEEE Trans.

Commun., vol. 22, no. 3, pp. 340-342, 1974.

[68] K. L. Bell, Y. Steinberg, Y. Ephraim, and H. L. Van Trees, “Extended Ziv-Zakai lower
bound for vector parameter estimation,” IEEE Trans. Inf. Theory, vol. 43, no. 2, pp. 624—
637, 1997.

[69] ]J. Shao, Mathematical Statistics, 2nd ed. New York: Springer, 2003.

[70] Z.Ben-Haim and Y. C. Eldar, “The Cramér—Rao bound for estimating a sparse parameter

vector,” IEEE Trans. Signal Process., vol. 58, no. 6, pp. 3384-3389, Jun. 2010.

[71] S.L.Campbell and C. D. Meyer, Jr., Generalized Inverses of Linear Transformations. London:
Pitman, 1979.



BIBLIOGRAPHY 293

[72]

[73]

[74]

[75]

[76]

[79]

K. B. Petersen and M. S. Pedersen. (2008, Feb.) The matrix cookbook. [Online]. Available:
http:/ /matrixcookbook.com/

M. Elad and M. Aharon, “Image denoising via sparse and redundant representations
over learned dictionaries,” IEEE Trans. Image Process., vol. 15, no. 12, pp. 3736-3745, Dec.
2006.

K. Dabov, A. Foi, V. Katkovnik, and K. Egiazarian, “Image denoising by sparse 3D
transform-domain collaborative filtering,” IEEE Trans. Image Process., vol. 16, no. 8, pp.

2080-2095, Aug. 2007.

——, “Image restoration by sparse 3D transform-domain collaborative filtering,” in Proc.

SPIE Electronic Imaging '08, no. 6812-07, San Jose, CA, Jan. 2008.

M. Protter and M. Elad, “Image sequence denoising via sparse and redundant represen-

tations,” IEEE Trans. Image Process., vol. 18, no. 1, pp. 27-36, Jan. 2009.

M. Elad, J.-L. Starck, P. Querre, and D. Donoho, “Simultaneous cartoon and texture im-
age inpainting using morphological component analysis (MCA),” |. Applied and Compu-
tational Harmonic Analysis, vol. 19, pp. 340-358, Nov. 2005.

Z.Ben-Haim, Y. C. Eldar, and M. Elad, “Coherence-based performance guarantees for es-
timating a sparse vector under random noise,” IEEE Trans. Signal Process., vol. 58, no. 10,

pp. 5030-5043, Oct. 2010.

Z. Ben-Haim and Y. C. Eldar, “Performance bounds for sparse estimation with random
noise,” in Proc. IEEE Workshop on Statistical Signal Processing, Cardiff, Wales, UK, Sep.
2009.

B. Babadi, N. Kalouptsidis, and V. Tarokh, “Asymptotic achievability of the Cramér-Rao
bound for noisy compressive sampling,” IEEE Trans. Signal Process., vol. 57, no. 3, pp.

1233-1236, 2009.

B. K. Natarajan, “Sparse approximate solutions to linear systems,” SIAM ]. Computing,

vol. 24, no. 2, pp. 227-234, 1995.

D. L. Donoho and M. Elad, “Optimally sparse representation in general (nonorthogonal)
dictionaries via ¢! minimization,” Proc. Nat. Acad. Sci. USA, vol. 100, no. 5, pp- 2197-2202,
March 4, 2003.



294 BIBLIOGRAPHY

[83] Y.C. Eldar, “Compressed sensing of analog signals in shift-invariant spaces,” IEEE Trans.

Signal Process., vol. 57, no. 8, pp. 2986-2997, Aug. 2009.

[84] D. L. Donoho, “Compressed sensing,” IEEE Trans. Inf. Theory, vol. 52, no. 4, pp. 1289-
1306, 2006.

[85] E.]. Candes and T. Tao, “Near-optimal signal recovery from random projections: Uni-
versal encoding strategies?” IEEE Trans. Inf. Theory, vol. 52, no. 12, pp. 5406-5425, Dec.
2006.

[86] D. L. Donoho and I. M. Johnstone, “Ideal spatial adaptation by wavelet shrinkage,”
Biometrika, vol. 81, pp. 425-455, 1994.

[87] E. G. Larsson and Y. Selen, “Linear regression with a sparse parameter vector,” IEEE

Trans. Signal Process., vol. 55, no. 2, pp. 451-460, Feb. 2007.

[88] M. E. Tipping, “Sparse Bayesian learning and the relevance vector machine,” |. Machine

Learn. Res., vol. 1, pp. 211-244, 2001.

[89] P.Schniter, L. C. Potter, and ]. Ziniel, “Fast Bayesian matching pursuit,” in Proc. Inf. Theory
Appl. Workshop, San Diego, CA, Jan./Feb. 2008, pp. 326-333.

[90] L. L. Scharf, Statistical Signal Processing. Reading, MA: Addison-Wesley, 1991.

[91] C. Stein, “Inadmissibility of the usual estimator for the mean of a multivariate
distribution,” in Proc. Third Berkeley Symp. Math. Statist. Prob., vol. 1, 1956, pp. 197-206.
[Online]. Available: http:/ /projecteuclid.org/euclid.bsmsp /1200501656

[92] C. Carbonelli, S. Vedantam, and U. Mitra, “Sparse channel estimation with zero tap de-

tection,” vol. 6, no. 5, pp. 1743-1763, May 2007.

[93] M. Dong and L. Tong, “Optimal design and placement of pilot symbols for channel esti-
mation,” IEEE Trans. Signal Process., vol. 50, no. 12, pp. 3055-3069, Dec. 2002.

[94] A.Jung, Z. Ben-Haim, FE. Hlawatsch, and Y. C. Eldar, “On unbiased estimation of sparse
vectors corrupted by Gaussian noise,” in Proc. Int. Conf. Acoustics, Speech, and Signal Pro-

cessing (ICASSP 2010), Dallas, TX, Mar. 2010, pp. 3990-3993.

[95] D.L.Donoho and I. M. Johnstone, “Minimax risk over £, balls for /,-error,” Probab. Theory
Relat. Fields, vol. 99, pp. 277-303, 1994.



BIBLIOGRAPHY 295

[96] D. Donoho and I. M. Johnstone, “Minimax estimation via wavelet shrinkage,” Ann.

Statist., vol. 26, pp. 879-921, 1992.

[97] 1. M. Johnstone and B. W. Silverman, “Needles and straw in haystacks: Empirical Bayes
estimates of possibly sparse sequences,” Ann. Statist., vol. 32, pp. 15941649, 2004.

[98] S. Boyd and L. Vanderberghe, Convex Optimization. Cambridge, UK: Cambridge Univ.
Press, 2004. [Online]. Available: http://www.stanford.edu/~boyd/cvxbook.html

[99] ].S. Abel, “A bound on mean-square-estimate error,” IEEE Trans. Inf. Theory, vol. 39, no. 5,
pp- 1675-1680, 1993.

[100] P. Forster and P. Larzabal, “On lower bounds for deterministic parameter estimation,” in
Proc. Int. Conf. Acoust., Speech and Signal Processing (ICASSP 2002), vol. 2, Orlando, FL,
May 2002, pp. 1137-1140.

[101] K. Todros and J. Tabrikian, “A new lower bound on the mean-square error of unbiased
estimators,” in Proc. 2008 IEEE Int. Conf. on Acoust., Speech, and Signal Processing (ICASSP
2008), Las Vegas, NV, 2008, pp. 3913-3916.

[102] R. Strichartz, A Guide to Distribution Theory and Fourier Transforms. Boca Raton, FL: CRC
Press, 1993.

[103] D.S. Bernstein, Matrix Mathematics. Princeton, NJ: Princeton Univ. Press, 2005.

[104] A. Papoulis, Probability, Random Variables, and Stochastic Processes, 3rd ed. ~New York:
McGraw-Hill, 1991.

[105] J.J. Fuchs, “Recovery of exact sparse representations in the presence of bounded noise,”

IEEE Trans. Inf. Theory, vol. 51, no. 10, pp. 3601-3608, 2005.

[106] D. Donoho and X. Huo, “Uncertainty principles and ideal atomic decomposition,” IEEE
Trans. Inf. Theory, vol. 47, no. 7, pp. 2845-2862, 2001.

[107] T. Cai, L. Wang, and G. Xu, “Stable recovery of sparse signals and an oracle inequality,”
U. Penn., Tech. Rep., 2009. [Online]. Available: http://www-stat.wharton.upenn.edu/
~tcai/paper/Stable-Recovery-MIP.pdf

[108] Y. C. Eldar, “Uncertainty relations for shift-invariant analog signals,” IEEE Trans. Inf. The-
ory, vol. 55, no. 12, pp. 5742-5757, Dec. 2009.



296 BIBLIOGRAPHY

[109] Z. Ben-Haim, Y. C. Eldar, and M. Elad, “Coherence-based near-oracle performance guar-
antees for sparse estimation under Gaussian noise,” in Proc. Int. Conf. Acoustics, Speech,

and Signal Processing (ICASSP 2010), Dallas, TX, Mar. 2010, pp. 3590-3593.

[110] J. A. Tropp, “On the conditioning of random subdictionaries,” Applied and Computational
Harmonic Analysis, vol. 25, no. 1, pp. 1-24, 2008.

[111] J. S. Turek, I. Yavneh, M. Protter, and M. Elad, “On MMSE and MAP denoising under
sparse representation modeling over a unitary dictionary,” Applied and Computational

Harmonic Analysis, 2010, submitted.

[112] M.]. Wainwright, “Sharp thresholds for noisy and high-dimensional recovery of sparsity
using {q-constrained quadratic programming (Lasso),” IEEE Trans. Inf. Theory, vol. 55,

no. 5, pp. 2183-2202, May 2009.

[113] A. K. Fletcher and S. Rangan, “Orthogonal matching pursuit from noisy measurements:
A new analysis,” in Proc. Neural Information Processing Systems Conf. (NIPS), Vancouver,

Canada, Dec. 2009.

[114] T.T. Cai, G. Xu, and J. Zhang, “On recovery of sparse signals via ¢; minimization,” IEEE
Trans. Inf. Theory, vol. 55, no. 7, pp. 3388-3397, Jul. 2009.

[115] M. Elad, Sparse and Redundant Representations: From Theory to Applications in Signal and
Image Processing. New York: Springer, 2010, in print.

[116] G. H. Golub and C. F. Van Loan, Matrix Computations, 3rd ed. Baltimore, MD: Johns
Hopkins University Press, 1996.

[117] J. A. Tropp and A. C. Gilbert, “Signal recovery from random measurements via orthogo-

nal matching pursuit,” IEEE Trans. Inf. Theory, vol. 53, no. 12, pp. 4655—4666, Dec. 2007.

[118] T. Strohmer and R. W. Heath, Jr., “Grassmannian frames with applications to coding and
communication,” Applied and Computational Harmonic Analysis, vol. 14, no. 3, pp. 257-275,

May 2003.

[119] A. Stuart and J. K. Ord, Kendall’s Advanced Theory of Statistics, 6th ed. London: Edward
Arnold, 1994, vol. 1.

[120] Z.Siddk, “Rectangular confidence regions for the means of multivariate normal distribu-

tions,” J. Amer. Statist. Assoc., vol. 62, no. 318, pp. 626—633, Jun. 1967.



BIBLIOGRAPHY 297

[121] M. M. Bronstein, A. M. Bronstein, M. Zibulevsky, and Y. Y. Zeevi, “Blind deconvolution
of images using optimal sparse representations,” IEEE Trans. Image Process., vol. 14, no. 6,

pp- 726-736, Jun. 2005.

[122] M.]. Fadili, J.-L. Starck, and F. Murtagh, “Inpainting and zooming using sparse represen-
tations,” The Computer Journal, vol. 52, no. 1, pp. 64-79, 2009.

[123] Y. M. Luand M. N. Do, “A theory for sampling signals from a union of subspaces,” IEEE
Trans. Signal Process., vol. 56, no. 6, pp. 2334-2345, Jun. 2008.

[124] T. Blumensath and M. E. Davies, “Sampling theorems for signals from the union of finite-
dimensional linear subspaces,” IEEE Trans. Inf. Theory, vol. 55, no. 4, pp. 18721882, Apr.
2009.

[125] K. Gedalyahu, R. Tur, and Y. C. Eldar, “Multichannel sampling of pulse streams at
the rate of innovation,” IEEE Trans. Signal Process., submitted. [Online]. Available:

http:/ /arxiv.org/abs/1004.5070

[126] M. Mishali and Y. C. Eldar, “From theory to practice: Sub-Nyquist sampling of sparse
wideband analog signals,” IEEE ]. Sel. Topics Signal Process., vol. 4, no. 2, pp. 375-391,
Apr. 2010.

[127] ——, “Blind multi-band signal reconstruction: Compressed sensing for analog signals,”

IEEE Trans. Signal Process., vol. 57, no. 3, pp. 993-1009, Mar. 2009.

[128] M. Mishali, Y. C. Eldar, O. Dounaevsky, and E. Shoshan, “Xampling: Analog to digital
at sub-Nyquist rates,” IET |. Circuits, Devices and Systems, 2010, to appear. [Online].
Available: http://arxiv.org/abs/0912.2495

[129] D.G. Feingold and R. S. Varga, “Block diagonally dominant matrices and generalizations
of the Gerschgorin circle theorem,” Pacific J. Math., vol. 12, no. 4, pp. 1241-1250, 1962.

[130] T. W. Anderson, “The integral of a symmetric unimodal function over a symmetric con-

vex set and some probability inequalities,” Proc. Am. Math. Soc., vol. 6, pp. 170-176, 1955.

[131] M. Abramowitz and I. A. Stegun, Handbook of Mathematical Functions with Formulas,
Graphs, and Mathematical Tables. New York: Dover, 1964.

[132] P.Stoica and A. Nehorai, “MUSIC, maximum likelihood, and Cramer-Rao bound,” IEEE
Trans. Acoust., Speech, Signal Process., vol. 37, no. 5, pp. 720-741, 1989.



298 BIBLIOGRAPHY

[133] H.-H. Kuo, “White noise theory,” in Handbook of Stochastic Analysis and Applications,
D. Kannan and V. Lakshmikantham, Eds. New York: Marcel Dekker, 2002, ch. 3.

[134] 1. A. Ibragimov and R. Z. Has'minskii, Statistical Estimation: Asymptotic Theory. New
York: Springer, 1981.

[135] M. Unser, “Sampling—b50 years after Shannon,” Proc. IEEE, vol. 88, pp. 569-587, Apr.
2000.

[136] Y. C. Eldar and T. Michaeli, “Beyond bandlimited sampling,” IEEE Signal Process. Mag.,
vol. 26, no. 3, pp. 48-68, May 2009.

[137] M. Unser and A. Aldroubi, “A general sampling theory for nonideal acquisition devices,”

IEEE Trans. Signal Process., vol. 42, no. 11, pp. 2915-2925, Nov. 1994.

[138] Y. C. Eldar and T. G. Dvorkind, “A minimum squared-error framework for generalized

sampling,” IEEE Trans. Signal Process., vol. 54, no. 6, pp. 2155-2167, Jun. 2006.

[139] M. Unser and T. Blu, “Generalized smoothing splines and the optimal discretization of

the Wiener filter,” IEEE Trans. Signal Process., vol. 53, no. 6, pp. 2146-2159, 2005.

[140] Y.C. Eldar and M. Unser, “Nonideal sampling and interpolation from noisy observations
in shift-invariant spaces,” IEEE Trans. Signal Process., vol. 54, no. 7, pp. 2636-2651, Jul.
2006.

[141] S. Ramani, D. Van De Ville, T. Blu, and M. Unser, “Nonideal Sampling and Regularization
Theory,” IEEE Trans. Signal Process., vol. 56, no. 3, pp. 1055-1070, 2008.

[142] H.]. Landau and W. L. Miranker, “The recovery of distorted band-limited signals,” Jour-
nal of Math. Anal. and Appl., vol. 2, pp. 97-104, Feb. 1961.

[143] I. W. Sandberg, “On the properties of some systems that distort signals I,” Bell Syst. Tech.
J., vol. 42, pp. 2033-2047, September 1963.

[144] T. G. Dvorkind, Y. C. Eldar, and E. Matusiak, “Nonlinear and nonideal sampling: theory
and methods,” IEEE Trans. Signal Process., vol. 56, no. 12, pp. 5874-5890, Dec. 2008.

[145] T. Faktor, T. Michaeli, and Y. C. Eldar, “Nonlinear and nonideal sampling revisited,” IEEE
Signal Process. Lett., vol. 17, no. 2, pp. 205-208, February 2010.

[146] ]. G. Proakis, Digital Communications, 3rd ed. New York: McGraw-Hill, 1995.



BIBLIOGRAPHY 299

[147] A. Bruckstein, T. J. Shan, and T. Kailath, “The resolution of overlapping echos,” IEEE
Trans. Acoust., Speech, Signal Process., vol. 33, no. 6, pp. 1357-1367, 1985.

[148] Y. C. Eldar, “Sampling and reconstruction in arbitrary spaces and oblique dual frame

vectors,” J. Fourier Analys., vol. 1, no. 9, pp. 77-96, Jan. 2003.

[149] M. Loeve, “Fonctions aléatoires du second ordre,” in Processes Stochastiques et Mouvement

Brownien, P. Lévy, Ed. Paris: Gauthier-Villars, 1948.
[150] ——, Probability Theory. Springer, 1978, vol. II.

[151] O.P. Le Maitre and O. M. Knio, Spectral Methods for Uncertainty Quantification. Springer,
2010.

[152] Y. Yamashita and H. Ogawa, “Relative Karhunen-Loeve transform,” IEEE Trans. Signal
Process., vol. 44, no. 2, pp. 371-378, 1996.

[153] Y. Hua and W. Liu, “Generalized Karhunen-Loeve transform,” IEEE Signal Process. Lett.,
vol. 5, no. 6, pp. 141-142, 1998.

[154] Y. Hua and T. K. Sarpar, “Matrix pencil method for estimating parameters of exponen-
tially damped /undamped sinusoids in noise,” IEEE Trans. Acoust., Speech, Signal Process.,

vol. 38, no. 5, pp. 814-824, May 1990.

[155] B. Z. Bobrovski and M. Zakai, “A lower bound on the estimation error for certain diffu-

sion problems,” IEEE Trans. Inf. Theory, vol. 22, no. 1, pp. 45-52, Jan. 1976.

[156] A. Renaux, P. Forster, P. Larzabal, and C. Richmond, “The Bayesian Abel bound on the
mean square error,” in Proc. Int. Conf. Acoust., Speech and Signal Processing (ICASSP 2006),
vol. III, Toulouse, France, May 2006, pp. 9-12.

[157] S. M. Kay and Y. C. Eldar, “Rethinking biased estimation,” IEEE Signal Process. Mag.,
vol. 25, no. 3, pp. 133-136, May 2008.

[158] A. O. Hero, J. A. Fessler, and M. Usman, “Exploring estimator bias-variance tradeoffs
using the uniform CR bound,” IEEE Trans. Signal Process., vol. 44, no. 8, pp. 2026-2041,
1996.

[159] Y. C. Eldar, “Minimum variance in biased estimation: Bounds and asymptotically opti-

mal estimators,” IEEE Trans. Signal Process., vol. 52, no. 7, pp. 1915-1930, 2004.



300 BIBLIOGRAPHY

[160] , “Uniformly improving the Cramér-Rao bound and maximume-likelihood estima-

tion,” IEEE Trans. Signal Process., vol. 54, no. 8, pp. 2943-2956, 2006.

[161] , “MSE bounds with affine bias dominating the Cramér—Rao bound,” IEEE Trans.
Signal Process., vol. 56, no. 8, pp. 3824-3836, Aug. 2008.

[162] A. Renaux, “Contribution a l’analyse des performances d’estimation en traitement
statistique du signal,” Ph.D. dissertation, Ecole Normale Superieure de Cachan, 2006.

[Online]. Available: http:/ /tel.archives-ouvertes.fr/tel-00129527 /

[163] Z. Ben-Haim and Y. C. Eldar, “A Bayesian estimation bound based on the optimal bias
function,” in Proc. 2nd Int. Workshop on Computational Adv. in Multi-Sensor Adapt. Process.

(CAMSAP 2007), St. Thomas, U.S. Virgin Islands, Dec. 2007.
[164] E. H. Lieb and M. Loss, Analysis, 2nd ed. American Mathematical Society, 2001.

[165] D. R. Cox and N. Reid, “Parameter orthogonality and approximate conditional infer-

ence,” |. Roy. Statist. Soc. B, vol. 49, no. 1, pp. 1-39, 1987.

[166] H. L. Van Trees and K. L. Bell, Bayesian Bounds for Parameter Estimation and Nonlinear
Filtering/Tracking. New York: Wiley, 2007.

[167] I. M. Vinogradov, Ed., Encyclopaedia of Mathematics. =~ Dordrecht, The Netherlands:
Kluwer, 1995.

[168] Z.Ben-Haim and Y. C. Eldar, “A comment on the use of the Weiss—Weinstein bound with
constrained parameter sets,” IEEE Trans. Inf. Theory, vol. 54, no. 10, pp. 4682-4684, Oct.
2008.

[169] L. P. Lebedev and M. ]J. Cloud, The Calculus of Variations and Functional Analysis. New
Jersey: World Scientific, 2003.

[170] W. Rudin, Functional Analysis. New York: McGraw-Hill, 1973.
[171] I. M. Gelfand and S. V. Fomin, Calculus of Variations. Mineola, NY: Dover, 2000.

[172] T. J. Nohara and S. Haykin, “Application of the Weiss-Weinstein bound to a two-
dimensional antenna array,” IEEE Trans. Acoust., Speech, Signal Process., vol. 36, no. 9,

pp. 1533-1534, Sep. 1988.



BIBLIOGRAPHY 301

[173] D. F. DeLong, “Use of the Weiss—Weinstein bound to compare the direction-finding per-
formance of sparse arrays,” Lincoln Lab, Mass. Inst. Tech., Cambridge, MA, Tech. Rep.
982, 1993.

[174] K. L. Bell, “Performance bounds in parameter estimation with application to bearing

estimation,” Ph.D. dissertation, George Mason University, 1995.



NV VYN HTIND DMWY DN YN D) YNIND T ANNY IINDN OTHD DOVIVI DINNNIDN
DIPON NN DN DIION DY VYN DN > NN NNIND N DTN .DXPIYII MPPDT HYW 25N
NNN ONIVOYY DINNNN DMIDN .OMIT DIMIANND NIVYI MNP DIWNN NIN DINVX ;) DY 1NN
DYNMIMNON ,YHYN ,NTD NT DXP DADNN YD DIXIN NN IND DN ,7 P19 DOXIN MY TN
.DIPVAIND DX2IPNNN DWNINIAT YIND DI DOVPIY

MO NY DINN NN TD OVWY .wyd nnNN FRIMNIN b Dyis»an N 0PN X 8 P92
DOYINAN NN INNNY DOM ,NIND DY DTN NOIWND WK IPRY PTID DD : DINNNN DXIDN
DYRMIMNIN DY DOWNINAN OY NORND DINDNN NXNYN .ANNI NNDNT NN MYININI DYDY NIV
YN NN NN J9IND I8N PN TN DN ,TIUNT : MONRY NY HY NNYY NIVAND DMLPIY
NITY O DY NP Ty DDV DWINT PWND JN DN DMWY 10XTN NN YT DY 1D 10N
5D DIPNNIY L,MYIAN PNND DRNNA NNNYN MORWYN SNV MAWNN 2D DOIXIND NN I1NIINN
,ONY NN YTHRN NN 0 1I9IND DIV DN DINNP DINMINON DNV DIANN N YINN
NOYY 73295 NN

TINVNN MNND DNAY PINDMAN BYIYA DWNINA YNHDNI PO NTIAYN DY Mwn Ponn
NN PYN DINMNN NOMND TIVYN OINODMIAN 28N WD AT MIPI9-X NNOAND YY1 XN
NONMNN YY NWNN NPIDD ,D217 DNIPNI TN JDIVIRD TNV 1IN TONIN DN
MIINONN TIVYN N ,DMHDIVAIN-NN DIWYNI YHRNYND D1IPN 1991 ,NMIA 1IMNN
L, DMIWANT DYYIVIIND DOWINIAN DN PITAY Iy ¥ Nt asna (MAP) 125 n0 n0h0man
TN DY INNYN 2N D) ,09IN) .0NON 197010 MAP-n 7aywn oxn Ry Jm0) oY > 1o
NN 29PY UMD PN QY NNANN TN NRNIND 1PN YR NPND 510Y IIMND NONINN
A2YOND DYIP DNHON MYNNNI MOMVAIND NI

DDN NN DN DX L9 7792 ,7PYUNKT NINSIN MNY INN) DX I IPNHD DINN NNDNI
NN .NMONMNNY NOT KDY VYN TN ,1971 MV MNIYNXIY NMAY DON INT .TIDOPVINNRND MOLNN
SNR-2 39 7 SNR-2 0 2y X 9D DN 191,90 D»9YHD DpNnd Donn NX DXNIN
-D») DDN NN DMIPID NX 10 PI91 ,90N2 .DINK DHON N2Y DTN XOY IRNIN |,
DXANNA NPT NN DY NXIND MINNN NN M DRI 10N (Weiss-Weinsteinprowm

AN TIN2 NMON NXAPD RO MR DY IIPI-N TMIANDNN THAN TYNRD VI ,DINDN
NPAON TPNPNN NOVN DNIAY DXANN DIXTHI DOND NPIN DIOWNN NN .ONIYIND MINMIND
PNV MINIIN



NINY IN,DN0NN TANRD PPT 90N DY WIAXND 51D 727N ,DX00NN P2 Y9 MY IWND SUPID
D91 ,0°I¥1) NOND DY DN DXANNN DY MM TINN .DMIMNDND DX DY IRXIN NPNY NWY
.DONN NN M TIWYNN DX N 9D 11 112 DTN 220 DI MDD
A2 DOVNNONN DIDNN NN DYMN DMVPIY DOTIN 00N NPM ,NTaYN Tonna
M25TN YT DY NANIN 19,2580 1IONNY DTN DMINPN NN 1Y 159N DN OOTINN

YD WVITN AP XYY MMN W 57N 1N 310 15 .(block sparsityo pivbaa mvoT Hw asnd

NNNNN NN DXPTHIN NHNN DYTINNN D27 D 8D pvn (FRIHX finite rate of innovation
IHNIVIN PO DT MM .OMIYIR MNMIN DY NP D7) ANIN TIN2 DX2ANIN NN YW TIMN
.DYIDNN 112,017 DIPNA YOI MIVNINY

,INY 13 IONNY DMVPIN DOTIND NX VSN 1 PI9 .JHPOTI NIN N DAY DY Mann
YONNONN DINNN MTIV NN IPID 2 P9, PINK DN NPDIVN NAIYN MDD NN NIXPA 1P
MNDN TNPNAY ,NON DMNDN IO TIIYYI 1M YODIPNIIVT TIYYA 1 DN ’HoN HY
NTIAYN Y92 DIMINYAY PUNNINN DIDIN NN N (Crameér-Rapixi-1m7p oon Yv mnwn

oY OVLYNIVT PIWYY NHRNNA DXONONNN ,DYPON MNYD NPLINK NTayn NN
VT ND D N DNINN ,INY IR PYNID PONA ,TO DINDD TIYYD) 0030 DN
7220 NN NPTHIN NNNI NNIAPY THONYN RIN D VT IN,TIWIWNN DINDN DY 1I1PI9-NX MNANON
NYIVN 1Y ANNY INI-IDTP ODN DY NANIN INDN YN L3 P92 DONNN PHNN AN DINDN
VYN TIIYY NPV, OWND [, 97YNN DT AND . IDNOD NN WD DY MINNINAIND

DON .MPIMY MDOT TIYY NPV NAY INI-IDTP 00N DY MM PNN 4 PI9 ,TYNna
NXNY DY ,DIPN Y92 VYN ,TIONN NINY PPN NSPHNI YN NI DAPNND INI-INIP
DY TIIYY MMIMNON HY DN IRNYN DY DMPN INNY 921N MIYN 1IN 1B IRSIN DPNIND
IUND NPADN MINXAD TIVYN YT DY AN INI-INIP ODNY NIPY NPON OUNY NNY HPIIND

SV NONY DR DWINAD YN 1N DT A8N2 MNAY 199 ,mMa) XN (SNR) vy mirn ond
DPNND
NN 990 117 D27 0PN ,MA SNR-N AWXD 7170 INI-IIP DON DY NP N Y

nyya> Hammersley-Chapman-Robbiasn »xm 11,5 719 Y ynavn 1.7 SNR-2 oonn
NV PYND PYTY JN DIMDN DXANNA TN ,TPVIIIN AN 257N NN Y 00N .MDDT Ty
MY 9919 SNRY»INNA D9yWN HY DIINIAN DY 9N TN INIY N0

Y2 DN NMINLAN IPNY DAY DX 6 PINT ,DONNNNN DMONN MM INNY
M) ONAY DINIINON 190N DIPPY ,MNINND DMWY NI IPNI NT XY DTN DNSON
NN NN NT P92 NNNMIN .DIDIRND D1VDILVD DININ NNN DNPYY DIWINIA IDN POIDY
D 191N 2IWIND DINM WX ,NPVIIMPN D DOVIVS DXTTH DY MODIANN DI MNVIN
.DMITIP DNHON HY NONHD INY MPITH MYAPNNN DINNIN MNLIAN D2 DIPNIA

) NN 5-1 4 DP9 DY DNINNNN DMIDNN DY 6 P9 HY DINNIIN MINVIAN Y 11DV
NY2 G DYDY ,DNMP DIDIWYYN NIV ,DMINVMN DIWINAD YTHY P YN 1M



8PN

MYMN PITHI DIRNNND NVHRNN XN DOTIN NNONN NIN NOTINN MINT 932 315D DNN
MY MIAPII DMMINRD DNYYI MNIND TIY DINNI MIVNN MNDXNN 1PN M2 .NPYPID
NN 7Y PONIP NHINT .D¥IND HY DNDHN ND INNY 1DVIIY MYTN NPVNNHD MPAOV XM

MYNN Y2 MMN TAYLY NNIY NYIDN DR SNMYHDWN 1PN MWW (wavelets ©nvn nn

,(overcomplete ©1m (Sparsg D¥ooT DM YW HTNN XN NADN INDNT .NPVINIIV
D27 MNIX 79D MINIAND DY DD DT DT PINKD VYYD NI 7PN MMONIYNND NNV
LDINDN PO TINKD 7DMNON DY YOP 19010 DY 3N NPND PITH NNMY DN

O N1TIAY2 .NMVY DYOITA YONNN NTNY 1N DT I9INI MMNX YW NN DD PV
DN DXXIPN NADIN DY NI (Bayesian mixoo»an nuown :57Pn muXw nwa 159m
230N DY MIPI9-N NNVONNI YVNNN NN DAPN HTINN INYDMIAN DDA SVDMNIVT TIYYA
MMNY AWNRND DDDT MMND INY DM PIPIO-N MIANDN ONMD M) ,A0NTY [T ; TIWNN
230N YD NN NNIND L, NPVDINIVT IWY NPYIAD NN DNWD D07 NNMD DN DINY
NIDN NODIN T DY DTN DIOND 1M DT NDN PIYYA DINPI-N MIAN0N D91 WX TIWNN
) PMNY 0N DO TO .OMIVAN DY DY URIND NVTNN NXIIAPD THY MT-NON DIN0N »ad
NP MIDND MIANDN MNP D20 NN ,D¥DIDT DN DY MMND NNAPD 7OV DINON
00 MPNTH MPNN PADY DX NN PR IYNRI INY NNDINNND NPLDINIVTN NYNN ,T9D
.DMY DD NYNN DV 2INI-R MDD

DMV DMDH DMIIN DYTIN NNN PYND 1MW DWNXIN NN NMID NN N NTIAY NIVN
D22 1M MNINODMIAN DY Y1 DIRD ,NMIYYT MITTH TIND MMN TIIYY NPYIA 1591 NN 0192
PHND IDIRMY ,0MHDI-DOONNN DD NNAY DY 7P IO DYDY SLDYINIVTN TIVYN
DNV L0297 MMN D ,0MPNO0 DODTIN 190N NINN DMIN NN DYM) 10N INNY .0MDTIN
IMIRD TIDY NOONP 2792 MNWOY PRY Yoya

SV DMOWN DMND NY NN ,TIIYY MNTINON HY DMIVARD DIOWININ NN PPIND ¥TD
MOUND I DMIN NP DXIVN DWNNIAN ONH DXPTHINN ,DONNNN DIHDN : DN MIDN
DIININRY DINMOINY NNNI DN NKNI DIPIDNN (DN MNVLIAN IN) DNIPOY DMIDNI
DOTIY) YN SVIP NN DONNIND DINNNNN DNONN .7MNK W) P> NI DYDY DIDN
NN INYND N2 OXNOYD .TIYYN DY DPNY NN DY HTINN NN NMIYD 1N T MDY OIVIRND
AN D17 OMPN ,DIIN SN0 DIMINON KV K19 ONNIAY NNNNN DONN IR NPY
AND 992 DMINIR DY DONNAN NN NPINN TITID 7P 1NNV TN ANT DIVINND DI
ANV DOV P KD OO TIVWNN MIND 1D NOPVIN IWR ,NPOYN DONN DY ITPIN DID) IND
2IWONY 5P NN DTN

1Y 2NN D DY OX2P POV DONM NNNNN DONN YD MDD DX IO, TIONITN
DIPINON NIV OMNX PUND (LYNI) 1N D) DT DMOIMVNNN DONNIANY Td DY TN






MDD

2NYN NOTIND NVPA VTON NI /91T NMNINA NYYI IPNNN

PTIOITN NNYPN NOTHIND NINNN YORND Y)I9 791719) 1P ITDIVN DY GMVYNa ¥¥1 5 P9
WTND NOUMPONN TYON DN /A9 DY GMWYNI Y 6 PIS .1 DY NMOVN NVIDIDNINA
NN MOV HNVYN NOTIND NVNPINN OINDIND IN DY GMWYNI YN 8 P9 .)1”IDVI AWNNPN
.ONNYIN DY IPNND OXONIVN 3D NTIN

ODON NINN DY 22707 NNAYN YIPDY ,021P77) XY PPN 1IPY 99N IPY DTN N
2MNoNYNA NN






MMN TIIVYYY DIV YN0N
09219 DINIIIN YHya

IPNN DY NN

ININD NP MWIITN DV IPON N0 DWY
NI NOPYT

D»N-)2 NPaY

NIV ININDL 1IN — 11IDVN LNIDY WD
2010 9202M NN N7YUN YN






MMN TIIVYYY DIV YN0N
09219 DINIIIN YHya

D»N-)2 NPYaY





