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ABSTRACT OF THE DISSERTATION

Structured Sub-Nyquist Sampling with Applications in Compressive Toeplitz Covariance
Estimation, Super-Resolution and Phase Retrieval

by

Heng Qiao

Doctor of Philosophy in Electrical Engineering
(Signal and Image Processing)

University of California San Diego, 2019

Professor Piya Pal, Chair

Sub-Nyquist sampling has received a huge amount of interest in the past decade. In
classical compressed sensing theory, if the measurement procedure satisfies a particular condition
known as Restricted Isometry Property (RIP), we can achieve stable recovery of signals of low-
dimensional intrinsic structures with an order-wise optimal sample size. Such low-dimensional
structures include sparse and low rank for both vector and matrix cases. The main drawback of
conventional compressed sensing theory is that random measurements are required to ensure

the RIP property. However, in many applications such as imaging and array signal processing,

xviii



applying independent random measurements may not be practical as the systems are deterministic.
Moreover, random measurements based compressed sensing always exploits convex programs
for signal recovery even in the noiseless case, and solving those programs is computationally
intensive if the ambient dimension is large, especially in the matrix case.

The main contribution of this dissertation is that we propose a deterministic sub-Nyquist
sampling framework for compressing the structured signal and come up with computationally
efficient algorithms. Besides widely studied sparse and low-rank structures, we particularly focus
on the cases that the signals of interest are stationary or the measurements are of Fourier type. The
key difference between our work from classical compressed sensing theory is that we explicitly
exploit the second-order statistics of the signals, and study the equivalent quadratic measurement
model in the correlation domain. The essential observation made in this dissertation is that a
difference/sum coarray structure will arise from the quadratic model if the measurements are
of Fourier type. With these observations, we are able to achieve a better compression rate for
covariance estimation, identify more sources in array signal processing or recover the signals of
larger sparsity.

In this dissertation, we will first study the problem of Toeplitz covariance estimation. In
particular, we will show how to achieve an order-wise optimal compression rate using the idea of
sparse arrays in both general and low-rank cases. Then, an analysis framework of super-resolution
with positivity constraint is established. We will present fundamental robustness guarantees,
efficient algorithms and applications in practices. Next, we will study the problem of phase-
retrieval for which we successfully apply the sparse array ideas by fully exploiting the quadratic
measurement model. We achieve near-optimal sample complexity for both sparse and general
cases with practical Fourier measurements and provide efficient and deterministic recovery
algorithms. In the end, we will further elaborate on the essential role of non-negative constraint
in underdetermined inverse problems. In particular, we will analyze the nonlinear co-array

interpolation problem and develop a universal upper bound of the interpolation error. Bilinear
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problem with non-negative constraint will be considered next and the exact characterization of the
ambiguous solutions will be established for the first time in literature. At last, we will show how
to apply the nested array idea to solve real problems such as Kriging. Using spatial correlation
information, we are able to have a stable estimate of the field of interest with fewer sensors than
classic methodologies. Extensive numerical experiments are implemented to demonstrate our

theoretical claims.
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Chapter 1

Introduction

1.1 Background and Motivations

Sub-Nyquist sampling has been intensely studied in the past decades along with the
emergence of “Big Data” [20,21]. The research interest comes from the fact that there is a
widening gap between the volume of available data and the resources for storing, communicating
and processing. Big data arises in many applications ranging from sensor networks, computer
vision, artificial intelligence, surveillance system, genomics, web search, video streaming, social
networks, to name a few. However, one common feature of these applications is that the underlying
information of interest has a structure of much lower dimension compared to the ambient size
of the raw data. Two typical low-dimensional structures considered in literature are sparse and
low-rank. For example, a medical imaging device will collect a sequence of two-dimensional
images which are corrupted by the blurring kernel and/or additive noise. The ultimate goal is to
recover the locations of particular molecules rather than the time-variant signal intensities. This
key observation provides us the opportunity to design efficient sampling strategies with much
fewer samples by exploiting certain prior knowledge of the sources.

The classical compressed sensing theory was motivated by the prior work on decomposing



a signal in a sparse way with respect to a particular over-complete dictionary, and considered an
opposite problem that how to design a measurement matrix to compress a sparse signal without
information loss [22-26]. The key analysis tools are variants of concentration bounds which will
ensure that the measurement process will satisfy a property known as Restricted Isometry Property
(RIP) with high probability. Similar ideas have been later extended to matrix completion [51] and
sparse/low rank matrix compression [28,29, 89]. Because of the dependence on sophisticated
probabilistic tools, the measurement procedures in all these work are based on random sampling,
which may not be practical in many applications. Instead, in this dissertation, we will mainly
study underdetermined inverse problems with deterministic sampling strategies. One of the
advantages of deterministic sampling is that it allows us to exploit the statistical prior knowledge
of the signals, which cannot be efficiently utilized by random sampling. As demonstrated in
literature, certain statistical structures are known a priori. For example, in array signal processing,
the income signals from different targets are statistically uncorrelated. Using this kind of prior
knowledge, we are able to derive theoretical guarantees of stable sparse recovery with fewer
measurements or sensors. Moreover, efficient algorithms can be designed.

As a high-level summary, our work in this dissertation differs from previous literature in

following ways:

e We avoid the use of random sampling by explicitly exploiting the statistical properties of

the signals and certain quadratic structures of the measurement models.

e Using the statistical structures of the signal, we design deterministic samplers based on the
idea of sparse arrays, with which we can achieve order-wise optimal sample complexity

and come up with efficient algorithms.

e Our analysis will be applicable to a family of recovery algorithms including both convex
and non-convex programs. The performance guarantees are also universal and derived from

the fundamental structures of the signals and models.



e We highlight the role of non-negative constraints (positivity/positive semidefinite) in sparse
recovery. These constraints are not subspace-based as widely used sparse and low-rank
constraints. We show that non-negative constraints are essential in robustness analysis and

allows for relaxed conditions and simpler algorithms.

1.2 Compressive Toeplitz Covariance Sketching and Quadratic
Samplers

In classical compressed sensing theory [96], the compressive measurement model can be

written as
y=Ax+n

where y € CM represents low dimensional linear measurement of a high dimensional sparse
vector x € CV (N > M) using the measurement matrix A € C*¥_ The number of non-zero
elements of x, denoted by ||x||o = s is typically small, i.e. s < N. Giveny, x is typically

reconstructed using the following /; minimization:

min ||z,
z

st. y=Ax (1.1

By invoking certain isometric properties of high dimensional random linear operators [24],
the original high dimensional signal can be successfully recovered from its low-dimensional
measurement using /; minimization [22,23]. In particular, for a wide class of random A with
i.i.d entries, it can be shown that M = O(slog(N/s)) measurements suffice for perfectly

reconstructing x with overwhelming probability (that grows to 1 exponentially with V).



In many applications, however, our goal is to infer certain statistics of interest from high
dimensional signals (such as stock price series over several months). In such cases, it may not be
necessary to reconstruct the original signal and compression can be obtained without requiring the
signal to be sparse. Furthermore, the physics of the problem can impose structures on the ensuing
acquisition system, leading to the possibility of “structured sampling” strategies. Also often, one
can make informed assumptions about the nature of randomness, or statistical distribution of the
data (which is frequently done in statistical signal processing) that can be judiciously exploited by
the sampling technique. Standard compressive sensing techniques, that heavily rely on sparsity
of representation, and use linear random projections for taking measurements, may turn out to
be either inapplicable, or sub-optimal in such settings. We will illustrate this in the context of
compressive covariance sketching, where the goal is to infer the covariance matrix parameterizing
the distribution of high dimensional signals, from their compressed sketch.

In many signal and information processing tasks, (such as spectral estimation and source
localization), the covariance matrix R, = E(xx?) of the (zero-mean) high dimensional random
signal x is used for subsequent estimation/detection tasks. However, owing to its large size, it
may be impractical to store and/or communicate Ry (or its estimate). Instead, if we acquire
compressive linear measurements of x as y = Ax, the covariance matrix R,, of y now acts as a
compressive sketch of Rx which can be effectively stored and/or processed. The high dimensional

covariance matrix Ry and its compressive sketch R, are related as

R, = ARA" (1.2)

Notice that R, and R are still linearly related, and in the most general setting, this linear map is

equal to the Kronecker product A* ® A. This is seen more clearly using the following vectorized



form:
vec(Ry) = (A* ® A) vec(Ry)

Hence, each element of Ry is a quadratic function of the elements of A. The key idea in
compressive covariance sensing is to design the linear operator A such that its aforementioned
quadratic form possess certain desirable properties which can be exploited to reconstruct Ry from
an optimal number of measurements. It is to be noted that Kronecker products of measurement
matrices have been studied and analyzed for compressed sensing and sketching of images and
other matrices [27,28]. More recently, the performance of nuclear norm based compressive
covariance estimation algorithms has been studied using random A with i.i.d entries. However,
when the covariance matrix is highly structured, a direct application of these results will produce
sub-optimal number of measurements. In other words, by carefully exploiting the specific
structure of Ry (such as its positive semidefinite property), it may be possible to achieve a
greater degree of compression via clever design of structured deterministic A. In this thesis, we
will assume R to be a Toeplitz structured covariance matrix, and derive an optimal structured
sampling strategy (inspired from prior work on nested arrays [45]) that can provably perform
exact and stable reconstruction of R, from its compressed sketch, acquired using an optimal

number of measurements, which is only a function of the rank of Ry.

1.3 Super Resolution and Support Recovery with Non Nega-
tive Constraint

The common goal of super-resolution and support recovery is to estimate the locations
of the non-zero entries from a few noisy low-passed measurements. In previous literature, the

structures exploited to solve this underdetermined system are sparse [139, 141, 143, 145] and



non-negative constraint [61, 148]. In particular, the measurement model in both continuous and

discrete cases can be expressed in a unified way as

y=Qx+n (1.3)

where n represents the additive noise and Q, x have different meanings according to the context

e Continuous Case: Qx € CF are the first few Fourier-series coefficients and x € C*
consists of the amplitudes of k spikes. The goal is to recover the amplitudes x and gridless

support w = {wp, - -+ ,wg_1} fromy.

e Discrete Case: Q € CM*¥ is a partial DFT matrix and x € C" is a sparse vector with

|Ix||[o = k. The objective is to recover the support as well as the non-zero entries of x.

The problems of super-resolution and support recovery are closely connected and similar analysis
tools can be exploited to provide robust guarantees of estimating x in both cases.

The major contribution of this dissertation to the theory of super-resolution/support-
recovery is that we show it is possible to have robust estimate even in the regime k£ > M by
exploiting the idea of sparse array. No analysis has been done in this regime in literature. The
application of sparse array is natural as the measurement matrix Q is of Fourier type. A difference
co-array will arise in the correlation domain such that Q (in the correlation domain) will have
more rows than the physical number of measurements. This will allow for the stable recovery of
larger support.

We will highlight the role of non-negativity constraint on x which arises if we only focus
on the support recovery and exploit the correlation information of the signal (x will represent
the signal powers in this case). Furthermore, with the non-negative constraint, we can formulate
a non-convex program to promote the sparsity of the recovered support. The key idea is that a
non-negative vector can be written as a entry-wise square of another vector with the same support.

We propose an iterative algorithm to efficiently solve this non-convex program. As another



contribution of independent interest, we provide a benchmark named Modulus of Continuity
(MC) for evaluating different convex/non-convex super-resolution algorithms with non-negative
constraint. By computing the MC of super-resolution with non-negative constraint, we show that

non-negative constraint will ensure a lower error bound compared with general case.

1.4 Phase Retrieval and Structured Fourier Samplers

Besides covariance compression, quadratic Samplers also arise in a famous problem from
high resolution optical imaging, namely that of phase retrieval. It finds extensive application in
many areas of imaging science, such as X-ray crystallography, diffraction imaging, molecular
imaging and high resolution microscopy, astronomical imaging, to name a few. The goal is to
recover an unknown signal (or an image) from the magnitude of its Fourier measurements. It
arises from the fact that detectors often are unable to measure the phase of incident optical wave,
whereby much of the structural information contained in the image may be lost. The (noiseless)

measurement model for phase retrieval can be represented as
yi:‘<a’i7x>’7i:1727"'7M (1.4)

Here x € CV is the unknown signal of interest and 1;,1 < i < M represent M intensity
measurements acquired using the measurement vectors a;,7 = 1,2--- , M. The problem of
phase retrieval has received great attention across scientific and engineering communities [75,
77,100, 105], both due to fundamental mathematical questions on the number of necessary
and sufficient measurements (i.e. relation between M and N) and the need for developing
robust algorithms that can successfully recover x (upto a trivial global phase ambiguity) from
yi,i = 1,2,--- M. The problem of Fourier phase retrieval (i.e . when {a, }£, represent columns
of a DFT matrix) is particularly elusive, since the presence of multiple spectral factors make

the problem fundamentally ill-posed (to be elaborated later in Chapter 4). In recent times, there



have been attempts at resolving this ambiguity by using sparsity as a prior [104], using coded
diffraction masks [164], or using STFT [72]. However, these methods are often sub-optimal in
terms of the number of measurements required to ensure perfect reconstruction.

In this dissertation, we will develop a new Fourier-based measurement system (again,
inspired from nested arrays) that can perform phase retrieval with provably near-minimal number
of measurements. A key idea is to realize that the non-linear measurement model for phase

retrieval can be recast in the following form
Y = <a;fF ® af) vec(xx') (1.5)

It can be seen that y? is a linear function of the matrix xx and this equivalent linear map actually
consists of quadratic products of the measurement vector a;. We can actually view (1.5) as a
special case of covariance sketching, where xx!! represents a rank-1 covariance matrix. This
formulation will help us exploit ideas from covariance estimation using nested samplers to design

highly efficient Fourier-based measurement vectors a; for phase retrieval.

1.5 Dissertation Structure and Contributions

This dissertation is organized as follows:

1.5.1 Compressive Toeplitz Covariance Estimation and Generalized Nested

Sampler

In Chapter 2, we address the problem of compressive Toeplitz covariance estimation
using Generalized Nested Sampler (GNS). We will show how to exploit the difference coarray
structure embedded in the quadratic measurement model, and achieve the order-wise optimal

sample complexity. The contributions are summarized as follows



o In the noiseless case, we obtain order-wise optimal sample complexity using GNS for the
general or low rank case respectively. Our recovery algorithm is deterministic and has
much lower computational complexity compared to previous methods, especially in the

low rank case.

e In the noisy case, we provide a universal robustness analysis of Toeplitz covariance estima-
tion which is independent of particular algorithms. This analysis relies on the Vandermonde
decomposition of Toeplitz covariance matrices and exploits the tools in the literature of

line spectrum estimation.

e For low-rank Toeplitz covariance matrix estimation, our algorithm does not involve any
penalty such as nuclear norm to promote low rank structure. Instead, we propose a
simple two step approach and make predictions to estimate the original high-dimensional
covariance matrix. We demonstrate that positive semidefinite Toeplitz constraint alone will
guarantee a stable recovery. Our algorithm is computationally efficient as we do not solve a

convex program of the ambient signal dimension.

e We analyze the non-convex maximum likelihood (ML) algorithm for estimating low rank
Toeplitz covariance matrix with finite noisy measurements. By analyzing three equivalent

ML formulations, we show exact recovery is guaranteed with GNS measurements.

1.5.2 Super Resolution and Support Recovery with Non Negative Con-

straint

In Chapter 3, we discuss the closely-related problems of super-resolution and support
recovery. For the first time in literature, we introduce the idea of sparse array to recover more
sources than sensors. We consider both continuous and discrete settings. We particularly highlight

the role of non-negativity in the robustness analysis. We make following significant contributions



e Motivated by the Fourier structure of the measurement matrix Q, we exploit the correlation
information and apply the idea of sparse array to demonstrate the possibility of recovering
larger support than the number of measurements. In the correlation domain, x will represent
the signal powers and is naturally non-negative. Our recovery algorithms will enforce the

non-negative constraint.

e We develop a universal bound on the error of estimating x. The analysis is applicable to
both convex/non-convex algorithms as long as the non-negativity constraint is enforced and

a separation condition of the true support is satisfied .

e With the universal upper bound of the estimation error, we provide a computationally
efficient algorithm to recover the support by simply hard-thresholding the estimated signal

powers. Our analysis does not require the prior knowledge of noise and signal powers.

e We try to understand how non-negativity constraint is helpful on stable recovery by formu-
lating an equivalent non-convex optimization program. Such formulation directly relies on
the non-negative property, and is shown to further promote sparsity than convex programs.

We provide a reweighted iterative algorithm to solve the non-convex program.

e We study a particular super-resolution problem known as fluorescence microscopy. Mo-
tivated by the underlying physics, we exploit the facts that the sources are statistically
uncorrelated and the point spread function can be approximated by a Gaussian function.
After applying the sparse array idea, we successfully show that more sources than sensors

can be localized by utilizing a novel sum coarray structure in the correlation domain.

1.5.3 Phase Retrieval and Structured Fourier Samplers

In Chapter 4, we study the problem of phase retrieval using structured Fourier samplers.

Compared to previous relevant work, we have made several significant contributions:

10



e We propose a novel Fourier-type sampler called partial nested Fourier sampler (PNFS)
that can exploit the quadratic measurement model of phase retrieval. A difference coarray
structure arises which can decompose the coupled correlation lags to guarantee uniqueness
of recovery. Since the sampling scheme is deterministic, our recovery algorithm is also
deterministic and computationally efficient compared with conventional convex methods

with random measurements.

e Using PNFS, for the first time in literature, we achieve O(slog V) sample complexity for

stable sparse phase retrieval.

Finally, in Chapter 5, we discuss two important extensions of our theoretical work in
previous chapters, and further emphasize the usefulness of non-negativity constraint. In particular,
we will present a unified analysis of co-array interpolation, which is applicable to a broad family
of algorithms with positive semidefinite constraint. This work won the best student paper award
(first place) at IEEE ICASSP 2017 in New Orleans, USA.

Then, we study the bilinear problem with non-negative constraint. For the first time in
literature, an exact analysis of the set of ambiguous solutions is developed, especially in the case
with more variables than equations. This work was nominated for the best student paper award at
IEEE CAMSAP 2019.

In the end, we will apply the nested array idea to the problem of Kriging and provide
a robustness guarantee based on total least-squares method. The field of interest can be stably
estimated with fewer sensors as a benefit of exploiting the spatial correlation information and

Sparse array structure.
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Chapter 2

Compressive Covariance Sketching and

Quadratic Samplers

This chapter considers the problem of compressively sampling wide sense stationary
random vectors with a low rank Toeplitz covariance matrix. Certain families of structured
deterministic samplers are shown to efficiently compress a high dimensional Toeplitz matrix of
size N x N, producing a compressed sketch of size O(+/r) x O(,/r).The reconstruction problem
can be cast as that of line spectrum estimation, whereby, in absence of noise, Toeplitz matrices
of any size N can be exactly recovered from compressive sketches of size O(1/r) x O(y/T), no
matter how large N is. In presence of noise and finite data, the line spectrum estimation algorithm
is combined with a novel denoising technique that only exploits a positive semidefinite (PSD)
Toeplitz constraint to denoise the compressed sketch using a simple least-squares minimization
framework. A major advantage of the algorithm is that it does not require any regularization
parameter. It also enjoys lower computational complexity owing to its ability to predict the
unobserved entries of the low rank Toeplitz matrix. Explicit bounds on the reconstruction error
are established and it is shown that the PSD constraint on the denoiser is sufficient to ensure

stable reconstruction from a sketch of size O(1/r) x O(y/r). Extensive simulations demonstrate

12



that the proposed algorithm provides better performance over random samplers and algorithms

that use nuclear norm based regularizers.

2.1 Introduction

Estimation of second-order statistics (or correlation) of high-dimensional data plays a
central role in modern statistical analysis and information processing. The covariance matrix
acts as a sufficient statistic in many signal processing problems [33, 34]. It also provides a
compact summary of a large dataset, and is used for dimensionality reduction. A popular
example is that of principal component analysis [35,36] where the second-order statistics of the
data are used to project the data along the dominant eigenvectors, thereby attaining dimension
reduction. The inverse covariance matrix also plays an important role in many applications
related to classification of Gaussian data and establishing independence relations in exploratory
data analysis and testing [37]. Owing to its large dimension, it may not be always possible to
store and/or reliably communicate the entire high dimensional covariance matrix. Hence, it is
crucial to obtain a compressive sketch of the covariance matrix which can be efficiently stored and
transmitted. The topic of compressive covariance sampling [38—40,42,43], is receiving increasing
attention, where the goal is to compress and reconstruct the high dimensional covariance matrix
using so-called covariance samplers. In general, it is not possible to design a compressive sampler
unless the correlation matrix exhibits some low dimensional structure that allows compression.
Typical structural assumptions include that of sparsity, low rank and stationarity of data (which

imposes a Toeplitz structure on the covariance matrix) [38,40].

2.1.1 Related Work

The problem of obtaining a sketch of the covariance matrix by compressively sampling the

underlying random process has been recently investigated in a number of works [28,38—40,42]. In
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[28], a high dimensional covariance matrix ¥ € RV*¥ is sketched using rank-one measurements
where X is assumed to exhibit distributed sparsity. The required sample size for compressing
sparse covariance matrices is proved to be O(\/N logN'). When the covariance matrix exhibits
a Toeplitz structure, compressive covariance sensing becomes equivalent to compressive power
spectrum estimation, which has been investigated in [39,40,42—45]. The common theme in this
body of work is the use of deterministic sub-Nyquist samplers (often inspired from the idea of
difference-sets [32]) for compressively sampling WSS signals. Such samplers can compress
Toeplitz matrices of size N x N using a sketch of size O(v'N) x O(v/N). The work in [46],
considers a cyclostationary signal model for which the number of measurements is shown to be
O(V/'N). In [48], the authors consider the estimation of Toeplitz covariance matrix via Maximum
Likelihood methods. However, the results are asymptotic and no stability result is available for a
noisy and finite snapshot model.

In this chapter, besides Toeplitz structure, we also exploit low rank of the covariance matrix
that allows further compression over what is possible by exploiting the Toeplitz structure alone. In
many practical problems across scientific and engineering disciplines, the signal of interest often
has a spectrally sparse represenation, i.e., its power spectrum can be modeled as a superposition of
a few spikes [109]. By Carathéodory’s theorem, the covariance matrix of such signals possess low
rank positive semidefinite (PSD) Toeplitz structure, and they arise in a large number of practical
applications such as direction finding for radar, sonar and astronomical imaging [49,110-112,139],
neural source localization using sensor arrays (e.g. EEG/MEG) [113-115], source localization
and inverse scattering in seismic imaging [116,117,233] and so forth. In these problems, low
rank is typically attributed to the presence of only a few sources or scatterers compared to the
number of physical sensors. ! A key feature of our reconstruction algorithm is that unlike sparsity

enforcing techniques [119, 120] which discretize the parameter space into a grid with finite points

LOwing to the presence of noise, the covariance matrix of the received signal in these applications is not strictly
low rank, rather it is a sum of low rank PSD Toeplitz matrix, and a scaled diagonal matrix, where the scaling factor
denotes noise power. We will show in Sec. 2.4 that the proposed sampling and reconstruction framework continues
to be applicable for such full rank positive definite Toeplitz matrices as well.
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and assumes the parameters to lie on this grid, we allow the spectral lines to take up any value
continuously within a range. In this regard, our algorithm belongs to a class of “discretization-
free” or “gridless line spectrum estimation” techniques which encompass classical methods such
as MUSIC, covariance fitting algorithms based on Maximum Likelihood criterion [48,121], as
well as more recent techniques based on nuclear and atomic norm minimization [57,59].

The terminology “gridless” is also used in recent literature [122, 123,127, 128]. The
authors in [122, 127] consider gridless extension of the SPICE algorithm [120] and its connection
to regularizer based methods. In [123], a denoising based MUSIC algorithm for DOA estimation
of more sources than sensors is proposed to combat finite snapshot estimation errors. In [128],
algorithmic implementations of atomic norm based algorithms are discussed. However, these
works do not establish any stability analysis or explicit error bounds for gridless methods as a

function of the number of snapshots.

2.2 Preliminaries for Low Rank Toeplitz Recovery

We begin by introducing our measurement model and then review a key property of low

rank Toeplitz matrices that we will exploit throughout the paper.

2.2.1 Model Description

Consider a sequence of high dimensional zero-mean random vectors {x,}>° _ of di-
mension [V (N is a large integer), whose covariance matrix is given by & (prg) 2T ¢ RVXV,
We compressively sample the data using a sampling matrix A, € RM*N M < N to obtain
yp = Ayx, where M is treated as sample size to be minimized throughout the paper. The
covariance matrix of {y,}

o e
oo 18 given by

Ry = Ely,y./] = A,TA] 2.1)
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Instead of the larger covariance matrix T, we store and/or transmit the compressed covariance
matrix Ry € RM*M_ This paper focuses on the special case when the vectors x,, are wide-
sense stationary, whereby its covariance matrix T € RY*¥ is a Toeplitz matrix, satisfying
(Tlmn = [Thntkntk = tim—n|, Vm,n,k. The goal of this paper is to design the sampling
matrix A to obtain the compressed sketch Ry and develop a reconstruction algorithm to recover

T from Ry under the assumption that T is Toeplitz and low rank.

2.2.2 Low Rank Toeplitz Matrix and Vandermonde Decomposition Lemma

Our proposed sampling scheme and recovery algorithms are fundamentally based on the
famous Carathéodory’s theorem [56, 64, 65] that provides an explicit algebraic structure of T' in

terms of a Vandermonde matrix:

Theorem1 A positive semidefinite Toeplitz matrix T € RY*YN with rank r < N has the

following decomposition:

T = VyDVY} (2.2)
where Vy € CV*" = [vn(f1), v (f2), -+, vn(fr)] and each column v (f;) is defined as
Vi (fi)lk = 2D f e (-1/2,1/2), 1<k <N (2.3)
The matrix D € R"*" is diagonal with positive entries {dy,ds, - ,d, }.

Remark1. The Vandermonde decomposition lemma is also true for complex valued low rank

PSD Toeplitz matrices. However, we present it for real valued T which is the focus of current
paper.

The decomposition (2.2) allows us to deduce similar factorization for all leading principals
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of T. In particular, we have the following corollary

Corollaryl Forall1 <n < N, we have the following decomposition of T,
T = V,DV, 24

where the columns of V,, € C"*" are defined in the same way as (2.3).

The degrees of freedom of a matrix is defined as the minimum number of real numbers
needed to represent it. Using Carathéodory’s theorem, the degrees of freedom of a rank r Toeplitz

matrix is given by

Corollary2 A PSD Toeplitz matrix T € RY*Y with rank r, has at most 2r degrees of freedom

(DOF), characterized by the real numbers { f;, d;}_, given by (2.3).

Two important remarks follow:

e The DOF of a rank » < N Toeplitz matrix is completely independent of the ambient
dimension N. We will exploit this property to propose a recovery technique that has

significantly lower complexity than the nuclear norm minimization framework of [58, 59].

e Any (order-wise) optimal sketching method should produce a sketch Ry of size O(/r) X
O(4/r), i.e., it should contain O(r) measurements of T. The proposed sampling and

reconstruction scheme will be shown to be order-wise optimal.

2.3 Near Optimal Compression and Recovery of Low-Rank
Toeplitz Matrices

The Vandermonde decomposition lemma dictates that a rank » PSD Toeplitz matrix can

be compressed by simply retaining its n x n principal T,y where n = O(r). The possibility of
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compressing and reconstructing a n x n Toeplitz matrix simply by exploiting the redundancies in
its entries has been explored in [39,40,42,43] where the sampling matrix A is constructed using
a minimum redundancy sampler or a sparse ruler [32]. The size of the optimally compressed
covariance matrix is O(y/n) x O(y/n) and it retains all n distinct entries of T,,). However, one
disadvantage of using sparse rulers is that there are no closed form expressions for the sampling
set, or the exact size of the sketch. We recently proposed another structured deterministic sampler,
namely, the Generalized Nested Sampler (GNS) [2, 10] that ensures perfect reconstruction of T'(;,)
from a compressed sketch of size O(y/n) x O(y/n). An advantage of GNS is that closed form
expressions for the sampling matrix A and the size of the sketch can be derived for almost any n.

The use of random samplers for compressing Toeplitz matrices has also been considered
in [40], and it is shown that with probability 1, they attain the same order wise compression (i.e.
O(y/n)) as sparse rulers. However, these samplers usually lead to a dense measurement matrix
A while sparse rulers or GNS yield highly sparse A which can require less storage space and
allow faster computations. We next introduce the principles behind a GNS and discuss how it can
be used for low-rank Toeplitz compression. We would like to reiterate that in principle, the GNS
can be replaced by a sparse ruler or minimum redundancy sampler, without any loss in generality

of the derived results.

2.3.1 Review of Generalized Nested Sampler (GNS)

The Generalized Nested Sampler (GNS) was first introduced in [10] and further developed
in [2]. Following [10], we review some key properties in this section. A GNS is defined in terms

of two integer-valued functions ©(/N) and I'(V).

Definition1 For any integer L > 6, define ©(L) and I'(L) as integers such that

O(L) = U/L+i—%J I'(L)=1+L—6%*L) (2.5)
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Here |.] denotes the floor operation.

Given an integer L, a GNS can be defined as a measurement matrix as follows:

Definition2 For any integer L > 6, define the effective Generalized Nested Sampling matrix

ALy € RM*L with M =T'(L) + ©(L) — 1, as

(

1 ifi=j, 1<i<D(L)
[AGnsli = (2.6)

0 Elsewhere

\

Remark?2. As a simple observation, from (2.5), we always have M < L for L. > 6. Also, M is
of order O(v/L). The specific case of L = M?/4 + M/2 — 1 was introduced as “Nested Array”
in [45]. As discussed in [10], the fundamental idea behind GNS or other sparse ruler type sampler
is to exploit the difference set of the sampling indices. In particular, each row of A contains a
single 1 and let (i) denote the index of the column containing it. Then, the (i, j)th entry of Ry
corresponds to t.(;y_(j). The length of smallest range over which (i, j) should be chosen so that
{c(i) — ¢(4)} spans all integers from 0 to L — 1 is O(+/L) and the GNS shows a constructive way

to select (i) over this range.

The following result from [10] shows how to compress a N x N Toeplitz matrix without

assuming it to be low rank.

Lemmal A real symmetric Toeplitz matrix T € RY*¥ can be exactly recovered from its
compressed measurement Ry = AN T(AYys)T where ANy s € RM*N js a Generalized

Nested Sampling Matrix given by (2.6).
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To illustrate how GNS works, we show an example of small dimension. Let T be a real PSD

Toeplitz matrix of dimension N = 6 with first column [to,#;,- -+ ,t5]7. Then AY ¢ is given by

Adys = ? 2.7

Ry = (2.8)

,,,,,,,,,,,,,,,,,,,,

Then obviously, we can recover T from observation Ryy.

Compression Using Structure Alone: It is worth noting that the row or column size M of the
compressed matrix Ry is O(\/N ). This shows that GNS can compress a N x N Toeplitz matrix
T by entirely exploiting its structure, even when it is not necessarily low rank. As an immediate

consequence of Lemma 1, we have following corollary on recovering the n x n principal T'(,,) of

T.

Corollary3 For any 6 < n < N, T, can be exactly recovered from its compressive sketch

Ry = A,TAT where the measurement matrix A, € RI'M+O()=UxN jg ojven by A, defined as

As = [Agns, O] (2.9)

where A%y o € REM+O)-1xn jg 4 GNS defined as (2.6).
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2.3.2 Sampling and Reconstruction in absence of noise

We now propose an end-to-end sampling and reconstruction scheme for low rank PSD
Toeplitz matrices in noiseless case using GNS as a representative example of an order-wise

optimal sampler. In principle, GNS can also be replaced by a sparse-ruler type sampler [39,40].
1. Compression: Given a sequence of high dimensional WSS data x,, € RY with Toeplitz
covariance matrix T having rank » < /N, obtain compressed measurements

yp € RI(+a)+6(r+9)—1

as
v, = Ax,, A, =[AL,0] (2.10)

Here ¢ > 1 and A, € RECFTO+O(r+9)-1x(r+a) jg 3 GNS sampler. Compute the

covariance of the compressed measurements to obtain the required sketch

Ry € ROCH0+O0+0)=D)x(D(r+0)+6(r+0)-1)

of TasRy £ F (ypy,) = ASTAT From the structure of A, in (2.10), it can be readily

observed that Ry = AE\?ST(TM)(ATGJ?\?S)T

2. Reconstruction: Given Ry obtained from the compression stage, we proceed to recon-

struct T as follows:

(a) Recover T, from Ry. This is possible as dictated by Corollary 3.

(b) Noticing that T, is a rank deficient (rank r) PSD Toeplitz matrix for ¢ > 1, let

{fi,d;},i =1,2,---  r be the parameters describing its parametric decomposition
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(2.4). Recover { f;, d;} using MUSIC and least-square (LS) according to (2.4).

(c) Given {f;,d;}, recover T using its Vandermonde decomposition (2.2).

Fig. 2.1 shows the pictorial depiction of the end-to-end compression and reconstruction system.

wuvmoUoOwZ OO

Figure 2.1: GNS based sampling and reconstruction of low rank PSD Toeplitz matrix
in absence of noise.

2.3.3 Efficient Reconstruction Algorithm via Linear Prediction

In [2], we relate the low-rank Toeplitz covariance estimation problem to linear prediction
of line spectrum process. Consider a zero mean scalar WSS process z[n| whose autcorrelation
matrix of size N is given by T. In particular, defining zx [n] = [2[n], 2[n — 1], - 2[n — N +1]]%,

we have

T = E(zy[n)zx[n)") (2.11)

Now we know that T'(,, 1) is of rank 7, and hence has a 1 dimensional null space. Without

losing generality, let b € Null(T,)) and to make it unique, we normalize the first entry of b to
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1,1.e., by = 1. Then,

T(r+1)b =0= bTT(H_l)b =0
= b7E {2,11[n)(z,s1[n])" } b = 0

S E{|b"z.1[n]]’} =0 b'z,44[n] =0 (2.12)
Since b; = 1, (2.12) implies
2] == bipzln — i (2.13)
=1

Notice that (2.13) describes an order r linear predictor for the WSS process z[n]. In fact, it
also shows that z[n] is a predictable process, which can be completely predicted from its past r
samples. The filter coefficients —b;,7 = 2,3, - - -+ 1 actually correspond to the optimum order-r
linear predictor (since it attains 0 prediction error) and can be obtained by solving (for instance,

by using Levinson Durbin Algorithm)

T(yb=t, (2.14)

where t, = [t1,t,---t,]", and [b]; = —b;11,i = 1,2,---r. Notice that T,y is full rank and
Ty and t, are completely known since GNS has already recovered T, ;). The equation (2.13)

immediately leads to an iterative approach to estimate ¢;. We can write

E&MPM—T—H}:—}:@HEVM—ﬂdn—T—H}

=tk =— Y binitraki (2.15)

i=1

Since GNS provides us with ¢;,1 < ¢ < r, all the other entries of T can be recovered in an
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Table 2.1: GNS for Linear Prediction

Input: z[n]  Output: LP coefficients b

(a) Construct a GNS matrix Ay € RM*YN with N = r + 1. This implies

M = Oy
(b) Obtain compressed measurements y [n] = Agz,1[n]

(c) Compute the compressed correlation matrix Ry = E(y[n]y” [n])
(d) Obtain T,y from Ry (using Lemma 1).

(e) Compute b using T, 1).

iterative way using (2.15), whereby the original Toeplitz matrix is exactly recovered.

Consider the problem of linear prediction of a scalar WSS process z[n| whose autocorre-
lation matrix T € RYV*¥ is of rank r for every N > r. From (2.13), it is easily seen that z[n]
is a predictable process, each value of which can be exactly predicted from its past r samples.
The linear prediction coefficients b are obtained by solving (2.14) where T, is full rank. Typi-
cally T 1) is computed by uniformly sampling z[n] so that T(,;1) = E(z,41[n]z’,[n]) where
z,+1[n] € R™"! contains r + 1 consecutive samples of z[n]. However, the properties of GNS can
be leveraged to compute T, 1) more efficiently using O(+/r) non uniform samples of z[n] as
dictated by the sampling matrix of the GNS. The steps of this procedure are described in Table

2.1.

2.4 Stable Reconstruction with noisy finite measurements: A
Regularizer-Free Approach

In this section, we consider a finite number (L) of noisy compressed measurements as

yp=Ax,+n, 1<p<L (2.16)
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where {n,} are independent zero-mean white Gaussian noise vectors with covariance o, I,;.
We propose a novel algorithm that generalizes the noiseless reconstruction technique proposed
in Sec. 2.3.2, by adding a simple denoiser prior to performing MUSIC. The main idea is to
solve a constrained least squares minimization problem (with positive semidefinite and Toeplitz
constraints) to denoise the n noisy measurements (n = O(r)) and use them to predict the
remaining N — n entries of T. We show that this algorithm leads to provably stable reconstruction

with finite noisy measurements.

2.4.1 Vandermonde Decomposition of Positive Definite Toeplitz Matrices

Our algorithm is based on the following elegant Vandermonde decomposition lemma

from [68] that holds for any positive definite Toeplitz matrix:

Lemma2 [68] A positive (semi) definite Toeplitz matrix T € RV*Y has the following decom-

position :

T = VN nDVE o +0ly (2.17)

Here o is the smallest singular value of T, Iy € RNXNjs the identity matrix and D =

diag(dy,ds, - - ,dys) with d; > 0. The matrix
Vs € CVN = vy (1), v (fa), - Vv ()]
is a Vandermonde matrix satisfying N’ < N with the ith column v 5 ( f;) given by (2.3).

Remark3. Lemma 18 is actually a more general version of (2.2) and it applies to both positive
definite and semidefinite Toeplitz matrices, using appropriate values of o and N'. When T is low

rank, (5.30) reduces to (2.2) witho = 0, N’ = rank(T) If T is positive definite, N' = N — m,,
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where m,, is the multiplicity of its smallest singular value o. In both cases, the frequencies in
the representations (5.30) and (2.2) are uniquely determined and can be found using a harmonic

retrieval algorithm such as MUSIC [149].

2.4.2 Regularization Free Reconstruction from Finite Noisy Measurements

Consider the following noisy compressive sketch (of size O(y/n) x O(y/n), where

n > r+ 1) of T obtained from the sample covariance corresponding to the measurements (2.16)

L
~ 1
Ry = L zz; vyl = A, TAT + W)

T =T+ o0,In (2.18)

Here W) denotes the finite snapshot estimation error associated with the empirical covariance
matrix Ry. As before, the sampling matrix A is an order-wise optimal structured sampler (such
as the GNS in (2.9), designed for a specified n > r 4 1) and we use the fact that A I NAZ = 1.
From properties of GNS (or sparse ruler), we construct a vector E(n) € R” by selecting n

appropriate entries of Ry that 2

n)

where t1(,) = t(n) + 0n€1(n) and eq(,) = [1,0,- -+, 0]7.

In order to recover T from the compressive noisy measurements t,,), We propose a new

2Recall that Ry contains a total of n distinct entries which are di§tributed across the matrix, with repetitions.
Instead of directly selecting the corresponding n distinct entries from Ry, it is also possible to compute an average
corresponding to each entry over the number of times it repeats. This will lead to a weighted least squares objective
in (2.20) instead of a simple least squares, and Steps 2 and 3 will continue to hold. The analysis framework developed
in this paper will be applicable for such a setting as well, with straightforward modifications.
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recovery algorithm which is described in Table 1.

The algorithm consists of three steps: (i) Denoising (ii) Parameterization, and (iii) Predic-
tion. The denoising step finds a denoised estimate tﬁ) of t1(,), by solving a simple least squares
problem under Toeplitz and Positive semidefinite (PSD) constraints. Under these constraints, it
is guaranteed that T(tf;)) > 0 Therefore, according to Lemma 18, T(t?;)) has a Vandermonde
decomposition given by (2.21). The second step (Parameterization) crucially utilizes this repre-
sentation to estimate the associated parameters o, n/, fl-# and di#. The final step then comprises

of predicting the remaining /N — n entries of T by using these parameters.

Remark4. The PSD constraint in the denoising stage, and the Vandermonde decomposition

dictated by Lemma 18 are crucial ingredients in the proposed algorithm. In fact the PSD constraint

#

ensures that we can apply Lemma 18 to the denoised estimate t (n) and use the corresponding

parametric representation to predict the remaining N — n entries.

RemarkS.Notice that Step 3 in Table 1 essentially extends the PSD Toeplitz matrix T(tzi)) (of

size n X n), to a bigger PSD Toeplitz matrix TZEV) of size N x N, such that the n x n principal of

T#

(v 1s equal to T(t?;)). If o* > 0, or equivalently, if T(t(#;)) is positive definite (which typically

happens in presence of noise), it is possible to find two or more N x N Toeplitz covariance
matrices such that T(t?;)) corresponds to the n x n principal of both [64, 66, 68]. The proposed
algorithm finds one such representation. On the other hand, if c# = 0, there is only one way to

extend it into a PSD Toeplitz matrix of larger dimension N .

2.4.3 Sampling Requirements with Infinite Snapshots

In order to analyze the performance of the algorithm proposed in Table 2.2, we first
show that with infinite snapshots, it recovers the desired PSD Toeplitz covariance matrix T and

noise power o, with only n > r 4 1 measurements. Compared to the random sampler proposed
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Table 2.2: Low Rank PSD Toeplitz Matrix Recovery In Presence of Error

Input: Noisy measurements t(,) € R" satisfying (2.19)
Output: Estimate of the entries ¢;,7 = 0,1,--- ;N — 1 of the PSD
Toeplitz matrix T € RY*Y and noise power o,

Step 1: Denoising
Obtain denoised estimate t?;) of t1(,) as
t?;) 2 arg l1;f€1]%1r711 1€y — ulla

st.T(u) =0 (2.20)

where 7 (u) denotes a real symmetric Toeplitz matrix whose first column
isu.
Step 2: Parameterization
Let the Vandermonde decomposition of T(tfl)) be:
T(t],) =Vi DV

nxn nxn'

Y+ 071, (2.21)

where V¥ = [v,(f7), va(fF), -+, va(f?)] is a Vandermonde ma-
trix of size n x n’ parameterized by frequencies { fE fjf} and
D# = diag(d{,d¥,--- ,d?) where d¥ > 0. The parameters in the
above representation can be determined as follows:

e Compute o# as the minimum singular value of T(n)

e Compute n’ as the integer n — m,# where m,+ is the multiplicity

of o7.

e Compute the frequencies { - f:f } in the representation
(2.21). The MUSIC algorithm, for instance, can be used to exactly
recover {fl#,ff, . ,fff}

e Given the frequencies, o and n’, the amplitudes d# are computed
as the least squares solution to the system of linear equations (in
d¥) given by (2.21).

Step 3: Prediction Predict the remaining N — n entries of T as

!

n
o
tﬁ:deﬁeﬂﬁi mon<m<N-1
i=1

The estimate of T is therefore given by T#N) = ’T(th)) and the estimate
of g, is .
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in [38] that requires O(rpolylog N') samples with infinite snapshots, the number of measurements

required by our algorithm is near-minimal, with no dependence on the ambient dimension N.

Theorem2 When L — oo, the solution of the algorithm proposed in Table 1 satisfies T = T#

and o, = o ifn > r + 1.

Proof. As L — o0, W@ — 0and E(n) — t1(n). Therefore, with infinite snapshots, tzi) =tim)
becomes the unique global minimizer of (2.20). If n > r + 1, T(tﬁl)) is full rank and o,, is the
smallest singular value. The frequencies { f; }/_, can be uniquely determined using the MUSIC
algorithm since T(t?;)) — 0,1y is of rank 7. Given { f;}/_,, the amplitudes {d;}}_, can also be
uniquely recovered by least-square since fon, is a Vandermonde matrix with full-column rank.
Since the representation (2.2) of T consists of these same frequencies and amplitudes, Step 3 of
the proposed algorithm exactly recovers T. Therefore, with infinite snapshots, we can exactly

recover T when n > r + 1. This implies that the dimension (M) of the compressed covariance

matrix satisfies M = O(y/r), which is order-wise optimal.

2.4.4 Stability Analysis with Finite Noiseless Snapshots

We first analyze the performance of the proposed algorithm as a function of the number of
snapshots (L) in absence of additive noise. The stability analysis in [57] is also performed under
a similar noiseless setting by only considering the effect of finite snapshots. We divide the total
error in [V entries of the Toeplitz matrix into two parts (i) estimation error, that represents the error
in the first n entries, and (ii) prediction error, which is the error in the last N — n entries. While it
is straightforward to bound the estimation error directly using the denoising step, establishing
a bound on the prediction error is more involved. We will make novel use of properties of
trigonometric polynomials, such as those developed in [59, 141, 142] to formulate an explicit
bound on the prediction error. Note that the analysis technique in [59, 141, 142] was developed for

Total Variation norm minimization/atomic norm minimization - however, our algorithm does not
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use any regularizer. In this case, the ideal covariance matrix of y, is given by Ry = A, TA”, and
the estimated covariance matrix (using L samples) is given by Ry = % 25:1 ypyz. Here Ry
satisfies (2.18) with W) representing the approximation error due to finite snapshot averaging.
As before, using the properties of GNS or sparse ruler, we can extract n appropriate entries of
f{Y to obtain (2.19). In order to statistically characterize w,) in terms of L, we assume that
Xp,1 < p < L represent L i.i.d. Gaussian random vectors distributed as x, ~ N(0,T) and
therefore, the measurements y,, are distributed as y, ~ N (0, Ry). We now invoke the following

large deviation bound from [129]

Lemma3 (Proposition A.3 in [129]) Let {yp}lf:1 be zero mean i.i.d Gaussian random vectors

distributed as y, ~ N (0, Ry). Then,

~ trace(R
IP’{HRy —Ryl|lr > %} < 9e2aVL (2.22)

where c; is a positive universal constant.

It can be easily verified that ngfl)) |, < |[Ry — Ryl|r. Hence, Lemma 17 implies that with

(L)

probability 1 — O(e~241VL), the estimation error w,, satisfies

Mt
VL

w2 < (2.23)

where M = O(y/n).
Firstly, the estimation error associated with the denoising step is given by the following

lemma.

Lemmad The solution t?;) to (2.20) satisfies

L
16 = temll2 < 2llwi) I (2.24)
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Proof. Since the true t(,) is a feasible solution to (2.20), we have Ht?;) —tmll2 < 2tm —
tll2 = 2||WE£)) || which establishes (2.24). Before establishing the bound on prediction error,
we will need to define several quantities, and state two lemmas from [59] that will be used in our

proof. Notice that t,) and t?;) satisfy

1/2 1/2
t(n)Z/ Vi (f)(df) t?,i)—/ v () (df) (2.25)

1/2 1/2

where 1, ;i are positive finite measures given by

p=> dis(f - f) (2.26)
=1

=3t — 1) +—Zaf—( 2

n
i=1

The difference measure is defined by v = p# — 1. Let p(fy, f2) denote the wraparound
distance function for distinct frequencies f1, f» € (—1/2,1/2] [141]. Following [59], we define
neighborhoods A, around each true frequency f; as N; = {f € (—1/2,1/2] : p(f, f) < 0.16/n}
as well as a far region F = (—1/2,1/2] \ U,_, M. Let Py denote the projection of any measure
onto the true frequency support § = {f1, fo, -+, f-} and || - ||rv be the Total Variation (TV)

norm [142]. Furthermore, let

O’TL

(df)‘ Il =n

/ (f - fiw (df)‘ 2.27)

[\

ﬂ:—/ (f — f)2v|(df) ]—le,forz':O,l,Q

We will also make use of the following two lemmas from [59] in order to derive the desired bound
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on the prediction error.

Lemma5 (Lemma 3 and Theorem 4 in [59]) Consider the measurement model (2.19) and the

representations for t,, and tfz) as given by (2.25). If the true frequencies {f,}]_, satisfies

ming,q p(fp, fy) > 4/n and n > 256, then there exists a trigonometric polynomial Q(f) such

that

1/2
nmwmv:/ QUf)Ps(v)(df)

!()\<1— n’(f—f)? feN,1<I<r (2.28)

(HI<1- Cb ferF
/1/2 _ Cert
-1/2

where C,, Cy, C, are positive constants and & £ SUD pe(—1/2,1/2) [V (), t?fl) —tm)|

(2.29)

Lemma6 ( Lemma 2 in [59]) Consider the measurement model (2.19) and the representations
for t(,,y and t?;) as given by (2.25). If the frequencies { f;}]_, satisfy min,, p(f,, f,) > 4/n and

n > 250, then there exist positive constants ¢y, ¢y such that

1 61 E IQ Vd)
)< ( i +L|Kﬂ

h§®<€+h+/WWW) (2.30)

where § £ SUPfe(-1/2,1/2) (v (), t?:z) — b))l

Notice that Lemma 6 establishes upper bounds on I and I; in terms of 5 and [ |v|(df).
We next prove a key lemma which, in turn, bounds the quantities I, and [ [v|(df) in terms of the

measurement noise.

Lemma7 Consider the measurement model (2.19) and the representations for t,) and t?;) as
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given by (2.25). If the true frequencies { f;}]_, satisfy min,, p(f,, fy) > 4/n and n > 256, then,

there exist positive constants cy, co such that
1€
f

where £ £ SUPfe(-1/2,1/2) [(val(f), t?i) — tw)|

Proof. Since { f;}]_, satisty min, ¢, p(f,, f;) > 4/n, from Lemma 5, there exists a polynomial

Q(f) such that

1/2
|Ps()llrv = Q(f)Ps(v)(df) (2.32)

—-1/2

Using triangle inequality and recalling that Pz denotes the projection onto 5§, we have

1/2
Pely <| [ atwan|+| [ ewma)
< | |
- v(df) v(d
5| [, Q@ / Q(f)udf)
< Gert ( (df) Oﬂ) 1-C d
+f§€% /M\fl V(df) - Calb ) + ( b)/flw(f)
C’”5+||7>gc< Vlay = Coly — Cy / vI(d) 2.33)

where we have used (2.29) and (2.28) for the second and third inequalities. We also have

16# v = e+ vl = i+ Ps@)llrv + [P ()| rv

> |lpllrv = 1Ps()llrv + [ Pge () |y (2.34)
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Combining (2.34) and (2.33), we get
C.r
Cula +Cy [ W) < 225+ v = Nl 239
.F

A key observation is to notice that both 1, u# as given by (2.26) are positive measures. Therefore,

we have

lpllry = to,  [lp#|lrv =] (2.36)

Using (2.36) in (2.35), we finally obtain

Gt L 4, (2.37)

Cala + G [ 0(df) <
f

1 CcTé- #
Lt [ ) < i (S0 1 )

which completes the proof.

Equipped with Lemmas 5, 6 and 7, we present our main result regarding the prediction

error in the following theorem:

Theorem3 Consider L i.i.d measurements {yp};f:1 (acquired via GNS or sparse ruler) distributed
asy, ~ N(0,A,TAT) and let Ry = + Zﬁzl ypY, be the estimated covariance matrix, from
which the observation model (2.19) is derived, where t,) has the line spectrum representation
(2.25). Let T# be the estimate of T obtained from the algorithm proposed in Table 1 and t7,

denote the mth entry in the first row (or column) of T#. Then, with probability 1 — O(e~21VT)

2Mt,
nv'L

1
ﬁ”tﬁ) —tmll2 < (2.38)

Furthermore, if n > 256, and if the frequencies { f1, fo,- - , f,} satisfy min,., p(fp, fq) > 4/n

then, with probability 1 — 0(6*201*@), the prediction error |t# —t,,|, forn <m < N — 1, can
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be bounded as

|t#1 _tm’

2
YoM Y3TEM V4T Mty
< — 42— 2.39
—(%+n+ nQ)(\/_+)ﬁ (239)

where c1, 1,2, V3, Y4 are positive constants and M = O(y/n).

Proof. The bound (2.38) follows directly from Lemma 4 and (2.23). To establish the bound

(2.39) on the prediction error, observe that for any n < m < N — 1, we have

1/2 ,
[th — t| = | Iy (df)|
—1/2

el2mmfy, f)‘ (2.40)

where (2.40) follows from triangle inequality. Using Taylor’s theorem for each neighborhood /,

around f; we get,

o)z |f v

2mm ‘ / (f - fz)V(df)‘ + 2t /N (f — FPIvl(dF)

2mm 47r m?

=1+ —Il I (2.41)

Therefore, (2.40) can be simplified as

2mm 4m’m?

|t§—tm\g/|y|<df)+fo+ )

2
< <él+ 7Tmc2+1>/|V| df)

_ 2mm . An*m?
+ Cl+ 02+ 2 IQ+<01+CQ
n n

I
n

2mm ¢ (2.42)
n

n
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where the inequality (2.42) follows from Lemma 6. Since n < m, we further have

|tﬁ_tm‘
2 4 2,2
< (o 2+ ) (s [ i)
n n F
B _2mm.r
+(01+CQ il )—5
n
_ Gymm Cymim? caré 4
<&+ + = + [t§ — tol (2.43)
n n n

where we used Lemma 7 to derive (2.43) and {¢; ;1:1 are positive constants. Using Cauchy-

Schwartz inequality, we can bound ¢ as

VnMtg

& < IvalDllaliwil = Valwigle < ¥ (2:44)
Finally, from (2.20), it follows that
Mt
[t — tol < |1t — tull2 < 2—= (2.45)

VL

The proof completes by substituting (2.44) and (2.45) in (2.43).
Theorem 3 provides a finite-sample bound on the prediction error and shows that as

L — oo, it is possible to perfectly recover T using the proposed prediction based framework.

Remark6. In [57], the authors derived a related bound on the covariance estimation error (as a
function of L) by considering a noiseless model, and sampling the entire covariance matrix. This
corresponds to the scenario when n = N and no prediction is necessary. Hence, we can compare
the error bound in [57] with the bound on estimation error (2.38) from Step 1 of our proposed

algorithm. According to [57],

1 r
E||tf;) —twll2 < c)\\/; (2.46)
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where \ is the regularization parameter and c is a universal constant. For large enough L, the

parameter \ in Theorem 4 of [57] is lower bounded as

, log(Ln
A > ¢/ Mig|Ry]| g<L ) (2.47)

where ¢ is another constant and || - || is the operator norm. From (2.46) and (2.47), the tightest

upper bound on %Ht?i) — t(n)||2 is given by

Mto||Ry]|

ol rlog(Ln) (2.48)

1

ﬁ”tﬁ) —twl < a
Since M < n, we have % < 4/ % In addition, due to the structure of A, the diagonal entries
of Ry are all ty, and ||Ry|| > to. Hence the bound (2.38) is tighter than (2.48). Our numerical

experiments will further validate this fact.

2.4.5 Stability Analysis in Presence of Noise

We now consider the effect of additive noise in (2.19). Using Lemma 17, with probability

1 — O(e2VD), WEL) satisfies

n)

M(to + o
Iwill2 < Mo+ on) (2.49)

- VL
where M = O(y/n).

Theorem 3 can be used to derive noisy finite-snapshot guarantees with some modifications.
Notice that El(n) from (2.19) now serves as the input for the algorithm proposed in Table 1. The

solution tf;) from Step 1 satisfies T(t?;)) = Vfﬁn/D#(Vﬁn,)H + o#1,, where Vﬁn,D#(Vin/)H

is a low rank PSD Toeplitz matrix which can also be verified to be real-valued (since tf’i) is real).

Let t7

(n

, denote the first row (or column) of this matrix, i.e. T(fﬁl)) %4 D#(Vf, )1 Notice

n,n’
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that t (and not t7 )) is the estimate of t(,). We can now derive bounds on the observed and

prediction error as follows:

67 = timllz = [1EF,) =t + (0% = 0n)eim -

> (18, — el = lo* — 0.l (250
On the other hand,

167 = tamlls <Nt = Bl + [Rae) — tan o
< 2 E1m) — tamll2 = 2w 12 2.51)
where the second inequality follows from the fact that tt) is the minimizer of (2.20). Combining

(3.68) and (2.51), obtain the following bound on the estimation error (of first n entries):
16, — talle < 2w o + o — 0, (2.52)

We need some additional notations to derive the prediction error bound. Similar to (2.25),

ff;) satisfies

) 1/2
th= [ vt i :Zd#af 1) (253)

1/2

Defining 7 = i — y as the difference measure, it can be verified that Lemmas 5, 6 and 7 continue
to hold, using 7 as the difference measure instead of v, and replacing t?;) and ¢ with f?;) and &7

(the zeroth entry of f?;)) respectively. Furthermore we have

sup (V) B, — )| < VAlEE, — tole
fe(=1/2,1/2

< v (2wl + lo* = o) (2:54)
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where the last inequality follows from (2.52). Similarly, we have
A : L
[# — tol < 1) — tillz < 2lwi[lz + 0% — o] (2.55)

Following the same steps as in the proof of Theorem 3 (for deriving (2.43)), and using (2.55) and

(2.54), we obtain the following upper bound on prediction error as

=t < (2.56)
C = 2,2 —
o+ 2 BT ) (4D (L) 4
(Cl + - + 2 > (\/ﬁ + 1) (2HW(n) o+ |o )

Finally, using (2.49), we summarize the bounds on the estimation and prediction error as

IE7) =tz < n (2.57)

A CoTm Cam2m? CyAT
|tfé—fm|§(51+2 + =2 )(iH)n,mZn
n n

e ) \Vn

where 1 = 2HWE£)) |2 + |o# — 0,,| and with probability 1 — O(e=21VE), Wffl)) satisfies (2.49).

Remark7. Unlike the result in Theorem 3, the error bound (2.57) is implicit since it is itself a
function of the error |0 — o,| in estimating the noise power o,,. It is non-trivial to explicitly
express this error as a function of finite snapshots, which is beyond the scope of this paper.
However, in the limit L — oo, since f{Y — ASTAST + 0,1, following our previous argument,
it holds that t,(,,y will be the unique minimizer of (2.20), implying o# = o,,. Hence as L — oo,

both prediction and estimation error will become zero, and it will be possible to exactly recover

T.
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2.4.6 Advantages of the Proposed Algorithm

Compared to recently proposed compressive Toeplitz covariance estimation algorithms
[38,57] that are based on nuclear norm minimization framework, or algorithms derived from Max-
imum Likelihood (ML) estimation [48, 121], the proposed algorithm enjoys unique advantages

which are discussed as follows:

1. Absence of Regularization Parameter: The PSD Toeplitz constraint in (2.20) ensures
stable reconstruction using a simple least squares denoising (a fact also noted in [70, 71]),
without the need for any regularizer. In contrast, the method proposed in [38] requires
knowledge of noise power (or an upper bound) while [57] needs a tuning parameter for
atomic-norm based regularization. Our algorithm can be especially advantageous over these
techniques since tuning parameters are often sensitive to uncertainties in our knowledge of
noise power. Although the ML based methods [121] also do not require any regularization
parameter, their performance can only be analyzed in the asymptotic regime. In contrast,
the analysis framework for our method permits non-asymptotic theoretical analysis of the

reconstruction error, even for non-Gaussian models.

2. Stable Reconstruction with Near-minimal Sample Size: Theorem 2 shows that in ab-
sence of noise, the proposed algorithm only requires n > r+ 1 samples for perfect recovery
of T. In presence of noise, the number of measurements required for stable reconstruction
is indirectly provided by the separation condition in Theorem 3. In particular, in order
to satisfy the separation condition, we need n > 4r measurements, and this implies that
the size of the sketch Ry is O(v/7) x O(y/r), which does not depend on the ambient
dimension N. On the other hand, the random sampling based approach in [38] requires
O(rpolylogN') samples, whereas the structured sampling based approach in [57] and the
ML based approach using sparse arrays in [121] use a sketch of size O(v/N) x O(v/N) to

recover a Toeplitz PSD matrix of size N x N (which is sub-optimal when r» < V).
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3. Low Computational Complexity: The algorithms in [38,57] as well as the ML based
technique in [121] attempt to recover the entire N x N matrix T by solving a single
Semidefinite Program (SDP), whose problem size (and the computational complexity)
scales with N. In contrast, we only need to solve an SDP (2.20) with n variables, and
perform an eigenvalue decomposition (Step 2 in Table 1) on a matrix of size n x n. The
complexity of both steps scale only with n = O(r), and is independent of the ambient
dimension /N. Hence our approach requires fewer measurements and has lower complexity

(especially when » < N) than those proposed in [38,57] and [121].

4. Theoretical Guarantees with Finite Samples: One of our key contributions over the ML
based algorithms in [121] is that we are able to analytically characterize the reconstruction
error and provide explicit upper bounds that continue to hold for a finite number (L) of
samples. On the other hand, the algorithm in [48, 121] is shown to be asymptotically
equivalent to Maximum Likelihood Estimation for Gaussian signal models. Its performance
in presence of finite snapshots has not been analyzed. Furthermore, the algorithms in
[48,121] are all derived by assuming a Gaussian measurement model, whereas our results

in Theorem 3 hold for any distribution on the signal as long as ngz)) can be upper bounded.

5. Separation Condition and Prediction v/s Estimation Error: Theorem 2 dictates that
the proposed algorithm can exactly reconstruct a low rank Toeplitz PSD T usingn > r + 1
measurements without requiring a separation condition on the frequenices. This is because
we exploit the positive semidefiniteness of T which, in turn, dictates that the coefficients d;
are positive. The fact that the “separation condition” can be avoided when the coefficients
d; in the line spectrum are positive has been noted in [58,61-63] and our algorithm further
corroborates this observation. In presence of noise, we have established different bounds
for the estimation error (given in (2.38)) and prediction error (given by (2.39)). The former

is obtained by directly using triangle inequality, whereas the latter result is the first of
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its kind. Another important distinction between the two bounds is that (2.38) does not
require a separation condition, whereas it is needed for establishing (2.39).The reason
is that for prediction, we need to estimate the frequencies that parameterize T (which
is not necessary for just denoising the observed entries). Existing results in noisy line
spectrum estimation [56,58,59, 141, 142] also seem to require a ‘““separation condition” for
developing error bounds on the estimated frequencies. In [62], similar results as in [59]
have been obtained without explicitly assuming separation condition, but requiring the dual
polynomial to satisfy a so-called Quadratic Isolation Condition (QIC). Another closely
related idea is that of Rayleigh regularity [61] which does not lead to a strict separation
condition on the frequencies. It is however, non trivial to extend this analysis for bounding
the error in frequency estimates. Since it is presently unclear what kind of separation is
fundamentally necessary for frequency estimation in presence of noise, in this paper, we
still assume the specific form of the separation condition as used in [58,59, 142], and leave

the general case as an open problem for future research.

2.5 ML Methods for Localizing More Sources than Sensors

In previous sections, we have studied the problem of compressive Toeplitz covariance
matrix estimation using GNS. Because of the Vandermonde decomposition (2.2), recovering
low-rank Toeplitz covariance matrix can be related to the problem of direction-of-arrival (DOA)
estimation in array signal processing. In particular, the frequencies correspond to the incoming
directions of the sources and the diagonal entries of D represent the signal powers. In the next,
we will formally establish this relationship, and show more sources than sensors can be detected

using GNS.
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2.5.1 Signal Model, Direct MUSIC and Co-Array MUSIC

Consider a linear array of M antennas where z;A/2,i = 1,2, --- M denotes the distance
of the ith antenna from the the origin. Here 2; is an integer and A is the carrier wavelength
of narrowband signals received by the array. The antenna receives D* narrowband sources
simultaneously from directions ¥ = [¢)1, s, -+ , ¥ p«]. The k th time sample of the received

signal at the M antennas can be expressed as

y[k] = A(6%)s[k] + n[k] (2.58)

Here A(6*) € CM*P" is the array manifold matrix given by [A(0*)],,., = e/2™m0n = eimemsindn
s[k] € CP" denotes the vector of zero-mean wide sense stationary (WSS) source signals with
a diagonal covariance matrix Ry, = diag(py, p2, - - , pp+) and n[k| denotes the additive white
noise with power o2, uncorrelated with s[k]. The covariance matrix of the received signal is given
by

R,, = E(y[kly"[k) = A(6)R,A"(6") +071

n
J

-

Rsig

A central problem in array processing is to estimate 0* given time samples of the vector
y[k]. Traditional DOA estimation algorithms operate in the regime D* < M, in which case the
matrix R, € CM*M g Jow-rank (rank D*). Classical subspace-based methods (such as MUSIC)
identify the null-space of R;, directly from the data covariance matrix R, and exploit its
structure to estimate the DOAs. This has been referred to as “direct MUSIC” in recent literature,
in order to distinguish it from “Co-array MUSIC” which we review next.

Given a set of antenna locations (normalized with respect to \/2) {z;,i = 1,--- , M},
its “difference co-array” is the set S, of all pairwise differences: S., = {z; — 25,1 <i,5 <

M}. For certain sparse arrays such as the nested array, S, contains M,, = M?/4 + M/2
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distinct consecutive integers (and their negatives). The difference co-array of the nested array is
therefore a uniform linear array (ULA) with O(M?) elements. Let A,,c510q(0*) € C**P" and
A, (0*) € CMeaxD" regpectively denote the array manifolds corresponding to the nested array
and the positive half of its difference co-array, where [A ., (0*)],,., = €/2™0n = efmmsinvn 1 <

m < M.,,1 <n < D*. Then, it can be easily verified that [10,45]
Anested(e*) = SAca(a*) (259)

where S € RM*Mea jg 9 row-selection matrix

1 1<i=j<M)/2
Slij=9 1 Xp1<i<Mj=4+1)6-Y)

0 otherwise

The covariance matrix R, of the signals received at a nested array satisfies

Ry, = S( Aul(6")RAL(0") +021)S" (2.60)
Tea
Here T, represents the (noiseless) covariance matrix of the signals, as though it was received at
the virtual difference co-array with M., elements. Since S, is a ULA, T, is Toeplitz structured.
Aslong as D* < M,,, T, is rank-deficient and the DOAs 6* can be uniquely identified by using
the MUSIC algorithm on T,. This is also known as “Co-array MUSIC ” [130, 131].

In practice, however, we do not have access to R,,, and can only estimate it from a finite
number (say, L) snapshots as R, = 1 S F_ y[k]y"[k]. Obtaining a reliable estimate of Tk,
from f{yy becomes a challenging task, especially when D* > M [131]. In recent times, nuclear
norm and atomic-norm based regularized least square algorithms have been proposed to estimate

T,, from f{yy [57,59]. In this paper, we focus on certain constrained Maximum Likelihood (ML)
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methods for estimating T, from Ryy. Unlike [57,59], this framework is regularizer-free, and we
show that it provably produces the ML estimate of the DOAs 8* as well without assuming the

number of sources D* to be known.

2.5.2 Constrained Maximum Likelihood Co-Array Covariance and DOA

estimation with Finite Snapshots

Under the Gaussian stochastic signal model [130], the L snapshots y[k], 1 < k < L of
the signal received at a nested array with )M/ antennas are assumed to be i.i.d random vectors
distributed as

y[k] ~ N (0, Acsted(0F )R A L 0(07) + aiI) (2.61)

nested

Since T, is a positive semidefinite (PSD) Toeplitz matrix, we consider the following constrained
Maximum Likelihood problem for estimating T,

min  L£(T) stT >0, TisToeplitz (2.62)

TE(CIMC& X Mecq

and £(T) = logdet(STS”) + Trace((STST)_lf{yy>. Let T be a global optimum of (2.62).
Then T is guaranteed to be a PSD Toeplitz matrix, and therefore it permits the following

Vandermonde Decomposition, owing to Carathéodory’s Lemma [59, 68]
T = A (0")diag(p)AZ(6") 4 0T (2.63)

Here A, (0") € CM«*D" is a tgll Vandermonde matrix satisfying D’ < M., (with elements given
by [Aca(0)]mn = €/2™%), and ¢’ > 0. The representation (2.63) is unique in (D', 8, p’, o)
[68]. Moreover, since D' < M, A.,(0") is column-rank deficient and 6’ can be uniquely

identified using the MUSIC algorithm [149] on ’i‘ca =T — ¢'I. We denote the overall framework



for ML estimation of T, followed by MUSIC, as “Co-array ML-MUSIC” or (Co-MLM).
Since D’ < M,, and M,, can be as large as O(M?), it is possible to estimate as many as

O(M?) sources with only M physical sensors. We now show that 6’ also serves as the Maximum

Likelihood (ML) estimate of 8* when the number of sources is considered to be an unknown

integer-valued parameter in the ML objective.

2.5.3 ML DOA estimation with Unknown Source Number

Under the stochastic signal model (2.58), Maximum Likelihood estimate of the DOAs are

obtained by solving the following optimization problem

min Lyr(0,p,0) (2.64)

6€(—1/2,1/2|P* peRP} ,0>0
where
'CML(Ga p, U) = log det(Anested(0>diag(p)A7[z{ested(0)

+oI) + Trace<(Anested(e)diag(p)Aﬁmd(0) +

JI)_lf{yy> (2.65)
Comparing (2.62), (2.60) and (2.64), we obtain

Lyr(0,p,0) = L(T)r—a..(60)diag(p) AL (8)+01 (2.66)

Note that in (2.64), the number of sources D* has been assumed to be known. This is a common
practice in traditional ML estimation, where the model order (or the number of sources) is either
assumed to be known, or estimated using the AIC or MDL criteria [132, 133].

When the number of sources (D*) is unknown, one may treat it as an unknown (integer-

valued) parameter D and jointly minimize the negative log likelihood function (2.65) with respect

46



to D and the other parameters:

min min Ly (D, 0,p,0) (2.67)
DeZ*,  0e(—1/2,1/2]P,
1=sDsMea—1 peRP 5>0

Solving (2.67) with respect to D, 8, p and o is equivalent to jointly finding the maximum likelihood
estimates for the number of sources, and the DOAs. Notice that the number of sources in (2.67) is
allowed to be larger than M. At first glance, (2.67) may appear to be a mixed discrete-continuous
optimization problem (since D is a positive integer and 8, p and o are real valued parameters).
However, the following theorem establishes a direct connection between the ML DOA estimate
obtained from (2.67) and 6’ obtained from (Co-MLM) algorithm. For the remainder of the paper,

we will assume that f{yy is full rank which is valid when L is large enough. 3

Theorem4 Assume that the empirical covariance matrix Ryy is full rank. Let T be a global
minimum of (2.62) and (D', 0’,p’, 0’) be the parameters associated with its Carathéodory rep-
resentation (2.63), obtained from the (Co-MLM) algorithm. Then (D’,0’,p’, o) represents a
global minimum of the ML problem (2.67).

Proof. 'We prove by contradiction. If (D', 0", p’, o) does not represent a global minimum of

(2.67), there exists (D, 0,p, g) # (D', 60, p’,0’) such that
Lan(D,6,p,6) < L (D', 60,p',0") (2.68)

Using (2.63), construct a PSD Toeplitz matrix T = A,(0)diag(p)AZ () + 51. Then, (2.68),
(2.59) and (2.66) imply that £(T) < £(T). Since T is feasible for (2.62), this contradicts the
claim that T is a global minimum of (2.62), and proves the theorem. Theorem 4 establishes

that the solution of (Co-MLM) is guaranteed to be a global minimum of the ML problem (2.67).

3This assumption will imply that the unconstrained ML objective L., (R) = log det(R) + Trace(R™'R,,)
attains a finite global minimum value over the set of positive semidefinite matrices R [134]. Hence, the objective
functions of (2.62) and (2.67) remain finite at their respective global minima, and we can compare their values.
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This is true for every finite value of L (such that Ryy is full rank), as well as when the number of

sources exceeds the number of sensors, i.e. D* > M.

2.5.4 Exact Recovery with Orthogonal Source Waveforms

We have shown that D’ and @’ obtained from the (Co-MLM) algorithm are also the ML
estimates of D* and 6*. However, with finite number (L) of snapshots, usually D" # D* and
0’ + 6*. We will now show that under certain conditions on the source waveforms, it is possible
to ensure exact recovery of the source DOAs, i.e. D' = D* and 8’ = 6* even with finite number

of snapshots. * We make the following assumptions:

1. (A1) The measurements are noiseless, i.e. n = 0 in (2.58), and the number (D*) of sources

satisfies M < D* < M,,.

2. (A2) The source signals are orthogonal [135] , i.e. for p* € RE;,

1
ZXSXSH = diag(p*), X, = [s[1],s[2],--- ,s[L]]
Theorem5 Under assumptions (A1-A2), there exists a unique global minimum T of (2.62),
and the parameters (D', 0’,p’, 0’) associated with its Carathéodory Representation (2.63) satisfy

D/ — D*’ 0/ — 0*7p/ — p*.

Proof. Recall that f{yy is assumed to be full rank, implying that it is the unique minimum of
mingyo Lyen(R) = log det(R) + Trace(R‘lf{yy) [134,136]. Moreover, due to (A1), Ryy =

ST*ST where T* is a Toeplitz matrix:

T* = A, (6")diag(p*)AZ (6%) (2.69)

4A related result on recovering more sources than sensors was reported in the context of SBL by using sparse
representation over a known dictionary and analyzing the derivatives at the global minima. However, our framework
does not use a known dictionary (i.e. A.,(6*) contains unknown parameters) or sparsity; rather we exploit the
Toeplitz structure and Vandermonde decomposition imposed by the nested array geometry.
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Comparing L., (R) and (2.62), we can see that T* is also a global minimum of (2.62). Since
R,, is the unique global minimum of £,., (R), it follows that any other global minimum T* of
(2.62) must also satisfy Ryy = ST*S”. Due to the properties of nested arrays [10,45], for any

Toeplitz matrices T and T
ST,ST =ST,8" = T, =T, (2.70)

This implies that T* = T* and (2.62) has a unique global minimum at T' = T™*. Finally, since
D* < M,,, the Carathéodory representation of T* is unique and given by (2.69), implying that

D/ — D*, 0[ — 0*7p/ — p*‘

Remark8. Theorem 5 shows that in spite of being highly non-convex, (Co-MLM) algorithm can
exactly recover the true DOAs if the source waveforms are orthogonal, even when the number of

sources is unknown and exceeds the number of sensors.

2.6 Numerical Results

In this section, we show simulation results supporting the practical applicability of
the proposed compression and recovery algorithms for low rank PSD Toeplitz matrices, and
numerically compare its performance with related works in [38,57,121]. For given rank » < NV,
we generate the real PSD Toeplitz matrix by invoking the Vandermonde decomposition (2.2). The
frequencies and amplitudes are generated randomly while satisfying the separation condition. In
particular, for a given r, we generate r equispaced frequencies on [—1/2, 1/2] (ensuring that both
positive and negative frequencies occur in pair so that T is real). The amplitudes d; are generated
as i.i.d random variables following a uniform distribution on [0,1]. The same amplitude d; is used
for both f; and — f;. We further normalize the entries of T so that the diagonal entries satisfy

to = 1. The recovered matrix is denoted as T#. We use the GNS matrix A, defined in (2.9) to
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compress T. All simulations are executed using the CVX Toolbox for MATLAB.

2.6.1 Phase Transition with Infinite Noiseless Snapshots

Fig. 2.2 shows the noiseless phase transition plot of the probability of successfully
recovering T from its compressed sketch, for different choices of the rank r and the sampled
size n. As a reference, we also show the theoretical lower bound and it is obvious that the
simulation results agree with this bound perfectly. In particular, GNS based compression, along
with the proposed reconstruction algorithm can perfectly recover T as soon as n > r 4 1. The
phase transition exhibits a perfectly linear behavior, which is in agreement with the fundamental

compression limit of rank r Toeplitz matrices .
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Figure 2.2: Phase transition plot for the proposed GNS based compression and MUSIC
based reconstruction of T. A trial is declared successful if ||t —t# ||, /N < 0.001. White
cells indicate success while black denote failure. The red line represents n = r + 1 and
the result is averaged over 50 runs. N = 113.

We also compare the results with random sampling based compression and recovery of
Toeplitz matrices, as proposed in [38]. The sampling model for our method is different from that
in [38] (in particular, [38] uses rank 1 measurement matrices). For fairness of comparison, we fix
the value of n and simulate the measurement model in [38] by collecting n measurements. This
ensures that the reconstruction algorithms for both approaches use the compressed sketch of same
size. Fig. 2.3 shows the noiseless phase transition for the nucelar norm based recovery algorithm

from [38]. Comparing Fig. 2.2 and Fig. 2.3, it is obvious that the proposed method has tighter
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transition boundary and larger success region. The underlying reason for this difference is that we
transform the matrix completion problem into spectrum detection problem and the Vandermonde
decomposition theorem gives us deterministic guarantees with minimum possible measurement
size, thereby leading to the sharp phase transition. The non-linear shape of the transition region in
Fig. 2.3 is due to the nature of random sampling used in [38], for which the number of required

measurements needed for a given r is strictly larger than that for our method.
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Figure 2.3: Phase transition plot for method in [38] and nuclear-norm minimization
based reconstruction of T. A trial is declared successful if ||t —t# || /N < 0.001. White
cells indicate success while black denote failure. The red line represents n = r + 3 and
the result is averaged over 100 runs. N = 113.

2.6.2 Study of Prediction and Total Error

We next evaluate the performance of the proposed method in presence as a function of
number measurement size (n), SNR, number of snapshots, and compare them with related works

in [38,57]. In particular, we compare the following algorithms:

e proposed: This refers to the proposed reconstruction algorithm described in Table 1.

e nuclear-psd: This refers to the nuclear norm minimization framework in [57]

1 -
t* = arg min o[ Ry — Aw (T (6))[[F + ATrace(7 (t))

st. T(t) =0 (2.71)
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where Ag(+) represents a deterministic sampler and R € RMxM represents the compressed
sample covariance matrix of size M x M. In [57], Age(-) corresponded to a sparse ruler
that sampled the entire covariance matrix, implying M = O(v/N) and there was no need
for prediction. In this paper, we will use a GNS instead of sparse ruler (so that the proposed
algorithm and (2.71) have the same sampling operator) and consider different values for M

under different experimental settings.

e random: This represents the covariance compression/reconstruction framework of [38]
using random samplers. In particular, the algorithm in [38] solves the following convex
problem:

T#

(vy = arg_min Trace(T) (2.72)

TERNXN

st. T = 0, Toeplitz

||Z - Arandom(T)Hz S g

where z € R denotes M, measurements of the high dimensional covariance matrix T
acquired using so-called rank-1 random measurements as proposed in [38]. The correspond-
ing sampling operator is denoted by A;sngom (). Notice that the proposed algorithm and
(2.71) use the same measurement model which samples a certain number of entries of T.
On the other hand, the measurement model in (2.72) is different, where each measurement
contains a random linear combination of all the entries of T. However, for fair comparison,
in this subsection, we provide the same measurement size to our algorithm and [38]. In
particular, this implies n = M,. (recall that n denotes the number of distinct entries of T

that are observed using GNS based measurement model).

In this subsection, we compare the performance of our algorithm against (2.71) and (2.72) under

two different settings. In the first setting, we assume that the acquired sketch Ry isa perturbed
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version of the error-free measurements, i.e.
Ry = A,TAT + W (2.73)

where W represents a perturbation matrix with bounded entries. This measurement model with
bounded perturbations was used in the numerical experiments of [38], and we consider a similar
setting to be consistent with [38]. The regularization parameter A\ for [57] is found through
exhaustive search to ensure best performance. Similarly, in (2.72), we assume knowledge of the
upper bound on the perturbation errors. In contrast, our algorithm does not need any regularization
parameter nor the knowledge of the perturbation error bound.

In the second setting, we consider the measurement model (2.18) where W) represents
the noisy finite snapshot estimation error, with L denoting the number of snapshots, and o,

representing the noise power.

Setting 1: Perturbed Measurements

Under the perturbed measurement model, as before, we can extract n entries ’E(n) from

f{Y such that t (n) = t(n) + W(n) Where w,,) denotes the corresponding perturbation vector. In

S b))
T

entries of w,,) are assumed to be 1.i.d random variables following the uniform distribution on

this case, we can define a Signal-to-Noise Ratio (SNR) as SNR = 10log,,

a[0, 1], where « is a normalizing constant adjusted to different values of the SN R as defined

llt—t# 1l
[It]2

above. The normalized total error of reconstruction is defined as € = where t7 is the
estimate of t (the first row/column of T'). Similarly, the normalized prediction error is defined as

by —t7
Bl where t(_n) = [tn,tns1, -+, ty—1])" and t,) = [t th, atﬁA]T-

€pred = Tem 2 —n n bntls

We further assume that all algorithms use the same number of measurements, denoted
by n. This means that the proposed algorithm as well as (2.71) effectively sample the first n

(perturbed) entries of T, whereas for (2.72), we assume M, = n. When n < N, the algorithms
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in (2.72) and (2.71) implicitly perform “extrapolation/prediction” in order to find the optimal
estimate of T In Fig. 2.4, we study the normalized prediction error €,,.4 and the normalized total
error € of the aforementioned algorithms as a function of SNR. It can be seen that the proposed
method outperforms the algorithms in [38,57], in terms of both the prediction error and the total

normalized error.
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Figure 2.4: Estimation error of different algorithms as functions of SNR. (Top) Nor-
malized error € v/s SNR. (Bottom) Normalized prediction error v/s SNR. The results
are averaged over 100 runs. Here N = 110, » = 30.

We also study the prediction error as a function of the sampled size n. Fig. 2.5 shows
the normalized total error and prediction error as a function of sampled size n. It can be seen
that the average prediction error decreases with increasing n, and increases as rank and noise
power increase. In all cases, the proposed method shows better performance over random and
nuclear-psd. The absence of any tuning parameter, and exploitation of the exact parametric
representation of low rank PSD Toeplitz matrices (for both compression and reconstruction) are

potential factors behind the superior performance of our algorithm.

Setting 2:Finite Noisy Snapshots

We next consider the noisy measurement model (2.16) consisting of a finite number (L) of
snapshots. We study the error of reconstruction for two values of n: (i) n = 30 (i) n = N = 42.
In the latter case, no prediction is necessary, and we only only execute Step 1 (denoising) of our

proposed algorithm. Fig. 2.6 and Fig. 2.7 show the performance of all the algorithms as functions
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Figure 2.5: Estimation error of different algorithms as functions of n. (Top) Normalized
error € v/s n. (Bottom) Normalized prediction error v/s n. The results are averaged over

100 runs. Here N = 110, SNR = 50dB.
of L for both scenarios. It can be seen that the proposed algorithm continues to outperform
(2.72) and (2.71). This shows that simple least squares based estimation with PSD and Toeplitz

constraints provides the best performance in this setting.
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Figure 2.6: Estimation error of different algorithms as functions of L. (Top) Normal-
ized error € v/s L. (Bottom) Normalized prediction error v/s L. The results are averaged
over 200 runs. Here n = 30, N = 42, o,, = 0.09.

2.6.3 Approximate Low Rank

In practice, T may not be low rank but can be approximated by a low rank matrix. We
study the robustness of the proposed method in such a setting when the entries of T can no longer
be represented as a sum of complex exponentials. We generated an approximately low rank T

by adding a small diagonal loading factor to a low rank PSD Toeplitz matrix. In Fig. 2.8, we
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study the performance of proposed method for such an approximately low rank T as a function
of sampled dimension n and compare it with nuclear-psd and random. The proposed method
exhibits robustness to violation of the low rank assumption and its performance improves with

increasing n.
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Figure 2.8: Recovery performance of different algorithms when T is approximately
low rank Toeplitz. The matrix T is approximately of rank 30, with ambient dimension
N = 110. Here SNR is 50 dB and the results are averaged over 50 runs.

2.6.4 Comparison with Maximum Likelihood based method

We now compare the performance of our algorithm with the SPA algorithm developed
in [121], which is derived from the Maximum Likelihood method and is also regularization-
free. Since the SPA algorithm [121] assumes that the measurements {y, } are Gaussian random
variables, we also generate both the data {x,} and noise {n,} as i.i.d zero mean Gaussian

random variables, with respective covariance matrices given by T and o,1. Additionally, we
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d;)

adopt the same definition of SNR as in [121]: SNR = 10log,, % The normalized

mean-square-error (N-MSE) is defined as

N-MSE — — f: [ — vl (2.74)
K= 3 '
where f:k# is the estimate of t (the first column of T') for £th Monte-Carlo run.

In Fig. 2.9, we compare the N-MSE as a function of SNR for different values of rank r
and number of snapshots L. It can be seen that for the same value of n = 30, SPA performs better
for smaller value of , whereas our algorithm outperforms SPA when r = 28, which corresponds
to a maximally compressed setting. Additionally, the performance of both algorithms improve
as L increases. We also compare the frequency estimation performance of both algorithms by
reproducing a similar plot from [121] (corresponding to sparse arrays) in Fig. 2.10 which shows
the estimated values of frequencies and powers over several Monte Carlo runs. °. Both methods
exhibit similar frequency reconstruction performance. Unlike SPA, although the proposed
method is not provably asymptotically Maximum Likelihood for Gaussian signals, its frequency
reconstruction performance seems to be similar to SPA, and for near-critically compressed
measurements, it can even outperform SPA in terms of covariance estimation error.
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Figure 2.9: Normalized mean-square-error (N-MSE) as a function of SN R, N = 40,
n = 30. The results are averaged over 100 Monte Carlo runs. (Top) » = 10 (Bottom)
r = 28.

5We only show the non-negative frequencies for convenience
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Figure 2.10: Estimates of frequencies and power ({ f;, d;}) produced by SPA and the
proposed algorithm. Here, r = 10, n = 12, N = 40, L = 500 and we consider 200
Monte Carlo runs. (Top) Proposed method. (Bottom) SPA [121]

2.6.5 Study on Frequency Separation

Recall that the stability of prediction in Theorem 3 is established under a separation
condition on the frequencies, that is inversely proportional to n. We now study the effect of
frequency separation as a function of n on the reconstruction error. We generate T of size
N = 20, with four symmetric frequencies (two positive and two negative) where one of the
positive frequencies is fixed at 0.1 and the other is located at 0.1 + A. We consider two values for
the frequency separation A: (i) A = 0.02 and (ii) A = 0.2. For each value of A, we compare the
performance of our algorithm against (2.72) and (2.71).

For each of the following experiments, we assume that (2.71) samples all of the /V entries
of T, (implying M = O(\/N )). As stated earlier, this same setting was used in the numerical
experiments of [57]. Similarly, we assume that (2.72) uses M, = N measurements. However, for
our proposed algorithm, we use two different values of n (for each A), in order to understand
how changing n affects the quality of prediction for small and large A.

In the first experiment, we assume n = 12, implying that the number of measurements
for the proposed algorithm is smaller than both nuclear-psd and random, and we need to predict
the remaining N — n = 8 entries of T. Fig. 2.11 shows the performance of all the algorithms
for A = 0.02 and A = 0.2. Here, N-MSE denotes the covariance estimation error given by

(2.74) and F-MSE is the mean squared error for frequency estimation defined as F-MSE =
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= S S ik — fﬁ;]Q where K is the number of Monte-Carlo runs and ff; is the estimate
of f; in kth run. It can be seen that for A = 0.02 (small frequency separation), (2.71) outperforms
the proposed algorithm. However, for a larger separation of A = 0.2, the proposed algorithm
shows similar performance as (2.71), although it uses smaller number of measurements.

In the second experiment, we assume that the proposed algorithm also samples the entire
matrix T, (i.e. n = N) and therefore uses the same number of measurements as nuclear-psd and
random. Fig. 2.12 shows the corresponding performance of all the algorithms in this setting. It can
be seen that proposed algorithm outperforms both nuclear-psd and random in terms of N-MSE,
regardless of the separation between frequencies. From these experiments, it can be concluded
that when the proposed algorithm uses fewer measurements than nuclear-psd, its performance
depends on the separation A between frequencies. For small A, nuclear-psd outperforms the
proposed method, but for larger A, both algorithms exhibit similar N-MSE for different values of
L. On the other hand, when both algorithms use the same number of measurements, the proposed

algorithm outperforms nuclear-psd in terms of N-MSE, regardless of frequency separation.

2.6.6 Computational Complexity

Finally, we compare the computational complexity of the proposed method with nuclear-
psd and random. Fig. 2.13 shows the run-time of these algorithms as we increase the problem size
N. We simulated all algorithms on a Dell OptiPlex 7020 desktop with Intel(R) Core(TM) 17-4790
CPU @ 3.60GHz, and 16 GB Memory, using the CVX toolbox for MATLAB, and on the same
dataset. Since the problem size (number of unknown variables) of the proposed algorithm is O(n),
rather than /V, the complexity of our method is smaller than the other algorithms. Moreover, our
complexity does not grow with N. This may turn out to be especially advantageous in the high

dimensional setting when NV is very large.
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Figure 2.11: N-MSE and F-MSE as a function of the number of snapshots (L) for
two different values of A: (Top) A = 0.02 and the frequencies in the positive half are
[0.1,0.12] (Bottom) A = 0.2 and the frequencies in the positive half are [0.1, 0.3]. Here,
random uses N rank-one random measurements and similarly, nuclear-psd samples the
entire NV X N matrix T. The proposed algorithm only observes T, with n = 12 and
uses less measurements than random and nuclear-psd. Here, N = 20, o,, = 0.09, r = 4
and the results are averaged over 200 runs.
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Figure 2.12: N-MSE and F-MSE as a function of the number of snapshots (L) for
two different values of A: (Top) A = 0.02 and the frequencies in the positive half
are [0.1,0.12] (Bottom) A = 0.2 and the frequencies in the positive half are [0.1,0.3].
The experimental settings are identical to that in Fig. 2.11 except that in this case, the
proposed algorithm also observes the entire matrix with n = N.
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Figure 2.13: Comparison of run-times of the proposed method and the nuclear norm
based recovery algorithms in [38,57]. Here, » = 10, SNR = 20 dB and n = 20. The
run-time is averaged over 100 runs.

61



2.6.7 Numerical Performance of Coarray ML-MUSIC

We compare the performance of the (Co-MLM) framework with several other algorithms
that attempt to estimate the co-array covariance matrix T, from f{yy. Since the ML problem
(2.62) 1s highly non-convex, we adopt the idea of Extended Invariance Principle proposed in [137],
which provides an approximation of the ML objective given sufficient number of snapshots [4,121].

In particular, we solve the following convex problem

. 51 T
min Trace(X) + Trace(R,, STS")

X R
RY? STST =0
T
T is Toeplitz (2.75)

We compare (2.75) with the nuclear norm based algorithm in [57] (henceforth referred as nuclear-
psd) and the Co-array MUSIC algorithm of [45, 138]. Consider a nested array with M = 6
sensors located at {1, 2,3, 4,8, 12}. It receives signals from D* = 10 > M narrowband sources
whose spatial frequencies are equi-spaced in the range [—0.4,0.4]. The sources are assumed
to be of equal power, i.e. pi = p5 = --- = pp. = 5. We first compute an estimate T of the
co-array covariance matrix using the three algorithms, and then apply the MUSIC algorithm on
T to estimate the DOAs. The smallest singular value of T serves as an estimate of the noise
power. After estimating the DOAs, the source powers can be obtained from T using the Least
Squares method. A typical MUSIC spectrum for all three algorithms is shown in Fig. 5.2. It can
be seen that for this realization, (Co-MLM) correctly identifies the DOAs, whereas the other two
algorithms exhibit spurious peaks.

We also study the Mean-Squared-Error (MSE) of DOA estimates for all three algorithms.

Following [4,121], to compute the MSE, we use the estimated DOAs that correspond to the D*
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largest values of the estimated source powers. Fig. 2.15 shows the MSE as a function of ¢, and L.
For both cases, (Co-MLM) outperforms the other two algorithms, and the gap in MSE is larger

for smaller L.

2.7 Conclusion

In this chapter, we considered the problem of compressing and recovering a low rank
PSD Toeplitz matrix using minimal number of measurements. As a major contribution of this
work, we showed that it is possible to recover a rank » PSD Toeplitz matrix from a sketch of
size O(y/r) x O(y/r), which is order-wise optimal. The sketch can be obtained by using a
newly proposed class of structured sampler, namely, the Generalized Nested Sampler (GNS), or
sparse ruler based sampling techniques. In absence of noise, these structured samplers provably
outperform random sampling where the number of required measurements exhibits a logarithmic
dependence on ambient dimension /N. We further reformulated the reconstruction problem in
terms of line spectrum estimation and studied the performance of gridless techniques, such as
MUSIC, for recovering T from its sketch produced by the GNS. By using the Vandermonde
decomposition of PSD Toeplitz matrices, we show that a simple least squares denoising with PSD
constraints suffice to guarantee stable reconstruction of a N x N Toeplitz covariance matrix of
rank r from a sketch of size O(+/r) x O(y/r). The proposed method is regularization-free and
has low complexity. In the presence of noise and finite snapshots, we developed an explicit bound
on the prediction error in terms of 7, noise power and the observation length n.

Motivated by the Vandermonde decomposition, we also studied the maximum likelihood
problem for estimating the DOAs of O(M?) sources that exploits the co-array structure of a
nested array with M antennas. We showed that a certain constrained ML framework (with PSD
and Toeplitz constraints) for estimating the co-array covariance matrix provably produces a ML

estimate for the DOAs when the number of sources is assumed to be unknown. In addition, under
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a certain orthogonality condition on the source signal waveforms, the PSD Toeplitz constrained
ML algorithm can exactly recover the true DOAs even with a finite number of temporal snapshots.

The numerical simulations validated the theoretical claims established in this chapter
Future work will be directed towards understanding the need for separation condition for frequency
estimation in presence of noise, and establishing optimal error bounds.

Chapter 2, in part, is a reprint of the material as it appears in following papers:

H. Qiao and P. Pal, “Gridless Line Spectrum Estimation and Low-Rank Toeplitz Ma-
trix Compression Using Structured Samplers: A Regularization-Free Approach, IEEE

Transactions on Signal Processing, vol. 65, no. 9, pp. 2211-2226, May 2017.

e H. Qiao and P. Pal, “On Maximum Likelihood Methods For Localizing More Sources than

Sensors, IEEE Signal Processing Letters, vol. 24, no. 5, pp. 703-706, 2017.

e H. Qiao and P. Pal, “Generalized Nested Sampling for Compressing Low Rank Toeplitz

Matrices, IEEE Signal Processing Letters, vol. 22, no. 11, pp. 1844-1848, Nov. 2015.

e H. Qiao and P. Pal, “Stable Compressive Low Rank Toeplitz Covariance Estimation With-
out Regularization, in the Proceedings of Asilomar Conference on Signals, Systems and

Computers, 2016.

e H. Qiao and P. Pal, “Generalized Nested Sampling for Compression and Exact Recovery of
Symmetric Toeplitz Matrix, in the Proceedings of IEEE Global Conference on Signal and
Information Processing (GlobalSIP), Atlanta, GA, USA, 2014.

The dissertation author was the primary investigator and author of these papers.
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Chapter 3

Super-Resolution and Support Recovery

with Non-Negative Constraint

This chapter simultaneously considers the problems of super-resolution and support-
recovery with non-negative constraint. The two problems have similar measurement models
and analysis tools in the proof of stable recovery. In the following, we will first discuss super-
resolution and provide an intuitive explanation of the usefulness of non-negative constraint. Then,
we will study the problem of joint support recovery with multiple measurement vector model.
The non-negative constraint naturally arises as we explicitly exploit the correlation information
of the jointly sparse signals. We establish a universal analysis framework that is independent
of the chosen objective functions in the optimization program. The universal upper bound on
the estimation error is shown to be tight by explicitly constructing an example. As another
important contribution, we propose a computationally efficient algorithm for exactly recover the
support by simply hard-thresholding the estimated signal power. Next, we try to further generalize
the universal analysis framework by introducing the concept of modulus of continuity. This
quantity fundamentally bounds the estimation error and is only dependent on the measurement

model. We show that non-negativity constraint will give a better modulus of continuity in terms
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of an amplification factor compared to the general case. Finally, we will discuss a particular
super-resolution problem known as fluorescence microscopy. Sparse array idea is shown to be
useful to identify more sources than sensors by exploiting the Gaussian point spread function and

the statistical property of the point sources.

3.1 Introduction

The problem of super-resolution is fundamental across imaging applications such as
astronomy [150], medical imaging [151], microscopy [152] and radar [153]. In these systems, the
resolution of the captured image is always limited by the physical measurement process which
necessitates the use of sophisticated signal processing techniques to retrieve finer details that are
apparently lost.

The problem of super-resolution with noisy measurements was analyzed in the pioneering
work by Donoho [139] and further developed in recent works [141,142] where total-variation (TV)
and /; norm based convex algorithms were used for promoting sparse structure in super-resolution
reconstruction. The analysis technique of [141, 142] involves an explicit construction of a certain
dual polynomial (based on the Fejér kernel), whose properties can be exploited to analyze the
performance of convex super-resolution algorithms for noisy line spectrum estimation [59] and
low-rank Toeplitz covariance estimation [4].

More recently, the role of positive constraints in super resolution was analyzed in [61]
by imposing a new notion of Rayleigh regularity on the underlying signal. Using the same dual
polynomial as [141, 142], the authors in [61] established stability guarantees for a simple [;
norm based denoising problem with non-negative constraint. In another recent work [148], the
author established robust recovery guarantees of positive streams of spikes by imposing strong
structural constraints on the admissible blurring kernel. It should be noted that existing analysis

of noisy super-resolution focus on solving convex problems. In this chapter, we show that positive
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constraints on the unknown target signal can be exploited in a suitable way alongside its sparsity,
leading to a non-convex super-resolution problem which minimizes the [, » quasinorm of the
signal. Such [,(0 < ¢ < 1) norm based non-convex constrained optimization problems and
corresponding algorithms to (approximately) solve them, have been studied in recent literature
[154-157,163]. However, in order to establish stable reconstruction guarantees, these techniques
either rely on exploiting certain properties of the measurement matrix such as the Restricted
Isometry Property (RIP) [96]) [156, 158-160, 163—166], or Kruskal rank [155]. However, the
measurement matrix arising in super-resolution imaging is a deterministic rank-deficient matrix
composed of DFT matrices for which RIP cannot be established. Besides, [;/, quasinorm is
not differentiable and recent advances in non-convex gradient descent based algorithms are
inapplicable [86, 158, 164].

The problem of joint sparse support recovery from Multiple Measurement Vectors (MMV),
is of significant interest in compressive sensing and sparse signal recovery [16, 135, 147, 168,
170-174]. The goal is to identify the common support (denoted by &) of a set of L vectors
x[l] € CV,1 < | < L using L (compressed) measurement vectors y[l]] € CM 1 <[ < L

(CMXN

(M < N) acquired using a common measurement matrix A € and contaminated with

additive noise w/l]|

yll] = Ax[l] + w[l], Supp(x[l]) = S,|S| =s (3.1

The MMV model is originally inspired by measurement models in sensor array processing
[172,174] where y (] denotes the [th temporal sample (or snapshot) of the measurements collected
at an array of M sensors. The MMV model arises in a wide range of applications such as
EEG/MEG source localization [188, 189], DOA estimation [184, 185, 199, 200], sub-Nyquist
sampling [41, 194], channel estimation [195] and MRI [196], to name a few.

The MMV problem has been widely studied in the past decade, giving rise to a large
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number of computationally efficient algorithms that exploit the joint sparsity of {x[l]}~, as
well as the rank of the measurement matrix Y, = [y[1],y[2],- - - , y[L]] for better performance
and/or recovery guarantees [170-173,181,201]. On the other hand, rigorous guarantees for
support recovery in MMV models (in terms of achievability as well as converse results) have
been developed using information theoretic tools [143, 145], exhaustive search decoders [146],
joint typicality decoder [144], and recent unification of such guarantees for linear and non-linear
measurement models [143,202]. However, a common feature of most of these results is that their
theoretical guarantees are applicable only when the size of the support is less than A/, and cannot
be applied in the regime s > M. A main reason is that the sparse signal x[l] is modeled as a
(unknown) deterministic quantity and statistical priors on x[/] (such as its correlation structure)
are not fully exploited by appropriate design of the measurement matrix. We now review the role
of sparse arrays on the design of the measurement matrix A. Such arrays have drawn considerable

attention in recent times due to their ability to recover supports of size s > M.

3.1.1 Difference Co-Arrays, Correlation-Awareness and Localization of

More Sources than Sensors

Sparse sensor arrays such as nested [45] and coprime arrays [17] are gaining increasing
attention owing to many associated benefits over the conventional and widely-used Uniform
Linear Array (ULA) [41, 130,203]. One of the striking features of these arrays is that their
difference co-array [204] contains an ULA segment of length ©(M/?). This difference co-array
controls the correlation structure of the measurements, and can be utilized to resolve more
sources than sensors. In recent times, clever extensions of these arrays such as super nested
arrays [198] and generalized coprime arrays [199] have been proposed in literature to combat
mutual coupling and avoid small inter-element spacings. Besides applications in Direction-of-
Arrival (DOA) estimation and super-resolution imaging [7, 175], the idea of sparse array as a

sampling operator has intimate connections to the important problem of compressive covariance
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sensing [4,18,40,41, 130]. Statistical performance of sparse arrays in estimation of more source
directions than sensors has been recently analyzed in terms of Cramér-Rao bounds [130,169,179],
mean squared error (MSE) of estimators based on the Co-array MUSIC algorithm [130] and
(nonlinear) Least Squares algorithms [203].

However, these results are asymptotic in nature (i.e. tight only when L — oc0) and are
either loose or inapplicable when L is finite. Moreover, they also require the number of sources
to be known apriori, or assume certain stringent conditions on correct identification of the signal
subspace, which may be unrealistic in practice (or at best, very difficult to ensure with finite L).
On the other hand, recent advances in analysis of super-resolution algorithms based on Total
Variation (TV) norm and atomic norm minimization ! cannot ensure absence of spurious spike
estimates and cannot be directly utilized to characterize the MSE of source localization [59, 141].
Sparse Arrays and MMYV: As pointed out in [135,172], the MMV model has its origins in sensor
array and multichannel signal processing. Inspired by their success in array processing, sparse
arrays have been successfully used in MMV models in recent times to empirically demonstrate
the possibility of recovering more sources than sensors in applications ranging from radar,
sonar, satellite based navigation (GNSS) to super-resolution optical imaging [16,135,175,176,
183,186, 187,190]. Contrary to standard MMV algorithms [173,201], these techniques aim to
directly recover the sparse support (bypassing the recovery of the unknown vectors x[{]) from the
data correlation matrix 1 S°F L y[l]y™[l] captured by a sparse array, under the assumption that
the non-zero elements of x|[{] are statistically uncorrelated. The idea of using such correlation
priors on x[{] for source localization has been of continued interest in MMV models for over a
decade [120, 174,180, 181, 184,185, 189,205], giving rise to powerful Bayesian algorithms for
sparse signal recovery, such as the M-SBL framework [181, 188, 197].

However, theoretical conditions under which these algorithms can recover supports of size

larger than M with finite L, have so far only been partially developed in two distinct lines of work.

1Contrary to MMV models that assume sources to be located on a grid [120, 147,174, 175, 180], these algorithms
assume a “gridless” model for source locations.
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In the first line of work, the authors of [135] make a very interesting observation that as long as
the rows of the matrix X, = [x[1],x[2],-- - ,x[L]] are orthogonal, M-SBL can identify supports
of size larger than M. However, such a deterministic condition does not lead to meaningful
statistical guarantees on support recovery. In the second line of work [16], we proposed solving
a new convex optimization problem called “Correlation-Aware LASSO” (or Co-LASSO) that
utilizes the structure of the data correlation matrix ¢ S 7 y[1]y™[l] to recover the joint support of
more sources than sensors. Although Co-LASSO provably recovers supports of size s = ©(M?)
when the exact correlation matrix is available (i.e. when L — 00), establishing such guarantees
for finite L has been an open problem in the regime s > M [16, 101, 147]. To address this
issue, we recently cast the correlation-aware support recovery problem in terms of a multiple
hypothesis testing framework [168] (where each hypothesis corresponds to one of (];f ) possible
supports), and derived non-asymptotic bounds on the probability of error in the regime s = ©(M?)
as a function of L. Although this result applies to general measurement matrices (including
sparse arrays), the algorithm for support recovery involves testing (]: ) hypotheses which can
become computationally intractable even for moderate N and s. In this paper, we overcome this
drawback by analyzing a computationally efficient framework (which is closely related to our
convex Co-LASSO algorithm from [16]) for support recovery in the regime s = ©(M?), and
developing non-asymptotic guarantees on the probability of support recovery, as a function of L.

Our guarantees do not require the knowledge of s and the source powers can be unequal.

3.1.2 The Modulus of Continuity

In this chapter, we consider the same problem setting as in [61] where the goal is to
reconstruct a sparse non-negative discrete signal from low-frequency measurements. In contrast to
previous works, our goal is to perform a unified analysis of positive super-resolution independent
of particular algorithms. To achieve this, we revisit the concept of Modulus of Continuity

(MC) [139, 140] which essentially provides an upper bound on the error of any algorithm,
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simply by leveraging the structure of signals. We study the explicit role of positivity on the
Modulus of Continuity and our results show that the scaling factor of MC can be improved
from O(N?) [139, 140] to O(N?®) where N is the dimension of the underlying signal. This
improvement is due to positive constraints imposed on the desired signal, which is not considered

in [139].

3.1.3 Notations

Throughout this chapter, scalars, vectors and matrices are denoted by lowercase, boldface
lowercase, and boldface uppercase alphabets respectively. The Kruskal rank of a matrix X
(the maximum integer k& such that any k£ columns of X are linearly independent) is denoted by
Krank(X). The notation vec(X) denotes the column-wise vectorization of a matrix X. The
notation X ® Y represents the Khatri-Rao product (column-wise Kronecker product) of matrices

X, Y with the same number of columns.

3.2 Understanding the Role of Non Negativity Constraint in

Super Resolution

3.2.1 Problem Formulation

The goal of discrete positive super-resolution [61, 148,206] is to reconstruct a signal (or

image) x* € RY from measurement y € C" of the form [61]

y=Qx*+w x*>0 (3.2)

where x* is a sparse vector with non-negative entries, w is the measurement noise and Q € CV*¥

is the measurement matrix. Here, QQ represents a low-pass filter such that y only retains the
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low-frequency components of x*, and the high-frequency components are lost. This imparts the

following special structure to Q [61],
Q=FyA,Fy (3.3)

where Fy € CV is given by [Fx]s.; = \/Lﬁe‘jz”kl/]v, ~N/24+1<k<N/2,0<I<N-1

and A, = diag([A_n/241," -, Any2]) with

_ n—1 n—1
1, k=-n2 ... o=t
A =
0, otherwise

2. Hence, Q only collects the n low-frequency DFT coefficients of x*. The goal of super-
resolution is to accomplish the difficult task of recovering the lost high frequency components of
x* by utilizing its sparsity.

In recent efforts to solve the positive superresolution problem with provable guarantees,
the authors in [61] proposed the following convex optimization problem to estimate sparse

non-negative x*
mxin ly —Qx|1 st. x>0 (Pen)

Inspite of its simple formulation, ( Py, ) is quite effective in finding x* with provable guarantees.
In fact, it is shown that if x¥ is an optimal solution to ( Py, ), then the I; norm of the estimation
error [|x# — x*||; gets amplified by a factor of (-25)? where -~ is the so-called super-resolution
factor (SRF).

Notice that the formulation (P.,) does not explicitly enforce any sparsity penalty on x,

and only uses the prior that it is non-negative. If we assume that |w|; < J;, we can further

2For ease of presentation, we assume that the ambient dimension N is even and n is odd [61]
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promote sparsity by using the /; norm of x as a convex surrogate for its sparsity [96]. This will be
equivalent to adding a non-negative constraint to the convex super-resolution problem proposed

in [141, 142]:
min x|, st [y - Qxl, <5, x>0 (P)

where p is usually chosen as p = 1, 2. Although (P,) is reminiscent of standard /; minimization
problem from compressed sensing, conventional analysis tools such as Restricted Isometry
Property (RIP) [96] or neighborly-polytope conditions [207,208] are inapplicable in this case.
This is because Q is a deterministic rank-deficient matrix composed of DFT matrices, for which
neither RIP nor neighborly-polytope properties can be readily established. The problem (P;)
without the positivity constraint and for p = 1 was analyzed in [141,142] using a different analysis
technique that constructs a certain dual certificate in the form of a trigonometric polynomial, and

obtained similar error bounds as [61].

3.2.2 Motivation for using /, , quasinorm in positive super-resolution

As a simple fact, any non-negative vector x can be represented as x = h o h, where o
represents the Hadamard product. Thus, the convex /; norm minimization problem (P;) can be

equivalently rewritten in terms of h as

min b3 ()

st. |y —Q(hoh), <5, h>0

Without loss of generality, we can assume h is also non-negative. The formulation (]51) has
convex objective and non-convex constraints. Clearly, (f’l) is equivalent to the convex problem

(P;) due to a one-to-one mapping between h and x, and the optimal h has the same support as
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the optimal x. As evident from (P;), minimizing [, norm of x is equivalent to minimizing the [,
norm of h. A natural question to ask is: what happens if we enforce sparsity of h by replacing
its [, norm with /; norm in the objective function? In other words, we consider the following

problem
min bl st [ly = Q(hoh)l, <5, h>0 (B)
Using x = h o h, (P,) can be rewritten as
min [[x[|y st [ly = Qx[l, <6, x >0 ()

where we use the fact that ||XHO%'5 = ||h||;. The problem (F,) minimizes the non-convex [; o
quasinorm of x over a convex feasible set. It is well known that minimizng the [, , quasinorm
favors even sparser solutions over minimizing /; norm [162,163,209,210]. While [, quasinorm
minimization has been explored and analyzed as a better alternative to /; norm for promoting
sparsity, the corresponding theoretical guarantees (which are based on RIP) [160, 163,165, 166]
do not apply to Q which represents a low-pass filter in super-resolution imaging. We bridge this
gap by first proposing an iterative reweighted /; norm minimization algorithm (for approximating
the [, » quasinorm) and developing theoretical guarantees under which this algorithm can provide

stable solution in presence of noise.

3.2.3 Iterative Algorithm to approximate [, , quasinorm minimization

Since (P,) is non-convex and has non-differentiable objective function, recent advances
in non-convex gradient descent based algorithms [86, 158, 159, 164] are not applicable. Inspired
by [163], we propose an iterative reweighted /; norm minimization algorithm to solve (F,), by

explicitly enforcing positivity of the desired signal.
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Table 3.1: Algorithm 1: Non-negative Reweighted /; Minimization

Input: Noisy measurements y, parameters o, and € > 0
Output: An estimate X7 of x*.

1. Initialization: An initial feasible guess x, such that ||y —
Qxo|l, < 6,,%0 > 0, and a sequence of non-increasing positive
numbers {¢,} such that lim,,_,, €, = 0.

2. Iteration: Given x,,, obtain X,, 1 as

N-1

Xpi1 = arg mlrllv —
zeR™ 0 (Tn,i + €n)2

st. |ly—Qz|,<6,, z>0

2

(P3)

-

3. Stopping Criterion: Stop when ||x, — x,,+1]]1 < e. Return x,,44
as the estimate of x*.

The problem (P;) in Algorithm 1 can be identified as a reweighted /; minimization
problem, where the weights are given by (z,,; + €,)7°%,4 = 0,--- | N — 1. * The motivation
stems from prior works in Majorization-Minimization (MM) algorithms that iteratively minimizes
simple (possibly convex) surrogates for a given objective function [157]. In our case, we want
to minimize the non-convex /; ; quasinorm g(z) = ||z + el = SN Vz T e forz > 0. We
instead iteratively minimize the first-order linear approximation of ¢(z) at z = x,,, giving rise to

the following formulation

MZ

Yoo
— Db st |ly — Qz|l, < 0y, (3.4)
2./7}

min {
z>0

Here, Z \/m can be identified as the weighted /; norm of non-negative z, implying that
(3.4) identical to (Ps).

3The positive parameter ¢, is used to avoid zero denominator [157].
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3.2.4 Analysis of /; , minimization: Convergence and Error Bound

A main contribution of our paper is to analyze Algorithm 1 given the special structure of
the low-pass filter Q, and develop explicit bounds on the estimation error ||x* — x*||;. Although
Algorithm 1 does not solve a convex problem, we show that the error bound behaves similar to
the convex non-negative superresolution algorithm proposed in [61] and gets amplified by SRF?,

We begin by defining the set of signals obyeing separation condition [4, 59].

Definition3 (Set of Non-Negative Signals Obeying Separation Condition) Given N and n, the

set AL, is given by

k1 4

)= —— Vk#1€ supp(x)}

CVN.x>0|p(—,—

where p(-,-) is a wrap-around distance function [142] such that for ¥y, pus € [0, 1], we have

ppns po) = min(|pn — pol, [ + 1 — pial, [po + 1 — pal)

The following theorem shows that the sequence of iterates produced by Algorithm 1 has a
converging subsequence, and whenever x* € A} | the limit of this convergent subsequence

sep?

produces a stable estimate of x* (and in particular, exactly recovers x* in absence of noise).

Theorem6 Given any non-increasing positive sequence {¢, } and a feasible initial point x,, the
solution sequence {x,} of Algorithm 1 has a convergent subsequence which converges to a

feasible point x* of (P,). Furthermore, if x* € Af, , the limit x* obeys

sep?

N \?2

where C' is a positive constant.
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Proof. Notice that

(Tpy1 + €n+1)1/2

%) > (Tn41i + €)'
(i + €0)1/4

0
N—1 11/2 TN—1 11/2

(Tnt1, + €n) 1/2
< Z (Zni + €n)/2 ;(xm + €n)

(T + €)'/

N—1 (x . ) 11/2 rN—1 11/2

(xm -+ €n)1/2

where (a) is due to €, 11 < €,, (b) follows from Holder’s inequality and (c) is true because x,,, 1 is

the optimal solution of (P;). We further use the fact that [163]

N-1 2 N-1 2
”Xn”oo S [Z (xn,i + Gn)1/2 S [Z (370,@' + 60)1/2]
=0 =0

This shows that the sequence {x,} is bounded, and thus it has a converging subsequence.
Additionally, the feasible set of (P3) is the intersection of non-negative orthant and closed [, ball
(where p = 1, 2) and hence any cluster point of {x,,} will be feasible [211].

To prove the second part, we use the following fact about Q from [61]. Let v = x# — x*,
and Ty = {ljv; < 0,0 < I < N —1}. Ifx* € Ajep, there exists q € R and ¢ (”T’l)Q <n<l1

where ¢ = 0.0036, such that Qq = q and [61]

qg=-n IfleT,; n<gqg<1l—n otherwise
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Given the existence of such a q, we have

[a"v|=(Qa)"v| = d"Qv| < [la]l«[IQv]x
< (1-nllQx* — Qx|

< (1= (1Qx" =yl + 1Qx" = yll) < 2(1—n)d,

On the other hand, we also have

N-1 N-1
lq"v| = | qul’ = Z qor = vl
1=0 1=0

The proof completes by using 7 = ¢ (”T_I)Q

3.3 Background on Sparse Arrays and Correlation-Aware Sup-
port Recovery

We consider the MMV model introduced in (3.1). Following [16, 168, 181, 182], we make

the following assumptions on the correlation of X.:

¢ [(A1)] Uncorrelated Source Signals. The source signals x[{], 1 < [ < L are assumed to
be zero-mean, independent and identically distributed (i.i.d.) random vectors. Furthermore,

the non-zero elements of x[/] are assumed to be statistically uncorrelated, i.e.,

E(x[])=0,1<i<L

E([x[]:x[m]l;) = pid(i = k)6 —m), ikeS
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where p} is the power of ith component, (-) is the Kronecker delta function and * denotes

conjugate.

o [(A2)] Noise. The additive noise vectors {w|l]}~ , are statistically uncorrelated with X,

and distributed as
wll] & CN(0,0°T)

In our analysis, o2 is assumed to be unknown.

¢ [(A3)] Measurement Matrix. Throughout the paper, the measurement matrix A is as-
sumed to be a fixed deterministic matrix, representing the array manifold of a sparse array
(as described later). The theoretical guarantees of this paper will be developed for such a

deterministic A. *

3.3.1 Fundamental Limits of Correlation-Aware Support Recovery from

MMV

The goal in MMV problems is to detect the common support S from Y, [16, 147,182].
Most MMV algorithms achieve this by first recovering X and then detecting its common
support [171,174,201]. The need to exactly recover X, first automatically restricts the size of
recoverable support to |S| < M [170-173]. In particular, it is well-known that X, can be exactly

recovered if [172,173]

. Krank(A) ;—rank(YL) (3.6)

40ur results deviate from usual guarantees in compressed sensing which rely on the measurement matrix A being
random and following appropriate distributions [96].
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Since Krank(A) < M and rank(Y ;) < M, (3.6) implies that s < M. However, a recent
line of work [16, 135, 168] has shown that by exploiting correlation priors on X (given by
Assumption (A1)), it is possible to recover S from the correlation matrix Ry, = ]E(%Y LY of
the measurements without having to first estimate X . The idea behind such “correlation-aware”
techniques for support recovery is also closely related to an important body of research on
compressive covariance sampling [4, 16, 38,40,41] where the goal is to recover the covariance
matrix of X, from its compressed sketch R,. The main idea behind these methods is to design

the measurement matrix appropriately so that it becomes possible to recover supports of size as

large as s = ©(M?). To see this, notice that Assumption (A1) implies
Ry, = Adiag(p*)A" + 1 (3.7)
where p* € RY is a sparse vector satisfying

X pr, 1€S
Pl =
0  otherwise
In other words, the support of p* is exactly S. Hence, we can recover S by first finding a sparse
p* that satisfies (3.7). Assuming we know ° the noise power o2, this amounts to solving the

following [y quasi-norm minimization problem
m}i(r)l zllo st (A*® A)z=vec(Ry, — 1) (P0)co

where we used the fact that vec(Ryy) = (A* @ A)p* + o?vec(I). Using standard results from

compressed sensing [96], it follows that the solution to (P0)¢, will be unique, and identical to p*

5This assumption will be relaxed later.
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if
1 *
s < §Krank(A ®A) (3.8)

Hence, the Kruskal-rank of A*®A (and not of A) controls the maximum size of support that
can be recovered by solving (P0)¢,. Since the matrix A*®A is of size M? x N, (i.e. it has
the same number of columns as A but its number of rows is M times larger), its Kruskal-rank
can be as large as ©(M?). To understand what kind of measurement matrices permit such large
Kruskal-rank, we turn to the scenario when A represents the manifold of a suitable sparse array,

such as a nested or coprime array [17,45].

3.3.2 Sparse Arrays and Difference Sets

In many imaging problems using sensor arrays, the measurement matrix A has a Fourier
structure, since the acquired measurements naturally correspond to Fourier transform of the
underlying signal of interest [23, 175, 193, 194]. For example, in DOA estimation and super-
resolution microscopy, ¢ the location of each point source of interest (which can represent a
far-field target or a molecule) can be mapped to a spatial frequency w € [0, 27). By discretizing
the range of spatial frequencies into N bins as w,, = 27n/N,0 < n < N — 1, one obtains the

measurement matrix A as [7,61, 120, 175, 176, 199, 200]

2mn

Al =% 1<m<M0<n<N-1 (3.9)

where d,, is an integer denoting the location of the mth sensor (or pixel), normalized with
respect to the wavelength of the impinging narrowband waveform. This discretized model

for source localization has been widely used, especially in conjunction with MMV models

6For ease of exposition, we consider a one-dimensional source localization problem, although the results can be
directly extended to two dimensions.
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[16,120,175,177,183,199,200].
Under assumption (A1), we know from (3.8) that the Kruskal-rank of Axg = A* ® A
dictates the size of recoverable support. Upon close inspection, it can be verified that Agy is

given by
AKR m—1)M+In — ej(dM7dl)2]7\rfn7 1 S m,l < M (310)
( ) )

Comparing (3.9) and (3.10), each column of Agg can be thought of as the steering vector
(corresponding to a candidate spatial frequency) of a virtual array (also called the difference
co-array) whose elements are located at positions given by the following difference set [32,41,45,

199,204]
Dt 2 {dy — di, 1 <m,1 < M} (3.11)

The structure of Dy and the number of its distinct elements directly control the Kruskal-rank
of Akg, and therefore the largest size of recoverable support [16]. If we carefully design the
set of sensor location S = {dm}%zl, then it is possible to ensure that its difference set Dy;s has
O(M?) distinct consecutive integers. In other words, the virtual array (whose element locations
are given by Dgir) will have a ULA segment with © (M ?) elements. This is precisely the main
idea behind the design of sparse arrays. Sparse arrays such as minimum redundancy arrays [204],
nested arrays [45,124] , coprime arrays [17], and their generalizations and extensions [199] are
carefully designed so that their difference sets satisfy this property. We now briefly review nested

and coprime arrays and compare their difference sets with the popular ULA.

1. ULA: For a uniform linear array,
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It can be easily seen that in this case
Ddiff:{m,—M+1§m§M—l}

and hence | Dy |= 2M — 1. In fact, it can be verified that in this case Krank(Aggr) =
2M — 1. Hence, (3.8) implies the following upper bound on the size of the recoverable
support s < M. This is consistent with the popular belief that the number of resolvable

directions is ultimately upper-bounded by the number of sensors or antennas.
2. Nested Array: For a nested array [45], the set of sensor locations is given by

{di}ily ={m-1,1<m<M/2}U

{(M/24+1)n—-1,1<n<M/2} (3.12)
The difference set is

]D)diff =

{m,—M?/4—M/2+1<m< M*/4+ M/2 -1}
Since Dy;gr contains all consecutive integers within the above range, Agg is a Vandermonde

matrix with MTQ + M — 1 distinct rows. Hence,

M2
Krank(Aggr) = -t M-1

Hence the Kruskal-rank of Agg for nested arrays is as large as ©(M?), whereas that for

ULAis 2M — 1.

3. Coprime Array: A coprime array is an array of M = 2M; + M, — 1 sensors, where M,
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and M, are coprime integers. The locations of the sensors are given by

{di}ij\il =

{Mlm,OSmSMg—l}U{MQn,l§n§2M1—1}

The difference set in this case contains all integers in the range

{n, —M1M2 S n S MlMg}.

Thus, the rows of Agr contain a Vandermonde submatrix with 2M; M, + 1 distinct rows,

implying

Krank(AKR) > 2M1M2 + 1.

For My = M; + 1, we have M = 3M; and Krank(Axg) = ©(M?).

From the above discussions, it is clear that for nested and coprime arrays, we can find an integer
M_, such that (i) Dg contains all consecutive integers in the range — M, and M, and (ii) M.,
is as large as ©(M?). The same is true for generalizations of nested and coprime arrays, such as
super nested [198], and generalized coprime arrays [199]. More generally, for all these arrays,

Dgier contains a ULA segment given by the set

U={n,~M,<n<M,}, M.,=06(M? (3.13)

This prompts us to unify the treatment of nested arrays, coprime arrays (and their extensions) by

defining a family of “Order-Optimal Sparse Arrays (OOSA)”:

Definition4 (OOSA) An array is an OOSA if its difference set D4 contains a subset U of the
form (3.13) with M., = ©(M?).
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The criterion for any array to be an OOSA is that its difference set should contain a ULA segment
of size ©(M?). Since the maximum size of Dgg can only be O(M?), these arrays are called
“Order-Optimal” since the ULA segment U is of maximum possible size order-wise with respect

to M.

Remark9. Virtual Array Manifold corresponding to U: For the remainder of this paper,
we will assume that A represents the measurement matrix corresponding to an OOSA (which
includes nested, coprime and their extensions). From (3.9) and the structure of the difference
set (3.11) of any OOSA, it can be seen that Agg € CY *xN contains a Vandermonde sub-matrix
AYp € C2MeatIXN with 9M,,, + 1 rows, whose elements are given by

[ARRIm 4 bqn = €727

_McaSmSMcmOSnSN_l (314)

In other words A} represents the virtual array manifold corresponding to the largest central
ULA segment U in the difference set of an OOSA. Fig. 3.1 shows non-negative halves of Dy;s

and U (denoted D and U™ respectively) for ULA, nested and coprime arrays.

3.3.3 Limitations in Existing Guarantees With Finite Number of Measure-

ment Vectors when |S| > M

It is clear from the above discussion that an OOSA can ensure unique support recovery
in the regime s = ©(M?) via solving (P0)¢,. However, this requires exact knowledge of Ry,
which is only available as L. — oo. In practice, with a finite number (L) of measurement

A

vectors, we use the sample covariance matrix Ry, = %YLYf as an estimate of Ry,. As

a practical and computationally tractable approach to correlation-aware support recovery, we
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Figure 3.1: Examples of ULA, nested array (M = 10) and coprime array (M; =
3, My = 5) with their difference co-arrays (non-negative part) respectively.

proposed to solve the following convex problem, also referred to as “correlation-aware” LASSO

(or, Co-LASSO) [16]

1
min ~||#y, — Axrz|3 + A||z|li (Co-LASSO)

z-0 2

A~

where £, = vec(Ryy). The first term in the objective function of (Co-LASSO) captures the
mismatch between ideal covariance matrix and its estimate, while the second term promotes
sparsity by replacing [y quasi-norm with its convex surrogate /; norm. While LASSO is a well-
studied problem that with provable guarantees for support recovery in the regime |S| < M [101],
it is currently unknown if (Co-LASSO) can provably recover support of size s > M with high
probability in L. Existing analysis of Co-LASSO is based on the mutual coherence of Aggr
(Theorem 7 in [16]), which scales as O(1/M). As a consequence, current non-asymptotic
guarantees for (Co-LASSO) are only valid in the regime s < M and they fail to predict its

performance when s = O(M?). This is a major current limitation of existing analysis of
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correlation-aware support recovery with finite data. Evidently, the limitation is due to the fact
that these guarantees rely on mutual coherence, which is known to yield sub-optimal sample
complexity. The limitation can be potentially overcome if one can establish Restricted Isometry
Property (RIP) [96] of the Khatri-Rao product matrix A* ® A in the regime s > M. However,
establishing the RIP of Agg when A is a deterministic matrix representing the array manifold
of a sparse array is a challenging open problem, since construction of deterministic matrices

satisfying RIP even in the well-studied regime s < M is currently unknown [96].

3.4 The Role of Non-Negativity and Universal Recovery Guar-

antees with Order-Optimal Sparse Arrays (OOSA)

In this chapter, we will overcome the above mentioned bottleneck by utilizing the fact
that besides being sparse, p* is also non-negative. By utilizing (i) the non-negativity of p* (or
positivity of its non-zero elements) and (ii) the geometry of sparse arrays as captured by the
matrix Agg = A* ® A, we will show that it is possible to obtain universal guarantees for stable
reconstruction of p* (as a function of L) that will be obeyed by a large class of correlation-aware

support recovery algorithms (to be introduced later) in the regime of interest s = O(M?).

3.4.1 Why Positivity Alone Suffices

In order to understand why the positivity of p* can alone ensure its exact reconstruction
from M = Q(,/s) measurements (without even explicitly using its sparsity), we first revisit
the case when we have perfect knowledge of the covariance matrix Ry, = E(%YLY[{{ ) of
the measurements. As discussed earlier, the non-negative [y quasi-norm minimization problem
(P0)¢, from [16] can uniquely recover p* with support as large as s = ©(M?), when A represents

the manifold of a suitable sparse array. We now strengthen this result from [16] by showing
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that in this case, there is actually no need to minimize the [y quasi-norm, (or, explicitly enforce
sparsity) to recover p*. As long as s < M,,, non-negativity of p* alone is sufficient to uniquely

2

recover it from Ry, even when the noise power o is unknown, as given by the following result

Theorem7 Suppose we are given the exact covariance matrix Ry, = E( %YLYf ). Assuming

2

that the noise power o“ is unknown, it is possible to exactly recover p* (using a variant of the

Co-array MUSIC algorithm [126]) as long as s < M,,.

Proof. The proof uses an algorithm similar to Co-array MUSIC [45, 126] to guarantee unique

recovery. Please See Appendix 3.11.1 for details.

Remark10. When N > M? (i.e. when Agg is a fat matrix), vec(Ryy) = Agrz + o?vec(I)
represents an underdetermined system of equations in z with possibly infinite solutions. However,
Theorem 7 shows that by utilizing the fact that p* is non-negative, it is possible to exactly recover
it even when the noise power is unknown. Therefore, there is no need to minimize the | quasi-
norm in (P0)¢,, or explicitly utilize the sparsity of p*. Since for an OOSA, M., = ©(M?), we

can uniquely recover supports of size as large as ©(M?).

Remark11.The fact that non-negative constraints (or more generally, conic constraints) can
lead to unique signal recovery in noiseless underdetermined problems has been previously
utilized in compressed sensing [100,207, 208], super-resolution imaging [61] and phase retrieval
[212]. However, these results do not exploit the structure of the correlation matrix Ry, of the
measurements (especially when acquired using a sparse array), and therefore cannot guarantee
the recovery of supports of size s > M. In contrast, our result shows that using sparse arrays
and the non-negativity of p*, it is possible to uniquely recover the support from R, (without

minimizing any objective) even when s = ©(M?).
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3.4.2 Stable Recovery in the regime |S| > M with estimated covariance

matrix: Preliminaries

Theorem 7 shows that it is possible to exactly recover p* even when s > M assuming we
have exact knowledge of the correlation matrix Ry,. In practice however, we can only estimate
Ry, from a finite number of (L) of multiple measurement vectors (MMV) y[1],---y[L]. An
important question therefore is
“Can the positivity of the non-zero elements of p* still be exploited in a useful way to derive
performance guarantees for support recovery algorithms in the regime s = ©(M?)?”

A main contribution of this paper is to show that this is indeed possible, even without explicitly
utilizing the sparsity of p*. We first model the deviation of f{yy from the ideal covariance matrix

R, as follows. Let , = vec(Ryy) € C” and r, £ vec (Ryy — 021> = Agrp*. Define

A, 2 #, — 1y = vec(Ryy — Ry,) +02vec(I) (3.15)

Ay

where A, represents the finite sample correlation estimation error and the second term accounts
for the unknown noise power 2. We will first develop stability guarantees in terms of A, and in
Sec.3.5.1, we will utilize the statistical model of A (in terms of L) and develop probabilistic
guarantees as a function of L.

Extracting the ULA segment from Difference Co-Array: From Remark 9 and (3.14), we know that
one can construct a sub-vector ry € C*e=*! such that ry) = Ay p*. We can extract the same
2M., + 1 indices from #y to obtain the vector £y such that

B =r) + A = AGgp" + A (3.16)

y:

where AY is composed of the corresponding indices of A,.
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Remark12. In this paper, we have only exploited the central ULA segment U of the difference
coarray Dgy. Consequently, the size of the recoverable support is governed by M., which
represents the size of U. For certain sparse arrays, such as coprime array, D contains holes.
In recent literature [191, 192], it has been shown that the full degrees of freedom of D can
be exploited for DOA estimation, if we allow array motion, or solve a l, regularized LASSO
for on-grid source detection. Another option is to perform co-array interpolation, for which we
developed a unified analysis framework in [13]. In future, we plan to utilize these results to

exploit the full degrees of freedom of D 4 for support estimation.

3.4.3 Universal Upper Bounds on Error with Non Negative Constraint

when |S| > M

Given any p* € C" such that p# = 0, we will now derive a universal upper bound on
the estimation error |p* — p*||, in terms of ||A{g (p* — p™)||2. To begin, we define a set of non-
negative sparse signals whose supports obey a certain “separation condition”. Such separation
condition (without non-negative constraint) has been utilized in recent times for analyzing the

performance of super-resolution imaging algorithms [4,59,61, 141].

DefinitionS (Set of Non-negative Signals Obeying Separation Condition) Given N and M,

define the set P,

IP—FA

sep —
ko1 2
_>_)Z
N N M.,

{peC"|p=0,¢ ,\Vk # 1 € Supp(p)}

where ¢(-,-) : R*> — R, is a wrap-around distance function [141] such that for Vi, ys € [0, 1]

G(pn, pr2) = min(|pn — piol, g1 +1 — paal, |po + 1 — )
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The set P+

«p consists of non-negative sparse signals such that the indices belonging to their support

are separated by at least J@—N . 7 'We present our main result in the following theorem, which holds

for any p* € P, . Our proof (presented in Appendix 3.11.2) utilizes a key Lemma from [61]

sep*
where it was used to analyze a specific /;-norm minimization algorithm. The separation condition
used in [61] automatically restricted the sparsity to be smaller than M (i.e. s < M). Theorem
25 significantly generalizes this result by showing that it can be used to derive performance

guarantees for a larger class of algorithms, even in the regime s > M by exploiting the difference

co-array of an OOSA.

Theorem8 Suppose p* € P, M., > 128 8 and N > 3.03(2M,, + 1). Given any p?* = 0, we

sep ?

have
# * I=p v # *
Ip —pllls—p |Ake(P" — D)2 (3.17)

where p = 0.0295 (%)2

Proof. See Appendix 3.11.2 Notice that Theorem 25 only requires p* to obey the separation
condition; there is no constraint on the other vector p* except requiring it to be non-negative. We
now show that the upper bound (3.17) can be used to bound the estimation error of the following
class of optimization problems, where p7 is interpreted as the optimal solution to the respective

problem.

"The separation condition can be relaxed to the more general Rayleigh Regularity condition [61]. However, for
ease of exposition, in this paper we assume that p* obeys separation condition.
8For nested array, this holds if M > 22.
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3.4.4 Stability Guarantees for A Class of Correlation-Aware Algorithm

As direct application of Theorem 25, consider the following class of optimization problems

for estimating p*.

mzin f(z)  (Pcoden)

Hf'&,J —Azlla<e, z>0

The non-negative constraint is natural since the optimization variable z corresponds to the
unknown signal powers. The parameter € > 0 captures the effect of (finite sample) covariance
estimation error. ° The following corollary to Theorem 25 shows how (3.17) can be used to obtain

stability guarantees for (Pco-den)-

Corollary4 Suppose the objective f(z) of the optimization problem ( Pc,.4en) is a continuous
function and ¢ > ||AY|],. Assume the conditions of Theorem 25 hold. If p* is a solution to
(PCo—den); thCII

1_
Ip* — p*| < 7p<||Ai9||2+e> (3.18)

Proof. Since € > ||AY||,, the feasible set of (Pco.gen) contains p* and is non-empty. Moreover,
since the objective function f(z) of (Po.den) is continuous and the constraint set {z > 0, ||} —
Azl < €} is compact, the minimizer p* exists [211]. The result then directly follow from

Theorem 25 via the triangle inequality

||AER(P* - p#)||2 < ||IA'I[yj - Ang*HQ + IIf“E - AERP#||2

9We call this optimization framework (Pco-gen) (Where “Co-den” is abbreviation for “correlation-aware denois-
ing”) since it resembles the popular basis pursuit denoising [26], except that f'[[yJ is the estimated correlation of the
measurements.
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Remark 13. Notice that (Pc,.4en) actually represents a class of optimization problems which can
be either convex or non-convex depending on the choice of f(z). The stability guarantee from
Corollary 4 applies to the estimate produced by each optimization problem from this class. In fact,
the bound (3.18) is independent of the specific choice of f(z) and actually applies to any point
p” belonging to the feasible set. However, as demonstrated by the simulations in Sec. 3.9.2, the
actual performance of (Pco._gen) Will depend on the choice of f(z). In the future, we would like to

tailor the universal upper bound in Corollary 4 to specific choices of the objective function f(z).

Remark 14. Exact Reconstruction and Size of Support: In absence of noise (i.e. o = 0) and
correlation estimation error (i.e. Ay = 0), Corollary 4 ensures exact recovery of p*. In this case,
the only assumption is that p* should obey the separation condition, which in turn determines
the size of the recoverable support as follows. The separation condition dictates that any two
indices in S are separated by at least 2N /M,,. This implies that the size of the support must
satisfy |S| < M, /2. Since M., = ©(M?) for an OOSA, Corollary 4 indicates that it is possible

to recover well-separated supports of size ©(M?).

Remark15. On Error Amplification and Stability: The upper bound (3.18) on the estimation

error |p* — p*||1 is an amplified version of the covariance estimation error ||AY||,, where the
amplification factor is ~ (1/p) = ¢(N/M_,)?, ¢ being a universal constant. Such amplification of
noise during signal reconstruction has been recently observed/analyzed in the context of super-
resolution imaging [61], where the goal is to recover an N -dimensional sparse signal (with both
high and low frequency components) from only K low-frequency DFT coefficients. The noise
amplification factor (NAF) in such cases is known to scale as (N/K)? [61, 139, 141]. From the
structure of Ay, as given by (3.14), we can easily identify the vector AQp* as the K = 2M_, +1

low-frequency DFT coefficients (symmetrically located around 0) of p*. Hence our error bound

is consistent with known results from super-resolution image reconstruction. In Sec. 3.7, we will
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further show that the amplification factor in (3.17) is tight with respect to N, by constructing

specific p* and p” that attain this bound.

3.5 Universal Support Recovery via Thresholding and Finite
Snapshot Guarantees

Theorem 25 shows that it is possible to perform stable reconstruction of p* from the
estimated correlation matrix, by exploiting its non-negativity. However, in many applications
(such as direction-of-arrival in radar, source localization using EEG measurements), it is the
support S of p* that carries the information of interest. Hence, it is crucial to understand how
the error bound in (3.17) can be utilized to overcome this weakness and ensure support recovery
in the regime |S| = ©(M?). Notice that (3.18) is derived in terms of the covariance estimation
error ||AY]],. Since we estimate the covariance matrix using a finite number L of snapshots,
A, is a random variable whose distribution depends on L. Hence, the guarantees of Theorem
25 are actually conditioned on A,. In this section, we will develop probabilistic guarantees on
recovering S in the regime |S| > M, by utilizing the distribution of A,, which will explicitly
reveal the role of the number of measurement vectors L. To make the analysis tractable, we make

the following additional assumption on the distribution of y[/] similar to [130, 181, 182]:

e [(A4)] The measurements {y|[/]}% , are zero mean i.i.d complex Gaussian random vectors

distributed as y[I] ~ CN (0, Ryy).
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3.5.1 Simple Hard Thresholding For Support Recovery with Finite . and

Unknown o2 when |S| > M

To recover S from the estimate p”, we propose the following simple element-wise

Hard-Thresholding operator Hy : RY — RY (with threshold T’ € R)

[Hr(x)]; =
0 Ifx; <T
Define
A . *
Pmin = MNP, (3.19)
€S

The following theorem provides explicit conditions on p,,,;,, L, as well as the choices of parame-
ters € in (Pco.den) and 7', which ensure recovery of S (with high probability in L) by applying the
Hard-Thresholding Operator Hy on the solution of (Pco.gen). The novel contribution of the theo-
rem is that the guarantees continue to hold in the regime M < |S| < M,,, where M., = O(M?)

for any OOSA.

Theorem9 Consider the MMV model (3.1) satistying the assumptions (A1-A4). Further assume

thatp* € P, Mo > 128, N > 3.03(2M,, + 1) and
1 _
Panin > 4——L 52 (3.20)
P
32M2(||p* 22 (1-p\?
L= <Hp4H11p+ 3)3 ( ; p) (3.21)
Pmin — TU

If p* is a solution to (Pco-gen) (Where f(z) can be any continuous function), then, with probability
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at least 1 — 2e=2°VE | we have
Supp(Hr(p*)) = S (3.22)
provided we choose the parameter € of (Pco._gen), and the threshold T' from the following ranges:

o +

ﬂM(Hi*ZH 1) cec ( p‘) e (3.23)

I—p

and

+03)<T

(%) e+ ﬂM(HB*Enl +o?)
< Prmin — (1__p> (e + V2M(||lp*]s + %)

2 3.24
p NG +0°) (3.24)

The constants p and c are specified in Theorem 25 and Lemma 17 (Appendix 3.11.3) respectively.

Proof. The proof combines the universal error bound (3.17) with certain concentration inequalities

on the finite-sample estimation error A,. Please refer to Appendix 3.11.3 for details.

Remark 16.Guaranteed Support Recovery with finite . when |S| > M: Theorem 9 shows
that as long as L is larger than the threshold (3.21) and the minimum source power p;, 1s large
enough compared to the noise power o2 (as given by (3.20)), it is possible to exactly recover
supports that obey the separation condition. In particular, such supports can be recovered by first
solving (Pco.4en) (With any continuous objective f(z)) with the parameter € tuned to be in the
range (3.23), tollowed by hard-thresholding with the threshold T' chosen from the range (3.24).
The size of the recoverable support is implicitly controlled by the separation condition and as
discussed in Sec.3.4.3, the size can be as large as s < M., = O(M 2). Hence, for any OOSA

(such as nested and coprime arrays), it is indeed possible to recover supports of size ©(M?) with
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overwhelming probability (that increases to 1 exponentially in /L ). Theorem 9 thereby settles
an open question from [16] where such finite snapshot guarantees could only be developed for
supports of size no larger than O(M). Moreover, the guarantees in [16] were only established
for a specific algorithm (Co-LASSO), whereas the analysis framework in this paper applies to a
larger family of optimization problems, with convex as well as non-convex objectives. Finally,
we also extend our recent non-asymptotic support recovery guarantees from [168] (that used
multiple hypothesis testing) by showing that support recovery in the regime s > M is possible
with computationally efficient algorithms, without assuming the sources to be equi-power, or

knowing the sparsity s.

3.6 Modulus of Continuity: A Universal Benchmark for Eval-
uating Super-Resolution Algorithms

In this section, we will perform a unified analysis of positive super-resolution independent
of particular algorithms. We revisit the concept of Modulus of Continuity (MC) [139, 140] which
essentially provides an upper bound on the error of any algorithm, simply by leveraging the

structure of signals. We consider following discrete measurement model
y=Qx"+w x*>0 (3.25)

where x* € R¥ is sparse with positive non-zero entries, and w is the measurement noise. In the
context of super-resolution, the measurements y only retain low-frequency components of the

signal x*. Following the notations in [61], Q is defined by

Q =FIA,Fy (3.26)

98



where Fy € CV is given by [Fy|i; = \/Lﬁe_ﬂ”kl/]v, ~N/2+1<k<N/2,0<I<N-1

and A,, = diag([A_n/241,- -, Any2)) with

n—1 n—1
17 k =
/\k =

0, otherwise
We assume N is even and n is odd. Intuitively, Q only collects n low-frequency coefficients of
the DFT of x*. This model popularly arises in discrete super-resolution problems with positive
constraints [61, 148,206]. Let x be any estimate of x*. Our goal in this paper is to address

following question:

(Q): How to obtain a universal upper bound on the estimation error ||x* — x¥ ||y in terms of
|w||2, that will be obeyed by any algorithm? Can we improve this bound by constraining X* to

be non-negative?

3.6.1 Modulus of Continuity and Universal Bounds

In order to address (Q), the authors in [61,139] have used the following notion of Modulus

of Continuity (MC):

Definition6 Let X*, X% C RY be classes of signals, ||.||, be the p—norm, and Q be a linear

operator. Then, the modulus of continuity is defined as

[x1 — X2
MC(Q,x*, X% p)=  sup b
sext xpexs QL —Xa)llp
X17£X2

(3.27)

The sets X'*, X# capture desired structures of the signal of interest, such as sparsity, positivity

etc. In estimation problems, X often represents a class to which the true signal belongs, and
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X# represents the feasible set to which the estimator belongs. In most cases, either X# = X* or
X* C X*. In order to see how MC fundamentally controls the estimation error of any algorithm,

we first need to define admissible estimates as follows:

Definition7 Consider the measurement model (3.40) with ||w||, < e and x* € X'*. Any estimate

x# of x* is said to be admissible if

x* e X%, ly — Qx*[l, < e

The quantity M C(Q, X*, X#, p) then provides an upper bound on the error of any admissible

estimate as follows:

Lemma8 Consider the model (3.40) with ||w||, < ¢, and suppose x* is any admissible estimator

of x*. Then,

HX* - X#Hp S 2€MC(Q7 X*7 X#7p>

Remark17. The Modulus of Continuity therefore determines a universal upper bound on the
estimation error ||x* —x||,,. The value of M C(Q, X*, X# p) is algorithm-independent and only
depends on the choices of X*, X# Q and the choice of the norm. However, exact computation
of MC(Q, X*, X#,p) is a challenging task, which was first studied in the pioneering work
by [139] in the context of super-resolution reconstruction of spike signals from low-frequency
measurements and further developed in recent work on discrete positive super-resolution [61].
We will review this result by introducing the following class of signals that obey a separation

condition [61].

Definition8 (Set of Signals Obeying Separation Condition) Given N and n, the set A, is given
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[ 4

) > — Vk # 1 € supp(x)}

Bup 2 {x € C | plyps 1) 2 —

==

where p(-,-) is a wrap-around distance function [142] such that for Vi, 1o € [0, 1]

ppns o) = min(lpn — pol, |1 + 1 — pal, |2 + 1 — pual)

Additionally, the set A}, is given by

sep

AL 2 {x € Ayp,x > 0}

If we assume X* = X# = A, then the following result provides an explicit upper

bound on MC(Q, X*, X#,2) in terms of n and N:

Lemma9 [61,139] Let X* = X% = Agep, and let Q be given by (3.26). Then,

MC(Q, Asep, Agep, 2) < C(n)N? (3.28)

where C(n) is a function of only n (independent of N ) implicitly defined in [139].

Given the measurement model (3.40), the goal of super-resolution is to reconstruct the N DFT
coefficiens of sparse x* (or equivalently, the signal x*) from observations that only preserve the
lowest n < N frequency components. If we assume that both the true signal and its estimate x*
belong to A, (i.€., they satisfy the separation condition), then Lemma 9 and Lemma 8 show that
given n, the estimation error grows as O(N?3).

However, in practice, it is difficult to develop algorithms that can actually constrain X7

to belong to Agp. '° In recent work [61], the authors developed an /; minimization framework

10Partly because A is a non-convex set
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for super resolution reconstruction, where they only constrained the estimate x* to be positive
and developed algorithm-specific error bound (with respect to /; norm of the error). Inspired by
this work, we will develop a new bound for MC(Q, X*, X#,2) where X* imposes minimum
separation as well as positivity on the true signal, whereas X'# only imposes a positive constraint
on x*. Our analysis will show that this bound grows as O(/N??) and is therefore tighter than

(3.28).

3.6.2 New Bound on Modulus of Continuity for Positive Super-Resolution

and Applications

Our new upper bound for the modulus of continuity is based on a recent result from [4] for
continuous Direction-of-Arrival estimation. For any vector x, let Toep(x) denote the Hermitian

Toeplitz matrix with x as the first column. Consider r* € C¥ such that

D
Toep(r*) = Z a(0;)a" (6;)d; (3.29)
i=1
where D < K, d; > 0, 0; € [0,1] and
a(el) _ [1’ e—j27r0i’ L ’e—j27r(K—1)9i}T

It can be easily seen that Toep(r*) > 0. We invoke the following result from [4]:

Theorem10 [4] Let v* be given by (3.29), and r* € CX be any vector such that Toep(r) = 0.

If the frequencies {0;}2 | satisfy the separation condition

SN

min p(6), 0r) >
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and h > 128, then there exist positive constants ¢, C, C3, ¢4 such that forh < k < K

i = rf | (330
B égﬂ'k’ 537'('2]6’2 E4D * #
< (01 + - + 72 NG + 1) Irj, — i [l
where r; = [7’5, s 77‘2—1]T7 I'h# = [7’#7 T ;7“#_1}?

Equipped with Theorem 10, the main result of this paper is given by

Theorem11 Let X*, X# be chosen as

X =Af

sep?

x# =R} £ {xeR":x>0}

Furthermore, let the matrix Q be given by (3.26). If n > 256, the Modulus of Continuity is upper

bounded as

MC(Q,X*, X% 2) < \/2+ (N —n+1)3(n,N) (3.31)

where

2
_ ComN  E3m?N? 2 _ /n+1
N) & 1
B(n, N) <cl+n+1+(n+1)2 e ——+

Here ¢, ¢», ¢3, ¢4 are the same constants as in Theorem 10.

Proof. For Vx* € X* Vx# € X#, x* # x#, Fyx* and F yx* are symmetric and we can define

N
r*, v € C21! as
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Since x*, x* > 0, it follows that [4]
Toep(r*) = 0 Toep(r¥) = 0

Moreover r* has the form r* = Z!f:lno a(0y)a (0y)x; where 0, = k/N, k € supp(x*). Since
X* € Agp, this implies p(6y, 6;) > 2. Hence, Theorem 10 applies (by replacing K, h, and D

with & + 1, 2 "and ||x* || respectively)

N
2 N-—-n+1
Z (r; —rf)* < THY@ —rﬁ%”%

n+1
2

2
7+527TN+537T2N2 2 _ n—|—1+1
c c
YTl (n41)2 ! 8

where we use the fact that ||x*|o < 2+ owing to the separation condition. Also note that

i=

P (" =PI < 2f|r* — x™|]3
r

. N-—-n+1
o )

2

Moreover,
1Q(x* —x7)3 = [|[AFn(x" —x¥)]3
= 2[|rhg — rﬁ%”% — (5 =1y > [ — r@”%
This implies
I =x#l5_ IFnG=xP)3 _ [Fy(x* —x#)|3
[QG =)~ IQ6e I~ i — 1
N — 1
<2 (1 + TnJr@(n, N)>
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thereby proving the theorem.

3.6.3 Comparison with Lemma 9

ways:

Our result in Theorem 25 significantly differs from the result in Lemma 9 in the following

In Lemma 9, the signal classes X*, X # are identical, while in Theorem 25, they are different.
In particular, X'* (the set to which the true signal belongs) contains all non-negative vectors
that satisfy separation condition, whereas X'# (the set to which the estimate belongs) simply
contains all non-negative vectors. Such distinction of X*, X# enables better analysis of
practical estimation algorithms since it is difficult for an algorithm to actually impose the

constraint x* € Asgep-

The upper bound on MC in Lemma 9 is given by
C(Q, Asep, Asep, 2) < C(n)N? (3.32)

On the other hand, Theorem 25 shows that

+RY2 VN —nN?

MC(Q, AL, RY,2) S O(F——5—) (3.33)

When N is large (and n is fixed), Lemma 9 shows that the upper bounded is O(N?) while
Theorem 25 suggests that this can be tightened to O(/N?*). This 0.5 improvement in the
exponent with respect to N is mainly due to the introduction of positive constraints. To the

best of our knowledge, this improvement is the first result of its kind.
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3.6.4 Unified Analysis of Specific Algorithms

In Lemma 8, we have shown that M C(Q, X*, X#, 2) provides an upper bound on the
estimation error of any algorithm that produces an admissible estimate. To illustrate this further,

we study the following three convex problems to estimate x* from the measurement model (3.40).

find z>0 st |y—Qzl:<¢ (Algo-F)
min ||z]|; st |y —Qzls <e,z2>0 (Algo-l;)

min ||y — Qzlls st z>0 (Algo-i5)

Applying Theorem 25 and Lemma 8, we have the following unified analysis of the preceding

algorithms

Corollary5 Consider the noisy measurement model (3.40) with ||w||2 < €. Suppose the true
signal satisfies x* € AJ, . Let x#. x¥ xI be the optimal solutions of (Algo-F), (Algo-l,), and

(Algo-l,) respectively. If n > 256, we have

max{ X" — x [z, [x" = %7 [l2, %" = x3l2}

<2ey/2+ (N —n+1)8(n,N)- (3.34)

3.7 Achievability of the Universal Upper Bound

Our guarantees on support recovery builds on the universal upper bound (3.17) on the
distance between p* € P;p (obeying the separation condition) and any non-negative vector p*

that serves as an estimate of p*. As discussed in Remark 15 and Theorem 235, for large grid sizes,
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(in particular, when N/(2M,, + 1) > 3.03) the universal upper bound essentially scales as

Ip* —p7 1 < AN, M)A (p* — p™)ll2 (3.35)
where
N2
A(N, M) = 34]\42

represents the amplification factor, i.e., the factor by which || A (p* — p™)||2 gets amplified in
the reconstruction/estimation error |p* — p¥||;. In this section, we investigate if this exponent
(i.e. 2) of N in A(N, M) is tight or achievable assuming M is constant. Notice that (3.17) is valid
for any non-negative pair of signals (p*, p?) as long as p* also obeys the separation condition.
Hence, in order to show tightness, we need to construct a specific pair of vectors (p7, pf&) with

P pf = 0 and p} € P, such that

sep?
1Pt — pflla > CN?|AL(PF — p})l2 (3.36)

where C' is a constant (possibly depending only on M which is assumed to be constant). Estab-
lishing such a lower bound that also scales quadratically in /V, will establish that the exponent of
N in the upper bound (3.35) is indeed tight. In the following theorem, we show that such p7, pfé

satisfying (3.36) indeed exist.

Theorem12 There exist pf € P and pﬁfé > 0 such that whenever M., > 128 and N >

sep

3.03(2M., + 1), we have

Ip} — pf |l < CL(M)N?||AL(PT — PY)la
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and
Ip; — P |1 > Co M)N?|| A% (P} — p])ls (3.37)

where C' (M) and Cy(M) are constants (which are functions of M) given by

34 1
Ci(M) = ik Co(M) = Vs

ca

with K = 7%, /& + 0.19737°.

Proof. The upper bound is due to Theorem 25. For the lower bound, please refer to Appendix
3.11.4. The explicit construction of p} and p? shows that the exponent of N in A(N, M) is

indeed tight and for fixed M

Ip} — p¥lh )
— O(N?) (3.38)
AL (P} — PY)]l2

The construction of pj and p*fé also sheds further light into what kind source power and its
estimate may result in the worst-case estimation error. In the proof of Theorem 12, we construct
pj as a single non-negative spike at index [ and hence it automatically satisfies the separation
condition. The vector pf, on the other hand, consists of two non-negative spikes symmetrically
placed on either side of the true spike at indices [ — 1 and [ 4 1. This represents a classical scenario
where two very closely spaced spikes can be misdetected as a single spike, or when a single spike
splits into two closely spaced neighboring spikes [15]. Under these scenarios, Theorem 12 shows

that the estimation error indeed grows as O(N?).
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3.8 Covariance-Driven Super Resolution Imaging: Applica-
tion of Coarray in Fluorescence Microscopy

Optical super-resolution microscopy overcomes Abbe’s diffraction limit in diffractive
optical imaging [216,217]. Two popular microscopic methods are PALM [218] and STORM [219]
where the key idea is to image only a fraction of fluorophores once a time. The point sources can
be switched between a fluorescent and a dark state by using different laser pulses. A drawback of
PALM and STORM is that tens of thousands of diffraction limited images are required and the
corresponding total exposure time can be as long as several minutes [219,220]. To reduce the
total acquisition time, another super-resolution microscopy algorithm named SOFI was proposed
in [221,222] where the basic idea is to utilize the temporal correlation structure of photons from
different emitters. For Gaussian point-spread-functions (PSF), the width of the equivalent PSF
in correlation domain is decreased by a factor of v/2, provided the fluctuations of point sources
are uncorrelated. The resolution can be further improved if higher order statistics (HOS) of the
measurements is exploited. However, more frames are needed to estimate the HOS and weak
sources can be severely masked by strong ones [220,222]. Consequently, SOFI cannot achieve
the same resolution levels as PALM or STORM.

In a very recent work [220], the authors proposed a new algorithm called SPARCOM to
overocme the drawbacks of SOFI. To exploit the sparsity structure in the images, the authors
assume the point sources to lie on a high-resolution grid. To enforice sparsity, a LASSO problem
was formulated in the correlation domain. This method is motivated by earlier work on correlation
aware LASSO [16] and the main advantage over aforementioned methods is that it can achieve
high resolution as STORM and PALM while the data acquisition time is significantly faster. For
large field of view and high target resolution, the computational complexity of SPARCOM can be
prohibitive owing to large grid size.

In this paper, we propose a new algorithm called spatially smoothed SOFI-MUSIC (SS-
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SOFI) by exploiting the correlations among point sources in a novel manner. In contrast to
SPARCOM, the sources are not required to lie on known grid and SOFI-MUSIC is computa-
tionally more efficient. For Gaussian PSF, we show that a novel sum co-array structure emerges
owing to the correlation structure of the measurements. Motivated by our earlier works on sparse
arrays [124, 125], we show that it is possible to resolve more sources than sensors by carefully

placing the physical sensors and building a suitable large covariance matrix.

3.8.1 Problem Formulation

Consider L fluctuating point sources with fluorescence source distribution at time ¢ given

by [220,221]:
J(r,t) =) 0(r—r})sk(t) (3.39)

where §(-) is the Dirac Delta function. Here, ry = [z},y;]7 € R? denotes the location of kth
source and s () represents its time-dependent brightness. The measured intensity at any position
r is the convolution of J(r,t) and the point spread function u(r) of the microscope, which is
typically assumed to be known [220,221]. The measurement at the mth sensor (located at r,,), is

given by
L—-1
f(Emot) = > u(F — r})sk(t) (3.40)

k=0

Our measurement model is similar to [220-222], and we also make the following statistical

assumptions as in [220]:
Al The locations {r}};—, are fixed over the acquisition time.

A2 The brightness functions {s;,(t)}+~, are wide sense stationary, with E{s;(t)} = s} and

Cov(s(t),s(t)) = P with s(t) = [so(t),- -+, sp1(£)]T.
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3.8.2 Review of SOFI

In [221,222], the authors assume that the point sources are statistically uncorrelated,
implying that P is diagonal with P = diag(po, - -+ ,pr—1). The PSF u(r) is assumed to be a

Gaussian kernel, given by

2

u(r) = e~elrl (3.41)

Consequently, the correlation of the measurement at the mth sensor (with location 1,,) is given by

~

-1

pm = Cov(f(Fn), f(Em) =Y u*(Fn —1r})ps (3.42)
0

e
Il

Comparing the correlation representation (3.42) and the physical measurements (3.40), we can

say that u(r) is the equivalent point spread function for second-order statistics is

i(r) = u?(r) = e 2l

Notice that the width of the “new” PSF is reduced by a factor of /2 and the resolution is
accordingly increased. In general, given the nth order statistics of the physical measurements,
the resolution can be improved by a factor of \/n. However, this straightforward method has

following drawbacks in practice [220]

e Computing higher order statistics of measurements requires a larger number of frames and

decreases its temporal resolution.

e As indicated by (3.42), for the new PSF, the weak emitters are masked even more by the
stronger ones. This is known as dynamic range expansion and it worsens for higher order

statistics.
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3.8.3 Review of SPARCOM

In general, SOFI cannot achieve the same resolution as STORM and PALM, since a large
number of temporal snapshots is needed to realize the effect of the equivalent PSF v?(r). To
remedy this drawback, the authors of [220] proposed the idea of correlation-aware LASSO [16]
to recover the source locations. Suppose M? sensors are placed on a M x M low-resolution grid
(; with spacing A; and the point sources are assumed to lie on a N x N high-resolution grid
Q, with separation A, < A;. We further assume €2; C €),. Under this setting, the temporal

measurements (3.40) can be rewritten as

N-1
f(TTLAl, nAl, t) = Z u(mAl — iAh, nAl — lAh)Sil(t> (343)
i,1=0
where L out of {s;(t) %;é are non-zero. For efficient implementation, the authors of [220]

computed the Fourier transform of the physical measurements:

Y (K, iy t) =
ST osat) Y ulin i i — De R eI (3.44)
[’i,l]GQh [m,ﬁ]te

where 0 < k,,, k, < M — 1. Let y(¢), s(t) be the column-wise vectorized forms of Y (¢) =

[y (km, kn, t)] € CM*M and S(t) = [s;(t)] € RY*Y respectively. It is shown in [220] that
y(t) = As(t) R, =Cov(y(t).y(t)) = APA"

where A € CM**N? i 3 suitably defined matrix that can be derived from (3.44). When the

sources are uncorrelated, P is diagonal and the source locations are estimated by solving following
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Correlation-aware LASSO [16]
1 Al
min Ml + 3R, =3 aial'si; (SPARCOM)

Here a; is the /-th column of A and Ry is the empirical covariance of y(t) given by

where y is the empirical mean. The key idea in [220] is based on the correlation-aware sparse
recovery framework proposed in [16]. However, SPARCOM has following disadvantages in

practice:

e In [218,219], the field of view is a few microns while the target resolution level is tens of
nanometres. Thus, to obtain comparable performance, the dimension N should be ~ 10?
or 103. Thus, A will be a huge complex-valued matrix and solving (SPARCOM) may be

both memory and computationally inefficient.

e To reveal the sparsity, the sources are assumed to be on a prescribed N x N dense grid
2, while in practical imaging [218,219], the point sources are often clustered, and not
necessarily located on a uniform grid. Increasing N will not eliminate grid mismatch, and

will worsen the computational complexity.

e In compressed sensing theory [96], the regularization parameter \ is dependent on the
noise or approximation error. In practice, it is not easy to find the optimal A without partial

knowledge of ground truth and/or noise level.
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3.8.4 Gridless Covariance Driven Super-resolution Imaging

In this paper, the locations of L sources and sensors are not restricted to lie on a known

M-1
m=0*

grid. Suppose we have M sensors located at {T,, } From (3.40), the vector of measurements

is given by
(1) = Us(t)  [Ulps = u(fm — 1) (3.45)
The covariance of f(t) can be expressed as
R, 2 E[f(r) — E(£(1))][£(t) - E(F())]” = UPU”

In this case, the empirical covariance matrix using 7' samples is given by

T
R, — %;(f(t) _B)(E(t) — )T = UPUT

where f = 1T 3"]_ £(t). Inspired by Direction-of-Arrival (DOA) estimation algorithms [47],
we propose to use the MUSIC [149] algorithm to identify the source locations {r;}é;é. We name
this variant of MUSIC for super-resolution imaging as SOFI-MUSIC since it is based on the
statistical assumptions in [221,222].

MUSIC is a gridless algorithm and its success depends on the algebraic structure of U. In
classical 1D narrow-band DOA estimation, U is typically Vandermonde structured. However,

this is not true for 2D non-uniform sensor arrays used in SOFI-MUSIC [47]. To guarantee the

uniqueness of recovery, we first need to define the following notion of identifiability.

Definition9 (Identifiability) Consider the measurement model (3.40) acquired at an array of
sensors located at {¥,,})-. A set of L sources with locations {r}}+—; are said to be identifiable

with this sensor array if U satisfies the following conditions:
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o U is full column rank

e Forany f ¢ {r;};,, define & = [u(Fo — t),--- ,u(Fy_1 — #)]7. Then [U, 1] is full

column rank.

Remark18. In above definition, the locations of sensors and sources are fixed. In ID however, if
the sensors are on a uniform linear array (ULA), then U is Vandermonde structured regardless of
the source locations. Thus, identifiability is ensured uniformly for any collection of L sources, as
long as M > L + 1. As discussed in [125], the identifiability of 2D DOA estimation depends
on both the sensor and source locations which is fundamentally ditferent from 1D case with

Vandermonde structure.

We can now state a general theorem about recovery guarantees of SOFI-MUSIC algorithm:

Theorem13 If U satisfies the identifiability condition from Def. 9 and P is full rank, the source

locations {r2}£;01 can be exactly recovered via SOFI-MUSIC.

Proof. Suppose U satisfies the identifiability property. Then we have, L < M — 1 and
the range spaces R(R;) = R(U) = N*(Ry) given P is full rank. For any f, define &t =
[u(fo —#), - ,u(fay—1 — #)]7. Then & € R(U) if and only if # € {r;}.—,. Thus the source

locations can be exactly recovered as the nulls in the spectrum of the MUSIC algorithm [47].

3.8.5 Novel Sum Co-array Structure with Gaussian PSF

The identifiability condition in Def. 9 implies that SOFI-MUSIC can identify no more
than M — 1 sources with M sensors. This is the source localization limit in classical DOA
estimation [47] which suggests that the number of sources should be less than the number
of sensors. However, we now show that this limitation can be overcome if the sources are
uncorrelated and the PSF is a 2D Gaussian. The idea is to exploit the structure of a certain

sum co-array. This is by our earlier line of work [4, 16,45, 124, 125], which suggest that it is
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possible to localize more sources than sensors using non-uniform arrays with extended difference
co-arrays. However, these results cannot be directly used here due to the presence of a Gaussian
PSF. Interestingly, we will show that the covariance matrix of the measurements in this case
permits a novel decomposition of the Gaussian PSF, revealing a sum co-array, and allowing
localization of more sources.

Note that since P is diagonal, we can write

v; 2 vec(R;) = (UoU)p (3.46)
——
Ukr
where p = [po, -+ ,pr_1]T and ® denotes the Khatri-Rao product ( column-wise Kronecker

product of U). Specifically, we have

[UkR ] M-4ms e = e~ IFmy ~ri 3+, —rilz)

_ o olllFmy 34y 13) 20 Fmy +Ems r) o~ 20Ir 13 (3.47)

Notice that the first term in the exponent is —(||Ty, ||+ ||T1m, ||3) Which is only a function
of known sensor locations. Similarly, the third term —2c|r}||3 is only a function of the unknown
source locations r}. The second term 2a(¥,,, + T.,,, }) is an inner-product between the source

location rj, and the elements of the following set

Ssum é {fml + f‘mzao S my, Mo S L - 1} (348)

The set Sy, contains pair-wise sum of sensor locations and it represents the so-called sum
co-array. We will now show how we can perform source localization by leveraging the structure

of the sum co-array.
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First, define diagonal matrices D, € RM**M* D, € RI*1L ag

A ~ ~
D, 2 ([Fmy [3+]Fms 13)

I
l>

o~ 20lrt 3

Since Dy is known, we can construct v; from v as

{'/f =S DSVf

From (3.46), it can be easily seen that

¥; = UgmD,p (3.49)

The elements of Uy, are characterized by the source locations and the sum co-array

Seum as

[Usum]m1M+m2,k = €2a<fT"1+F7”2’rz> (350)

The vector p = D,,p consists of unknown source parameters. We can now think of performing
MUSIC on v; to localize more sources, provided Uy, satisfiesthe identifiability condition in

Def. 9.
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3.8.6 Spatial Smoothing based 2D SOFI-MUSIC

The expression (3.49) is similar to the measurement model (3.45) of a single snapshot
DOA estimation problem, where the sources are captured by the sum co-array Uy, instead of
the physical array U. We follow similar ideas as in [124, 125,223,224] and construct a PSD
matrix of suitable rank on which we can apply SOFI-MUSIC algorithm.

For ease of exposition, we will assume that the physical array is a rectangular separable

2D nested array [124]. In this case, the sum co-array S,,,, has locations given by

Seum = {[i,J]",0<i <T-1,0< 5 < J =1}

In Fig.3.2, we give an example of physical nested array and its sum co-array. For a 2D nested

array with O(I + J) sensors, S, is a uniform rectangular array with /.J elements.

2¢ . . 3¢

2.5+

0.5¢

0 s PR " el . L s L L " "
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 05

Figure 3.2: (Left) Physical sensor locations. (Right) Sum co-array locations

The sum co-array consists of overlapping subarrays as follows

Sm,n(zyj) = SO,O(LJ‘) + [m7n]T

where Sy is the fundamental subarray given by

Soo(i, ) =[i,4]",  0<i<L,0<j<J;
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It can be easily seen that a total of N,,N,, shifted subarrays can be obtained from Sy, where
Np=1+1-J,N,, = J+ 1~ J;. Corresponding to each subarray, we can partition v into
N, N,, overlapping vectors \7?), [=0,---,N,,N, — 1 and define a smoothed covariance matrix

as

NmN'IL_l

_ <) (T
Rom = 3 V'V
1=0
It can be shown [124,125] thatif [; = %, J = %, R, has the form
Rsum = (SO,OPSg:())z (351)

where P = diag(po, - - - , pr—1) and Sy is specified by

[SO,O] Jitik = 62°‘<$§i+yz§j)

with rj = [, y;]"
From (3.51), it can seen that the fundamental subarray Sy o (and equivalently S ) controls

the performance of 2D MUSIC algorithm. Similar to Theorem 13, we have the following

guarantee for resolving more sources via spatial smoothing with 2D nested array:

Theorem14 Assuming P is diagonal, the source locations {rZ}ﬁ;& can be exactly recovered via

spatially smoothed SOFI-MUSIC if S satisfies the identifiability condition in Def. 9.

3.8.7 Experiments

We generate synthetic data similar to [220], to verify the SOFI-MUSIC algorithm. In
the experiments, the PSF is assumed to be Gaussian with o = 100 in (3.41). There are 9 point

sources in the ground truth and 36 sensors are placed on a 6 x 6 grid with separation 0.16. The
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correlation matrix P = 101 for uncorrelated sources. In Fig. 3.3, we compare the performances
of SOFI-MUSIC and SPARCOM. It can be seen that SOFI-MUSIC outperforms SPARCOM in

terms of the reconstructed source locations.
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Figure 3.3: (Upper Left) Ground truth of emitter locations. (Upper Right) Diffraction-
limited images obtained using Gaussian PSF averaged over 50 frames (Bottom Left)
SPARCOM with A = 10~* (Bottom Right) The log-spectrum of SOFI-MUSIC

3.9 Numerical Results

3.9.1 Non-convex Algorithms for Super-Resolution with Non-negative Con-

straint
We now conduct numerical experiments to demonstrate that the proposed reweighted
iterative algorithm for approximating /, » quasinorm minimization can produce better estimate of

x* both in terms of sparsity and smaller estimation error. We choose N = 64, n = 21, and the true

sparsity is set at || x*||o = 6. The non-zero entries of x* are produced by first generating uniform

120



random variables between 1 and 2 and then normalizing the entries so that ||x*||; = 1. Similarly,
the measurement noise w is produced by generating complex standard Gaussian random variables
and then normalizing w such that |w||; = J;. We will compare the performance of different

algorithms by varying d;. To implement Algorithm 1, we set the stopping parameter to £ = 0.001

—4
and select ¢,, = 10n .

o] $Non-negative I, norm Minimization
0 0.8r ©Non-negative Discrete Denoiser [Candes et al, 2016][]
c Proposed |, , Quasinorm Minimization
s}
T
£Eos6f
7}
i
kel
N
= 0.4 1 b Non-negative |, norm Minimization
§ ©Non-negative Discrete Denoiser [Candes et al, 2016]
g Proposed |, , Quasinorm Minimization
0.2 L L L L L L 45 | T T T I
0 5 10 15 20 25 30 35 04 06 0.8 1 12 1.4 1.6
SNR dB log(SRF)

Figure 3.4: (Left) Comparative performance of different algorithms as a function of
Signal-to-Noise ratio (SNR). The results are averaged over 1200 Monte Carlo runs.
(Right) Noise Amplification Factor (NAF) of (Pyen), (1) and proposed /1 /, minimiza-
tion, as a function of Super-Resolution Factor (SRF) % The results are averaged over
800 runs.

In Fig. 3.4, we compare the performance of (Pye,), (Py), and (P) !! by varying 6, which

[l )

lwllx 7~

represents the /; norm of the noise w. The Signal-to-Noise ratio (SNR) is defined as 20 log(
It can be seen that the proposed algorithm produces the smallest normalized estimation error
|x# — x*||1/||x*||, and outperforms both ( Py,) and (Py).

We finally demonstrate the reconstruction quality of the Algorithm 1 for 2D super-
resolution. The proposed algorithm can be readily extended to two dimensions by choosing Q
as a 2D DFT matrix. Fig. 3.5 shows the performance of Algorithm 1 and (P;) on synthetic 2D
data. The ground truth is a sparse NV x N image where N = 24. We generate the low-frequency
measurements by only retaining the 49 low frequency DFT coefficients. We further normalize
w so that ||w||; = 0.1. It can be clearly seen that Algorithm 1 exactly recovers the true support

while (P;) produces several false peaks. This further corroborates the fact that the proposed /;

we choose p = 1 for solving (Pye) and (P)
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minimization framework indeed favors and identifies sparser solutions.

0.2 0.4 0.6 0.8
X X

Figure 3.5: (Top Left) Ground truth image with positive emitters. (Top Right) Mea-
sured image consisting of only low frequency components. (Bottom Left) Estimate
produced by solving convex problem (P;) (Bottom Right) Estimate produced by the
proposed iterative [, minimization algorithm.

3.9.2 Simulations for Joint Support Recovery Using Difference Co-Arrays

We now perform a series of numerical experiments to study the performance of sparse
arrays for support recovery in the regime s > ). We implement the proposed correlation-aware
support recovery framework where A represents the array manifold of a nested array (an OOSA)
given by (3.12).The joint support S is generated uniformly at random obeying the separation
condition in Def. 5. The non-zero elements of p* are assumed to be all equal to 10 (i.e. pp;, = 10)
and the noise power is assumed to be o = 1. We consider two metrics for evaluating performance:
(1) Power Estimation Error, and (i1) Success Rate of Support Recovery.

Similar to [170-172, 182], we claim that support recovery is successful if the support of

the s largest non-zero entries of p7 is identical to the true support S. Notice that (Pco-den) actually
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represents a class of optimization problems, which can be convex or non-convex depending on

the choice of f(z). In this paper, we consider the following three specific instances of this family

e Case 1: f(z) = ||z||;. We call this problem (Plc, gen) and implement it using standard

CVX package.

e Case 2: f(z) = ||z||o. We call this problem (POco.qen)- Since it is a non-convex problem,

we approximate it using a reweighted /; minimization heuristic [157].

o Case 3: f(z) = ||z]|1/2. We call this (P/2coden). This is a non-convex quasi-norm
minimization problem with non-negative constraints, which we solve using a majorization-

minimization based heuristic [14].

Power Estimation Error and the Universal Upper Bound

We first compare the normalized power estimation error |[p* — p*||;/||p*||.(denoted by
NE) for each of (Plco-den)s (POco-den) and (P /2,co-den) against the theoretical upper bound from
(3.18). For this experiment, we let M = 12, N = 200 and s = 20. We vary the number of
snapshots L and compute the empirical mean covariance perturbation error ||A,||s for each L
by averaging over 100 runs. Fig. 3.6 shows the mean normalized power estimation error as a
function of the (empirical) mean covariance perturbation || A, |2, establishing the validity of the

upper bound (3.18) for both convex and non-convex problems.

Comparison of Support Recovery as a function of L and s

We compare the success rate of (P1lcyqen) (using nested arrays), against two conventional
MMYV algorithms: MMV-BP [201] and RA-ORMP [172]. !? Similar to the experimental settings

in [172] '3, we implement these algorithms either using a random Gaussian A with i.i.d zero-mean

12We implemented MM V-BP using the SPGL1 solver for MATLAB available at http://www.cs.ubc.ca/ mpf/spgl1/.
13Since MM V-BP and RA-ORMP do not utilize correlation of the measurements, they are unable to exploit the
difference co-array of sparse arrays and hence are unsuitable to be used with such measurement matrices.

123



5
10
BP1 Co-den
POCo-den
P1/2,Co—den
Upper Bound|

Empirical Mean || A ||,

Figure 3.6: Mean Normalized Power Estimation Error and the Upper Bound (3.18)

as a function of ||A,||2. Here M = 12, N = 200, s = 20, and A is generated using a

nested array with M., = 41. The results are averaged over 100 runs.
unit-variance elements, or the manifold of a uniform linear array (ULA) with elements given by
A, = e 2N L < < M0 <n < N—1. Let M = 24, N = 400. Fig. 3.7(a) shows
the success rate of the algorithms as a function of L in two distinct regimes (a) s = 8 < M
and (b) s = 72 > M. When s < M, Fig. 3.7(a) shows that RA-ORMP with random Gaussian
measurement matrix A has the highest success rate for a given L. On the other hand, when
s > M, MMV-BP, and RA-ORMP completely fail to localize the sources since they do not use
the correlation structure of the data. However, (Plco.den) Successfully recovers the sources in this
regime with probability > 0.9 when L > 800. Notice that the number of snapshots (L) needed
to ensure success rate of 1 is higher in this case than when s < M. Fig. 3.8 shows the success
rate of all the algorithms as a function of s for a fixed L = 100. As expected MMV-BP and
RA-ORMP are unable to recover supports of size s > M = 24 while (Plco.den) iS able to recover

supports of size significantly larger than 25.

Comparison with Vector Approximate Message Passing

Very recently, the authors of [213] proposed a new sparse signal reconstruction algorithm
called Vector Approximate Message Passing (VAMP). Compared to traditional Approximate
Message Passing [214], VAMP is applicable to a larger class of measurement matrices A. In this

section, we conduct numerical experiments to compare (Plco gen) With VAMP, especially in the
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Figure 3.7: Probability of successful support recovery as a function of L. Here,
M = 24, N = 400, and the results are averaged over 300 runs. (a) s =8 < M = 24.
(b)s=72> M = 24.
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Figure 3.8: Probability of successful support recovery as a function of sparsity s. Here,
M = 24, N = 300, L = 100. For nested array, we have M., = 155. Results are
averaged over 100 runs.
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regime s > M. We implemented VAMP using the code from the website of the authors of [213]
and used similar simulation settings as suggested by the demo code. The non-zero entries of
signal and noise are generated as zero-mean i.i.d Gaussian random variables. The nonzero signal
powers are assumed to be equal to p, while the noise power is denoted by o2. We implemented
VAMP with two types of measurement matrices: (i) A representing a nested array and constructed
according to (3.9), and (ii) A with i.i.d Gaussian entries as defined in the demo code of [213].
VAMP returns an estimate for X and we estimate the support by retaining the indices of s rows

of this estimate with the largest [, norm. We consider two simulation settings:

e Case 1: We use i.i.d Gaussian A for VAMP and choose N = 200,p = 10000, 0? =
1, L = 1000.

e Case 2: We use A corresponding to a nested array for VAMP and choose N = 200, p =
1000,0% =1, L = 100.

For both cases, we implement (Plc,.gen) using nested arrays. The probability of successful
support recovery as a function of sparsity s is plotted in Fig. 3.9. From the simulations, it
appears that when A corresponds to a nested array, VAMP fails to detect support in the regime
s > M = 150. On the other hand, when A is an i.i.d. Gaussian matrix, both algorithms are able
to recover supports of size larger than M. For example, both (P1lco.gen) and VAMP can recover

supports of size larger than 100 with M = 36 and M = 80 measurements respectively.

Phase Transition

We study phase transition of (Plco.gen), MMV-BP and RA-ORMP by plotting their
success rates as functions of both M and s. As before, we implement (Plc.gen) using nested
arrays, while we use a ULA measurement matrix for MM V-BP and RA-ORMP. We fix N =
600, L = 2000. For each (M, s) pair, we compute the success rate over 100 Monte Carlo runs.

Fig. 3.10 shows the average success rate with respect to the number of sensors M and number of
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Figure 3.9: Comparative probability of successful support recovery for (Plco gen) and
VAMP as a function of sparsity s. Results are averaged over 100 runs.
sources s, where black pixels represent zero success rate and white pixels denote 100% success
rate. For comparison, we also overlay the curve s = 0.18M? on the phase transition plot of
(P1co-den) Which roughly matches the phase transition boundary and validates our claim that it
is possible to localize s = ©(M?) sources with nested arrays. The phase transition regions of
MMV-BP and RA-ORMP, on the other hand, show that the number of resolvable sources scales

linearly with M, matching their theoretical performance limits [172,201].

Achievability of Upper Bound

In Theorem 12, we showed that for fixed M, there exist p7 and pfé such that (3.38) holds.
In this section, we demonstrate this scaling with respect to N by plotting || AY; (p* — p?)||2
against N for fixed |pt — p?||;. We generate p? and p? according to the proof of Theorem 12,
such that p7 contains a single spike and p*fE consists of two neighboring equal power spikes given

by (3.68). Fig. 3.11 clearly shows that || AY, (p* — p7)||; indeed scales as O(N?).

Performance of Other “Correlation-Aware” Algorithms for MMV models

In our final set of experiments, we demonstrate the superior performance of a family of
related “correlation-aware” algorithms for MMV models, namely M-SBL [181], M-FOCUSS

[174] and SPICE [120] that also utilize the correlation of the measurements, and are potentially
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Figure 3.10: Phase transition of success rate as function of sparsity s and number
of measurements M: (a) (Plcogen), (b) RA-ORMP, and (c) MM V-BP. White pixels
indicate perfect recovery and black pixels denote total failure. Here L = 2000, N = 600
and the results are averaged over 50 runs. The overlaid red curve represents s = 0.18M/>
in (a) and s = M in (b) and (c).
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Figure 3.11: Log-log plot of | AY, (p* — p7)|| as a function of N, for fixed ||p? —

pf |1 = 2. Here p} and pfE are constructed according to the proof of Theorem 12. The

plot is overlaid with the function —2log N + 14. The two plots share the same slope of

—2, demonstrating the order-wise tightness of (3.17) with respect to V.
capable of resolving more sources than sensors when used with OOSA. However, these algorithms
are non-convex and difficult to analyze, especially with finite L. Nonetheless, they show excellent
empirical performance with nested arrays, as demonstrated in Fig 3.12. We fix M = 24, N =
300, L = 100, and plot the success rate of these three algorithms as a function of L, for both
ULA and nested array (with same number of sensors). It can be seen that MSBL, MFOCUSS,
and SPICE have significantly higher success rate with nested arrays, and cannot resolve more
sources than sensors with ULA. Hence, Fig. 3.12 empirically demonstrates that exploiting the
difference co-array of OOSA can help these algorithms identify more sources than sensors with

finite measurements. A rigorous non-asymptotic analysis of this behavior is a very interesting

problem for future research.

3.10 Conclusion

In this chapter we analyzed the problem of super-resolution where the desired signal is both
sparse and non-negative. We proposed a constrained non-convex /; /» quasinorm minimization
problem to promote sparsity in the reconstructed signal. Such a formulation naturally stems from

exploiting non-negative constraints on the signal. Although [/, quasinorm is non-convex and

129



[©MSBL Nested
©MFOCUSS Nested
0.8+ [BSPICE Nested
' [EMSBL ULA
MFOCUSS ULA

0.6+ IOSPICE ULA

0 20 40 60 80 100

Figure 3.12: Success rate of M-SBL, M-FOCUSS and SPICE as a function of sparsity
s. Here M = 24, N = 300, L = 100. For nested array, M., = 155. The results are
averaged over 200 runs.

non-differentiable and the measurement matrix does not satisfy RIP, the stability of the solution
can still be guaranteed by constructing appropriate dual certificates. An iterative reweighted [,
minimization algorithm is proposed to approximate the [,/ quasinorm and simulations show that
it has better performance than /; norm minimization, in terms of both accuracy and sparsity of the
solution.

By exploiting the difference co-array of order-optimal sparse arrays, we developed proba-
bilistic guarantees on exact support recovery in the regime s > M, as a function of the number of
snapshots L, that is applicable for a large class of “correlation-aware” support recovery algorithms.
The guarantees involve developing upper bounds on the estimation error of source powers for any
algorithm in this class, which was shown to scale quadratically with the dimension N. As a result
of independent interest, we showed that such quadratic dependence is tight (for a given number
M of sensors).

In future, we will extend the analysis framework of this paper to other non-convex
“correlation-aware” algorithms such as M-SBL which exhibited excellent empirical performances
in our simulations. Another interesting direction is to extend our analysis to the “gridless” case by
integrating results from [215] to characterize the performance of subspace based algorithms that
exploit the co-array structure. Finally, the proof of achievability in Sec. 3.7 can be generalized to

understand how the locations of spikes fundamentally affect estimation error.
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Chapter 3, in part, is a reprint of the material as it appears in the papers:

H. Qiao and P. Pal, “Guaranteed Localization of More Sources than Sensors with Finite
Snapshots in Multiple Measurement Vector Models Using Difference Co-Arrays, IEEE

Transactions on Signal Processing, vol. 67, no. 22, pp. 5715-5729, Nov. 2019.

e H. Qiao and P. Pal, “A Non-Convex Approach to Non-Negative Super-Resolution: Theory
and Algorithm”, in the Proceedings of 44th International Conference on Acoustics, Speech

and Signal Processing (ICASSP), Brighton, UK, May 2019.

e H. Qiao and P. Pal, “ On modulus of continuity for noisy positive super-resolution, in
the Proceedings of 43nd IEEE International Conference on Acoustics, Speech and Signal
Processing (ICASSP 2018), Calgary, Canada.

e H. Qiao and P. Pal, “Performance Limits of Covariance-Driven Super Resolution Imaging”,

in the Proceedings of Asilomar Conference on Signals, Systems and Computers, 2017.

e H. Qiao and P. Pal,“Unified Analysis of Co-Array Interpolation for Direction-of-Arrival
Estimation, in the Proceedings of 42nd International Conference on Acoustics, Speech and

Signal Processing (ICASSP), New Orleans, March 2017.

The dissertation author was the primary investigator and author of these papers.

3.11 Appendices

3.11.1 Proof of Theorem 1

Since A represents an OOSA, Axr = A* ® A contains a Vandermonde sub-matrix AER

given by (3.14). We further select the last M,, + 1 rows of AY., and collect them in a matrix
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V € CMeat1xN giyen by
Vin :e’j%m”/N,O <m< My, 0<n<N-—-1

Let vy = vec(Ryy). From (3.16), we can extract an appropriate sub-vector of vy, viz. V[[yﬁ €

CMeat1 guch that

vit =10 + 0% = Vsps + o%e (3.52)
where e; = [1,0,---,0]7 € RMe*! the matrix Vg € CMeat1%5 consists of the columns of V

indexed by S, and pj is the vector of non-zero entries of p*. Given Ry, the Co-array MUSIC

algorithm [126] produces an estimate S of the support S as follows:

Step 1: Extract the vector Vg,ﬁ from R,, and construct a Hermitian Toeplitz matrix

T € CMeatD)x(Mea+t1) with vE,ﬁ as the first column.

Step 2: Let 62 be the smallest singular value of T, and U € CMeet1XK be an orthonormal
basis for Null(T — 62I) where K = dim(Null(T — 62I)). Construct the set S C [0, N —1]

such that

S={ie0,N-1] st ||[Ufv;,=0}

Step 3: Return S and 6 as estimates for S and o.

We show that as long as s < M,,, we will have
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Firstly, it can be verified that
T = Vsdiag(ps)VE + 0’1 (3.53)

Since p% > 0 and s < M,,, the smallest singular value of T is o2, implying that & = o and

rank(T — 6°I) = s. Therefore, from (3.53), we have
Viu=0, VueNul(T-5%)
which implies that S C S. Suppose there exists kg € S, ko ¢ S. Then, we must have
Vs, vi,]Pu=0,vu € Null(T — 6°I) (3.54)

Now [V, vi,] € CMeatD)x(s+1) g 3 row-Vandermonde matrix and hence its (s 4 1) columns
must be linearly independent since s < M,,. However, (3.54) implies that these s + 1 columns
should also be orthogonal to Null(T —621). Since rank(T —&%I) = s, the orthogonal complement
of Null(T — 6°T) has dimension s and cannot contain s + 1 independent vectors. Hence such a kq
cannot exist, implying S = 8. Once the support and o are correctly recovered, the vector ps can
be recovered as the unique solution to the system of equations (3.52), since Vs is full-column

rank.

3.11.2 Proof of Theorem 2

CNXN

Consider the matrix AER € obtained by zero-padding AYy as follows:

AR = [0{in/21pre—1)xivs (ARR) 5 O /2y )] (3.55)
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It can be easily verified that AY, = DyFy where the elements of Fy € CV*N are given by

[Fn]iy = e 72N —[N/2] +1 <k < |N/2/,0<I< N —1land
Dy = diag(d_[n/2111, - d|ny2))
is a diagonal matrix with

1

~ Y

dpy, =

_Mca S m g Mca

0, otherwise

We utilize the following lemma (Lemma 1 in [61]) adapted to our measurement model.

Lemmal0 [61]Ifp* € P

sep’

M., > 128 and N > 3.03(2M,, + 1), then for any non-negative

vector p € RY andh = p — p*, there exists q = [qo, - -+ ,qn_1]7 € RY such that

where p = 0.0295 (%)2 and

qlzoifhl<0;ql>2pifh120

Given the existence of the vector q from Lemma 10, define ¢ = q — p1. Let h = p# — p*. Then,

we have

N—
[(aq, h)| = Z @[l = pllhll: (3.56)
=0
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On the other hand, using properties of q from Lemma 10, it follows that

Alx(a—p1) = Fy(q—pl)

Then, we have

@, )| = (5 FHA%@ >|*|< FNDNFNq,hH

1
= (@ FRAGM)] < ol 1 FY AL
. 1 =~
= lquIQWI\AKRh||2 < (1 - p)||Agh]2 (3.57)

where we used the facts that 1 — p > p, F¥Fy = N, [|d]lec < 1 — pand [[AY:hl|5 = [|AY;h][,.

Combining (3.56) and (3.57), we have

I—p
[h[l; < THAERth

which completes the proof.

3.11.3 Proof of Theorem 9

Let p” be a solution t0 (Pco.gen). If € > [|AY||2, we can use the bound (3.18) in Corollary

4 to obtain

——LIAY)l; + o), (3.58)

[

* 1_
Ips — P < 7p<|rAPr\2+e> (3.59)

If we choose 7" > —£(||A/||2 + ¢), then from (3.59), it follows that [Hr(p*)]; = 0if i € S°.

This implies that the support of H(p*) will be contained in S. On the other hand, suppose
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Pmin > 21—;£(HAPH2 + ¢€) and we choose 7" in the range T < pyin — 1—;3(HAE§HQ + €). Then, from

(3.59), it follows that
# 1—-»p U .
[ps]zzpmzn_ P) (||ArH2+€)>T ZGS,
implying that the support of H(p#) will contain S. Summarizing, if
L=p U U
Pmin > 27(\\Ar la+€), €= A (3.60)
and the threshold 7' is selected from the range
1-— 1—
W PUIAYN2 + ) < T < puuin — — 2(AY|; + ) (3.61)

we can ensure that Supp (HT(p#)> = &. Hence, if py;, is large enough and 7" is chosen from a
suitable range, it is possible to exactly recover S via hard-thresholding. Notice that the results
so far are conditioned on the covariance estimation error A,. We now make these guarantees
probabilistic by utilizing appropriate concentration bound on A, that exploits the Gaussian
distribution of the measurements Y ;. Since A, is a complex random variable (as A is complex),
we first represent each complex measurement vector y|[!] in terms of real and imaginary parts as

y([l] = yr[l] + jyi[l]. Define
V[l = [yrll], yi [0

Since {y[l]}~, are i.i.d complex Gaussian vectors, v|/] are i.i.d and real-valued Gaussian vectors.

Define the true and empirical covariance matrices of v[(] as

Ry, = E(vmvT [1]) Ry, =

> vV

=1

e~ =
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It can be easily verified that

HRyy - RyyHF < \/§“va - RVVHF

trace(Ry, ) = trace(Ryv) (3.62)

We now invoke the following concentration bound on the covariance estimation error of real-

valued Gaussian vectors.

Lemmall (Proposition A.3 in [129]) Let {z[l|}/, be zero mean i.i.d real Gaussian random

vectors distributed as z[l] ~ N'(0,R;). Then,
- t R,
IP’{HRZ R > &()} < 9e72VL (3.63)

where R, = T S - 2[l)z[l]" and ¢ is a positive universal constant.

Proof. (of Theorem 9) Since v|l] are real zero-mean i.i.d Gaussian vectors with covariance Ry,

Lemma 17 implies

P {HRW Rl > ﬂ} < 9peVE (3.64)
i3

Recall from (3.15) that ||Af||s = || Ryy — Ryy || 7. Using (3.62) and (5.25), it follows that

V2trace(R,
P {HAJ"HQ > % = (3.65)
A V2trace(Ryy) iy
]P){HRyy_Ryy”FZTyy <2e 2evL
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Notice that trace(Ryy) = trace(Adiag(p*) A + o2I) = M (||p*|1 + o?). If (3.21) holds, we

can say that

V2trace(Ryy) o P DPmin _ 5 (3.66)
VL 1—p 4

Since ||AV]]; < o? + ||Af||2, the concentration bound (3.65) implies that, with probability

exceeding 1 — 2e~2eVL

||Atlrj||2< \/_race( yy)_|_0_2< P P

VI 1—p 4

(3.67)

Since € and 1" are selected according to (3.23) and (3.24) respectively, it can be easily seen that
(3.67) ensure that the sufficient conditions (3.20) and (3.21) hold with probability exceeding

1—2e~2¢VL_ Hence, we conclude that Supp(Hr(p*)) = S with probability at least 1 — 2e~2eVL,

3.11.4 Proof of Theorem 12

Let [ be an integer in the range 0 < | < N — 1. We construct p; € R" and pf € RY as

follows

[Pil = 3000 — U, [pF ] = (80 — 1 = 1] + 80 — 1+ 1]

>3

where §[n| denotes the Kronecker delta function. Obviously, p satisfies the separation condition

as it contains only one spike. Notice that |pt — p?||; = . Define s = [s_p7.,, -, sa0.,]7 2

AU (pt — p?). From the definition of AY,, we have

N-1
Sm = Z eij%mk/N([pﬂk - [pfﬁ]k); —Mey <m < M,
k=0
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We can further simplify s,, as

N—
_ Ui —j2mmk/N - .
Sm =5 kz (0 5l 1 5z+1)

0
(_m) —j2mml/N

Mecq Mea
Then, s[5 = 32,2 ay, [sml® = 0% 2052 4, sin' (57)

Using Taylor series expansion with Lagrange remainder, we have

™™ f(6)(5)
W): N4 6! N6 ml < Mea

where f(x) = sin*(x) and 0 < £ < T2, Thus,

Mea 4,4 (6) 6,,,6
mm*  fOE) °m
Isllz ="

NT e e
m=—Mcq
2,4
Tt (2 o 4 2 4 1
SRR (e VIR VT Vs R Vo
N4 (5 ca+ ca+3 ca 3
MCLI
2 f(ﬁ)(f) mom®
™ 6! NGO
m=—Mcq

274 (9 2 . 1 M7
<7 (-Mj + ML EMP - ng) + P

- N+ \5 = “ 3 N6
for any constant ¢; such that ¢? > MaXe (g mea | 976 f< ) ‘ For M., > 16, it can be verified
that
2 2 1 M2
M2+ MY MR — —M,, < —9TM,,
5 ca + ca + 3 ca 3 — 15

Using the fact that for positive numbers a, 3, va + 3 < /a + /3, it follows that

N w2 M?, cM3,
IAKR (PT = P72 < 77(\/@\12 TMea + —55 \/Mca) (3.68)
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Therefore, we finally have

Ipf —pilli=n>

= N2||AZ (P — PY) 2 (3.69)
<7-‘-2 M25+CM25MLa)
It can be verified that whenever 22 < 0.25,
(6)
max 27° f—(g)' < 1.4375 (3.70)
gelo, ™ 6!

Since N > 3.03(2M,, + 1) (i.e. “1 < 0.165), we can choose c; as ¢; = v/ 1.4376 = 1.195873.

Using this value of c; and the fact that % < 0.165, (3.37) follows from (3.69) where the constant

K is given by K = 7%/ & + 0.165¢; = 7%,/ & + 0.197375.
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Chapter 4

Phase Retrieval and Structured Fourier

Sampler

The problem of phase retrieval is considered in this chapter, where the measurement
vectors are deterministic and Fourier-like. Under some mild assumptions, O(slog/N') measure-
ments are proved to be sufficient to recover an s-sparse complex vector of dimension /N from its
phaseless measurement via convex programming. The key contribution is to show that unlike
existing work in sparse phase retrieval, the so-called “collision-free” condition is not needed
for the proposed approach, and hence, there is no upper bound on s for which the sparse vector
can be recovered. Even for non sparse complex data, the number of measurements needed by
this approach almost attains the lower bound conjectured in current literature. The algorithms
developed in this work are based on a newly introduced class of Fourier samplers, namely Partial
Nested Fourier Samplers, which can naturally avoid the “collision-free” condition by performing

a novel decoupling of quadratic terms arising in the phaseless measurements.

141



4.1 Introduction

Reconstruction of signals from magnitudes of linear samples has recently received great
research interest. In many problems, the measurement scheme is such that only the amplitude of
the linear measurement is kept and the phase information is lost. The problem of recovering the
original signal from these “phaseless” measurements is known as phase retrieval or phaseless
reconstruction. The earliest work in phase retrieval [75] draws its motivation from speech
processing where the authors show that it is possible to reconstruct signals up to some minor
ambiguities only from magnitude measurements. Besides speech processing, phase retrieval has
applications in X-ray imaging, crystallography, electron-microscopy, coherence theory, quantum
mechanics, differential geometry and other fields [76,77].

Two types of measurement models are primarily studied in literature: Fourier based, and
random. In [77,81-83,92], the authors consider the Fourier measurement model for acquiring
phaseless measurements. We will propose novel variations of the Fourier measurement model to
establish the claims of this paper. In [70,79, 84,97], the authors use random measurements to
exploit ideas from compressed sensing for performing phase retrieval. The phase retrieval problem
is converted to a low-rank matrix recovery problem in [77] which allows convex programming
based solutions. It is shown that under some mild conditions, the convex approach produces the
desired solution even with Fourier measurements [79]. In [75,76], the authors consider abstract
measurement models for deducing universal lower bound (sufficient conditions on the number of
measurements).

The number of phaseless measurements can be significantly reduced if the underlying x
is s-sparse (i.e. with s non zero elements). Using standard DFT measurement vectors, the phase
retrieval problem is often transformed into that of recovering x from its autocorrelation function
(ACF) [84]. Following [85], the authors impose the so-called collision-free [84] condition on x

so that the ACF is guaranteed to be sparse. Under this condition, O(s?) Fourier measurements
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are proved to be sufficient for uniquely recovering x up to a global phase. In [81, 82], the
authors are able to avoid the collision-free property by employing a combinatorial recovery
algorithm. However, the sparsity s cannot be larger than O(N'/3). In [171], O(slog(N/s)) is
proved to be sufficient for sparse phase retrieval when random measurements are used. In [87], the
authors follow the convex formulation of [79] and show that O(s?log(NN/s?)) is enough for phase
retrieval. Finally, in [93], the authors adopt the idea of [164] and prove that O(slog/N') Fourier
measurements are sufficient for recovering a sparse x after it is modulated using four different
masks. The interested readers may refer to [78], for an overview of the current state-of-art in the
phase retrieval algorithms.

In this chapter, we introduce a new design of Fourier measurement vectors, namely the
Partial Nested Fourier Sampler (PNFS), drawing inspiration from our past and current work in
nested sampling and its extensions [2,10,45]. As will be demonstrated, the idea of partial nested
sampling is highly effective for the phase retrieval problem since it naturally allows decoupling
of terms arising in the equivalent quadratic measurement model. We show that O(slog/N') PNFS
measurements are sufficient for recovering x up to global phase factor by solving a suitable /;
programming problem. Unlike [84], the PNFS can completely avoid the need for a collision-free
condition on x and hence there is no restriction on the maximum size of the sparse support in our
framework. In contrast to [93], we do not need masks to modulate x and our algorithm may be
easier to be implemented in practice. Furthermore, for a non-sparse complex x, the PNFS needs
only 4N — 5 Fourier measurements using a simple reconstruction scheme, that comes very close
to the universal lower bound conjectured in current literature [76].

Then, we further develop the theory of PNFS for sparse phase retrieval by proposing
a randomized version of the basic PNFS, namely the R-PNFS. By using a certain decoupling
property of the R-PNFS, along with a new cancellation based algorithm (that effectively cancels
out certain unwanted quadratic terms in the autocorrelation of the signal), we are able to demon-

strate that O(s log V) measurements are sufficient to recover the sparse signal with probability 1.
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We also prove that the proposed algorithm is stable in presence of bounded noise, and present

numerical simulations to validate the theoretical claims.

4.2 Problem Setting and Related Work

4.2.1 Problem Setting

Let x € HY be an unknown vector of interest where the field H can either be R or C, and
F ={fi,f5,---  £3;} be a set of M measurement vectors where f; € HY. To be precise, we have

the following general measurement model

yi=l<xfi> 1<i<M @D

where y = [y1,92, -+ ,ymu]? € RY. Hence, we only collect a set of magnitude (or energy)
measurements and we lose the phase information of < x, f; >. The key question in phase retrieval
is: Can we recover X from phaseless measurements y ? If the answer is positive, we will say that
the measurement vectors F are successful at phase retrieval [76]. Before answering this question,
it is straightforward to notice that there is some intrinsic ambiguity in recovering unknown x
from (5.1). When H = R, we cannot distinguish £x as they provide the same measurements.
Similarly, if H = C, we will not be able to separate x from its ambiguities X where X = cx
with |¢| = 1. So, x can only be recovered in sense of H \ T where T = {£1} for H = R and T
denotes the unit circle in the complex plane if H = C. Hence x can be at best recovered upto a
global phase ambiguity.

As pointed out in [77], the phase retrieval task is tightly related to that of recovering

low-rank matrices using quadratic measurements. Particularly, we have

yi2 = finfoi 1<i< M 4.2)
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Since xx!! is rank 1, phase retrieval can be interpreted as a rank-one matrix recovery problem

given measurement y [77,79]. Equivalently, the quadratic form (4.2) can be written as

g2 = (E7 @ £1) Veo (xx™) (4.3)

We will use this equivalent representation of the phaseless measurements throughout this paper.
We will mainly focus on the case where f; are complex Fourier-type [77,81, 84,92] measurement

vectors, and x will be assumed to be s-sparse with H = C.

4.2.2 Sufficient Condition with Generic Measurements

In [75,76], sufficient and necessary conditions have been discussed for both non-sparse

and sparse phase retrieval problems. In particular, we have the following lemma from [76].

Lemmal2 [76] Let H = C. A set F with M > 4s — 2 generically chosen vectors in CV

succeeds in phase retrieval of s-sparse vector X.

By generic, we mean an open dense subset of the set of all M/ —element frames in HY [75]. To
the best of our knowledge, the necessary bound for complex case has not yet been proved. It
is conjectured that M > 4N — 4 (or M > 4s — 2) is necessary for recovering arbitrary x (or
s-sparse) in the complex case [76,78]. It should be noticed that the generic measurement vectors
F considered in [75, 76] may not be Fourier. Hence these necessary and sufficient conditions do

not necessarily apply to Fourier measurements.

4.2.3 Related Work with Fourier Measurements

We first define a general model for Fourier measurement vector as follows.

Definition10 (General Fourier Measurement:) A General Fourier Measurement (GEM) vector
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is defined as
I (4.4)

where z; is on the unit circle in complex plane, « is a normalizing constant and N' = {ny, n,

- ,ny} are non-negative integers.

Typically, two general kinds of Fourier measurement vectors are considered in literature.
In [77,81,92,93,95, 164], the measurement vectors are drawn from conventional DFT matrix.
Specifically, in this case, N' = {0,1,--- ,N — 1}, = N~/ and z; = ¢/*"0~U/N_ On the other
hand, in [84, 85], the authors transform the phase retrieval problem to that of recovering x from

its autocorrelation vector ry, € C2V~! defined as

min{N,N—l}

= > mEk 0<[II<SN-1 (4.5)

k=max{1,1-1}

where T denotes the complex conjugate of x. An important observation in this regard is even
when X is s-sparse, rx may not be sparse. In order to impose a required sparsity on ry (so that [y
minimization can be applied on ry to recover the support) the so-called collision-free condition is

proposed.

Definition11 (Collision Free Condition) [84,85] A sparse vector x has collision free property it

for pairs of distinct entries (p, q), (m, n) in the support of X, p—q # m—n unless (p, q) = (m,n).

Given any set of distinct integers of size s, we have a total of (s*> — s)/2 positive pair-wise
differences. So if the dimension of x is IV, the upper bound for s such that an s-sparse x satisfies
collision-free condition is given by s < xny = (14 /8N — 7)/2. With collision-free property, ry
is guaranteed to have sparsity s> — s + 1 [84] and compressed sensing based recovery algorithms

can be used with M = O(s*) measurements. In a later section, we show by simulations that in
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practice, collision-free property holds only for a small range of values for s, and the upper limit
can be very small compared to N. This prompted us to find another way to reconstruct a sparse
x (without any restriction on the sparsity s) given the quadratic measurement model (4.3) and

develop the main results of this chapter.

4.3 Nested Fourier Measurements and Phase Retrieval

4.3.1 Nested Fourier Measurement and Decoupling

We know that for a sparse x, its autocorrelation sequence ry, may not be sparse. One
way to enforce sparsity on ry is to impose a collision-free condition (see Def. 11) on the indices
of support. However, the collision-free condition only holds for small values of s. As a major
contribution of this paper, we now propose a Fourier type measurement model namely the Partial
Nested Fourier Sampler (PNFS), built upon the nested sampling idea in [2,10,45], that completely

avoids the need for a collision-free condition and provides good performance guarantees.

Definition12 (Partial Nested Fourier Sampler:) We define a Partial Nested Fourier Sampler
(PNFS) as a special form of GFM vector defined in (4.4) where N = {1,2,--- N — 1,2N — 2},
o = (AN — 5)"Y4 and z; = £2-D/GN=5),

Substituting this choice of f; in (4.3) and combining identical columns, we have

1 Zi—(QN—?’)’_,, ,Zl-_l,l,zil,"‘ 2N=3 | % 4.6)
4N —5

P
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where x € C*V5 is the corresponding rearranged version of Vec(xx") with following form

ij\/:1 |37k’2 m=0
N Ty om=1,2,--- [N —2
X],, = 4.7)
ZEQN_Q_mJ_IN N—1§m§2N—3
x|, m <0

where we re-number the indices of X in range [—2N + 3, 2N — 3] for simplicity and clearance.

Decoupling Effect And Basics of Recovery: The most important property of PNFS is that for
|m| > N — 1, [X], only consists of single terms instead of a sum. Moreover, each of these terms
has a constant factor x. The important advantage of decoupled products is that if =y is
nonzero, the sparsity of the sub-vector consisting of x for |m| > N — 1 reveals the support
of x. In addition, for s > 2, [X],, will vanish for [m| > N — 1 if and only if xy = 0. However,
without any prior knowledge about the support of x, there is no guarantee that x is nonzero and
for this reason, we define the following column-permuted version of the PNFS sampling vector f;

as

1
£ = 2h 22 2N 2N O 4.8
i m [ i~ i i ] (4.8)
where z; = €/27(=D/(4N=5) and TI® is a permuting matrix such that the vector x) = TI¥x
satisfies [xV); = xy, [xD]y = 2, [xD]; = 2;,7 # [, N. The basic idea of using the permuted

PNFS vector is that for some [, we can ensure that [X(l)] w 18 non zero. For that choice of [, we

@

can then recover X(¥) from measurements y; ~ with model (5.1), and use the decoupled entries
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(guaranteed to be non zero since [x!)]y # 0) to estimate the support of x(!) (or equivalently of
x) and the corresponding non zero elements (upto a global phase ambiguity). For each [, we
collect M phaseless measurements yi(l),@' =1,2,---, M using the permuted PNFS vector (4.8)

and obtain
yO = zx® (4.9)

G0, = (Y2 (7], = LT << N — ~ 31t
where [yV]; = (y;)%, [Z]im = = 1 <i <M, 2N +3 <m < 2N —3.1tis

easy to see that Z is invertible if M = 4N — 5 and X can be recovered from y(©.

4.3.2 Iterative Algorithm

We now describe the details of an iterative algorithm that uses the permuted PNFES vectors
iteratively to find a non zero entry of x. Noting that [X(V],, will be all zero for |m| > N — 1 if
and only if the last entry is non zero given s > 2, the algorithm starts with [ = N and reduces [ in
each step until it finds a non zero z;. It then successively recovers X and x upto a global phase.

Table 1 summarizes the algorithm

4.3.3 Performance Guarantees of the Iterative Algorithm

In this section, we will show x* is a valid estimation of x provided the iterative algorithm
is feasible. Obviously, the number of measurements needed is determined by the smallest index

l,nin such that x; . is non zero in Table 1. We define best case for /,,,;,, = /N and worst case for

min

l;min = s. Formally, we have the following result

Theorem15 Let x € CV be s-sparse with s > 3. The estimate x* produced by the iterative
algorithm described in Table 1 is equal to x (in the sense of C \ T) if the total number of phaseless

measurements M equals 4N — 5 for the best case and (N — s + 1)(4N — b) for the worst case.
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Table 4.1: Iterative Algorithm for Phase Retrieval using PNFS

Input: datax  Qutput: estimation x7

1. Initialization: | = N
2. Loop:

(a) Step S1: Using the permuted PNFS vectors (4.8), obtain
4N — 5 phaseless measurements

W= <xtV>1i=12---4N—5

Using (4.9), recover X = Z-151

(b) Step S2: If [x¥],, = 0,V|m| > N — 1, declare 2; = 0.
Assign [ — [ — 1 and go back to Step S1.

If [x],,, # 0 for some m with |m| > N — 1, proceed to the
recovery stage.

3. Recovery:
(a) Choose m* € {1,2,---, N — 2} such that [x¥],,- # 0 and
compute

Q] = \/[&O)e /B

&B =0 " X oy ok [ZO]on o g

(b) Obtain estimate x™ as

(60) ys i)

l
Q)|

[X#]q = |x§f,)| qg=1
%)
[ ]2(1;7) 2-1 ¢g=N
\mN|
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Proof. 1t is easy to see that if x has sparsity s, the total number of iterations required by the

algorithm is 1 in the best case (i.e. when z # 0) and N — s + 1 in the worst case. In each
)

iteration, we collect 4NV — 5 phaseless measurements y; ’, and hence we need to collect 4N — 5
measurements in the best case and (4N —5)(/N — s+ 1) measurements in the worst case. The final
step is then to show the correctness of this algorithms in recovering x upto a global phase. We
prove correctness for the case when the algorithm terminates in 1 step (i.e. when x is non zero)
since the proof remains identical for other cases just by exchanging [ and N. The first idea in
the proof is to show the existence of m* such that [X(],,- # 0. Denote X = [z1, 29, ,xx_1]7
and let ry € C?¥=3 be the autocorrelation vector of X. Suppose m* does not exist, implying
[X],, = 0for1 < |m| < N — 2. Hence, [rg], = 7d(n) where v = [X]o — |zx|* and 6(n) is
Kronecker delta. This means that 5 (/) £ S22 +o[rx|ne™7¥™ is an all-pass filter. However,
Py (e) = [X(e/)[? where X (/) £ 322 | [%],e ™. This implies %(e7) is also an all-pass

filter. Since %(ejw) is an FIR filter, this is not possible unless we have [98]
[X],, = Ad(n — ng) (4.10)

for some ny satisfying 1 < ng < N — 1 and ) is a constant. However, since s > 3, X has at least
two non zero entries which contradicts (4.10). Therefore, the existence of m* is guaranteed. It is
then easy to see that x* is equal to x in sense of C\ T. In particular, assuming l,,,;, = N, we have
(x#|n = \/[X|m+/B = |zn|. Now, for 1 < ¢ < N — 1, from (4.7), we have [X]any_2_q = T,Tn-

Mjgﬁ = cx, where ¢ = Ty /|zy| is the global phase term. Note that this

Therefore, [x#], =
iterative algorithm imposes no upper bound on s. We also have following corollary for non-sparse

X.

Corollary6 Ifx is not sparse (i.e. s = N ), the number of measurements needed for recovering

xis M =4N — 5.
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4.4 Phase Retrieval with Prior Information on Support

It is straightforward to see that Theorem 15 is not efficient in recovering a sparse x since
the iterative algorithm does not fully exploit the sparsity of x. However, the result of Theorem
15 is still important for the following reasons. Firstly, Theorem 15 does not require any prior
knowledge of Supp(x) and it is valid for all s > 3 (unlike the algorithms requiring collision-
free requirement). Secondly, for non-sparse x, 4N — 5 measurements needed by Theorem 15
is consistent with the universal lower bound 4N — 4 conjectured in literature for recovering
arbitrary x. Above all, the structure of (4.7) reveals the possibility for using /; minimization on
the sub-vector consisting of decoupled elements.

In practice, we may assume some mild prior knowledge about the support of x. For
instance, in [93], the authors assume the first entry of x is nonzero. Similarly, in this section, we
assume to know any one index in the support of x. Without loss of generality, we may assume
that x5 is nonzero (since, by using a permuting matrix for the known entry, we can ensure xy to

be non zero).

4.4.1 A Cancellation Based Approach for Sparse Recovery

It can be seen from (4.7) that the subvector of X indexed by 1 < |m| < N — 2 is not
necessarily sparse. We propose a novel variation of the basic PNFS to cancel out this “non-
sparse” segment and produce a difference-vector that is guaranteed to have the same sparsity as
that of x. Assuming that xy is nonzero, we propose to use two sets of measurements, y,y’ € cM

as

V)i =| <x,£ > 4.11)

§; = | <x,f >|? (4.12)
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where f; denotes the PNFS vector (as in Def. 12) and f; is defined as

/ 1
f = — z17227.-- 72.]\77170
i m [ i~ i ]
where z; = /27(=1)/(4N=5) Denoting § = ¥ — ¥, we have
g = 7%
where
)
|7 |2 m=0
0 m=1,2- N—2
X],, =

ToON_2-mIN m:N—l,--- ,2N—3

(4.13)

(4.14)

and Z € CM4N=5 defined as in (4.9). Notice that x has sparsity 2s — 1 and support of x (except

the Nth entry) is identical to that of the subvector of x indexedby m = N —1,--- 2N — 3. We

next discuss how large M should be for perfectly recovering X from .

4.4.2 Number of Measurements

We can recover X by solving the /; minimization:

m@in 10||; subjecttoy =Z6 (P1)
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The vector x can then be recovered from the solution of (P1). The following theorem establishes
the total number of measurements sufficient to recover x from the proposed cancellation based

approach.

Theorem16 Letx € CV be a sparse vector with s non zero elements and x; # 0. Suppose we
construct the difference measurement vector ¥ as in (4.14) using M pairs of sampling vectors
{f;., f;k}}c\i 1 Where indices 1), are selected uniformly at random between 1 and 4N — 5. Then x

can be recovered (in sense of C \ T) by solving (P1) if M = C'slogN for some constant C'.

Proof. Since the indices {zk}ﬁil are chosen uniformly at random between 1 and 4N — 5 to

construct the measurement vectors fi'k and f;, , the resulting matrix Z in (4.14) consists of M rows

.
of a DFT matrix (of dimension 4N —5) which are chosen uniformly at random. Well known results
from compressed sensing using random Fourier matrices [22,84] guarantee that the solution to
(P1) will be x with high probability, provided the total number of measurements 2M satisfies
M = C3log N where § = 25 — 1 is the sparsity of %. After recovering %, 27 = || can be

. . A .. . . s #
obtained by observing [X]o. The remaining entries can then be estimated as 27 = [K|an_2—q/|27]-

The validity of estimation x* can be proved in the same way as in proof of Theorem 15.

4.5 Sparse Phase Retrieval Using Randomized PNFS

We introduce a randomized version of the PNFS for sparse phase retrieval as follows:

Definition13 (Randomized PNFS) A Randomized PNFS (R-PNFS) consists of measurement

vectors

fi(R-PNFS) _ [IN,N v] fz'(NH)

where v € CV is a random vector with independent entries, and fl-(NH) is defined in Def.12 for

dimension N + 1.
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Given the unknown signal x* € C¥, the phaseless measurement obtained using a R-PNFS

vector can be expressed as

2

H 2 H x*
y; = ‘(f}(-PNFS) x* +n; = fz‘(N+1) +ny (415)

The basic idea of R-PNFS is to concatenate an extra element x 1 = v x* to form the vector
x = [x*7 xy41]7, and then measure x using PNFS for dimension N + 1. Since the elements of
v are independent random variables, it follows that the last entry of x satisfies 1 # 0 with

probability 1. This enables us to devise an efficient cancellation based algorithm for sparse phase

retrieval as follows.

4.5.1 A Cancellation Based Algorithm for R-PNFS

We measure a sparse x* (with s non zero elements) using two sets of PNFS samplers,
and perform sparse recovery on the difference between the two measurements. This enables us
to “cancel” out certain non-zero terms in the autocorrelation of x* and retain only “decoupled
terms” (singletons) which have a maximum sparsity of 2s + 1. We begin by introducing a second
sampling vector fi(NH) € CN as

FINH1) _ vy O fz’(NH)

7

This sampler can be thought of as a masked version of the PNFS sampler defined in Def. 12.

Following are the main steps of the algorithm:
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1. Collect two sets of (noisy) phaseless measurements y1), y® € CM as

2
+n"

2

ylg) _ ‘(fiR-PNFS>HX*

- H
yZ@) _ ‘(fi(N+1)> <

+n? (4.16)

7

We assume the noise is bounded, i.e. |n§k)| <n,k =1, 2. Notice that we collect a total of

M = 2M measurements.

2. Compute the difference measurement Ay = y() — y(). The key step is to notice that
Ay =7ZX + An 4.17)

where the unknown vector & € C*V~! consists only of “decoupled” quadratic terms

(singletons of the form Ty, 2,7 = 1,2,--- | N) given by
TN+ ] m =0
0 m=12,--- ,N—1
%], =
ToN-_mINy1 m =N, - 2N —1
E_m m <0

Since x4, = vx* where v is a random vector with independent entries, it holds that
xn+1 # 0 with probability 1. Hence X has exactly 2s + 1 non zero elements. We also
have An = n® — n®, and the matrix Z € CMAN-1 ig partial DFT matrix with

1 jgﬂ-Lk
Z)ik = 7=’
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3. Obtain an estimate of X as the solution to the following /;-minimization problem:

m@in 16]]; subject to |Ay — ZO||, < npV M (P1)

4. Given the solution %# to (P1), the estimate for each entry of x* is given by xjf =

[%#)an—q/ |3/ [&F]o| for 1 < ¢ < N and 2%, = |/[%#ol.

4.5.2 Stability of Noisy Phase Retrieval with R-PNFS

To analyze the performance of the proposed algorithm, we use the following lemma

from [96] which is tailored for the form (P1):

Lemmal3 [96] Consider a sparse X € C*¥~! with 2s + 1 non zero elements and Z € CMAN-1
be the DFT matrix with M rows whose indices are chosen uniformly at random from [0, 4N — 2].
If M > ¢o(2s + 1) log(4N — 1) log(e~"), then with probability at least 1 — &, the solution X# of
(P1) satisfies

% — %F |2 < a1v2s + 1n (4.18)

where cg, c; are universal constants.

Theorem17 Given a sparse x* € C" (with s non zeros), and the measurement vector v € CV,
consider the measurement model (4.16) where the indices n; of fi(NH),z’ =1,2.---, M are

chosen uniformly at random from [0,4N — 2]. If M > c¢o(2s + 1) log(4N — 1)log(¢~!) and
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|zn11]? > c1v/2s + 1n, with probability at least 1 — ¢, the estimates xjf ofx;,1 < q < N, satisty

N
- 2 1)(4N —1

§ :’x;_emoxf| < 1/ (25 + 1)( ) .

\/|xN+1|2 —c1vV2s + 1n

1
+{1x* |1 -1 (4.19)
1 — \/25+1ﬂ

[zN+1]?

where vy, = VIX*, ¢y = arg¢€[0,2w):z:N+1/\a:N+1\, and cy, ¢, are universal constants given in

Lemma 13.

Proof. According to the proposed algorithm, the estimate for each entry of x* is given by

55# — [i#]szq/iUﬁH for 1 < ¢ < N. Then, we have

|y —
! [on] \ e Eey

— elto, #| = | IN+1 ([ibN—q _ [X#]QN—q> |

E *
< BT 4|1 — | (4.20)
|$N+ |

where 6oy = |[Rlan_q — [X7]an_o| and B = }xN“} It follows that
N+1

N ZN Con_
i 1 q
Do lay = < B T o \1—5!Z|$*\

+ 1= BI[[x"lx (4.21)

% — %#]),

<p
|$N+1|

Since ||X — X7|; < V4N — 1||% — X7||,, Lemma 13 gives us

N
Z |:v; — ej¢°xf|
q=1

Vv (2s+1)4N — 1)p

’35N+1|

<cp + 11— Bl|x*||: (4.22)
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\V2s+1n

Han -

Since [X]o = |zn41/% it follows from Lemma 1 that |1 — 5| < ¢ If |eyg]? >

c1V2s + 1n, we have

TP G/ R S P Kl (4.23)
|z N1 B TN 1]

The proof completes by plugging (4.23) in (4.22).

Remark 1. In absence of noise, setting n = 0 in (4.19) implies exact recovery of x* with a
global phase ambiguity ¢, which is explicitly given. This is achieved using a total of M = 2M
measurements, where M = O(slog N). Hence, our algorithm recovers x* with an order-wise

minimal (up to a logarithmic factor) number of measurements.

Remark 2. Unlike “lifting” based approaches [77,90], our method is based on /;-minimization
with only O(N) variables. This implies significant computational saving and allows faster

implementation.

4.6 Numerical Results

4.6.1 Phase Retrieval with Prior Knowledge

In Fig. 4.1, we simulate the probability of “no-collision” as a function of sparsity s with
fixed ambient data dimension N = 10000. For each run and sparsity s, we randomly choose the
support and test whether it satisfies the collision-free property. The probability of collision-free
is computed by averaging over 2000 such random runs. It can be seen that for s much smaller
than the ideal upper bound yy ~ 142, the probability of “no-collision” goes to zero. As a

consequence, the ACF based method has undesirable restriction on the allowable sparsity. To
validate the theoretical claims of this paper, we now focus on Theorem 16 because the correctness

of Theorem 15 can be easily verified in a deterministic way. We choose N = 150 and vary
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Figure 4.1: The probability of “no-collision” as a function of sparsity s. The ambient

dimension is N = 10000 and the result is averaged over 2000 runs.
the sparsity s. Nonzero part of x is generated with complex Gaussian distribution. We assume
ry # 0 and obtain the estimate x* of x by constructing the difference vector ¥ and solving
(P1) with CVX tool for MATLAB. The global phase ambiguity is p = =/ xﬁ Using p we can
compute the entry-wise estimation error as |z; — pr&\ for1 <7 < N. In Fig. 4.2, we show the
phase transition plot of Theorem 16. We declare the recovery is successful if |x; — p:pzﬂ <1076
for all entries and failed otherwise. For each pair (M, s), we generate random s-sparse complex
signal x and compute the probability of success over 100 runs. As a reference, we also draw
the line representing 3slog N where the choice of 3 is for ease of comparison. We find that the
simulation matches the claim given in the theorem regarding the sufficient measurement size

being O(slogV).

4.6.2 Phase Retrieval with R-PNFS

We consider a complex valued signal x* € CV with s non zero elements, and ||x*||» = 1.
Both the nonzero indices and amplitudes are generated randomly.

The phase transition plots of the proposed method for both noiseless and noisy signal
models is depicted in Fig.4.3. Here N = 100. In the noiseless setting, for each M and s, we
declare success if max, |z} — el xzf\ < 1075, For the noisy model, we assume the entry wise
noise to be upper bounded by e = 0.01 and plot the reconstruction error Zflvzl |z} — e/ Pz

We also superpose the line corresponding to M = 3slog N to demonstrate that the proposed
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Figure 4.2: The phase transition plot for Theorem 16. M = 2M is the total number
of measurements needed and N = 150. The red line represents 3slog/N. The color bar
denotes probability of success from 0 to 1. The white cells denote successful recoveries
(.e. |z; — pxl#| < 107° for all entries) and black cells denote failures.The results are
averaged over 100 runs.
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Figure 4.3: (Left) Phase transition for noiseless case, averaged over 100 runs with
N = 150. White and black boxes denote success rates of 1 and 0 respectively. (Right)
Phase transition for noisy case averaged over 50 runs with N = 100, and entry-wise
noise bounded by 0.01. Each box denotes + Zév:1 |2 —e/? 27|, The red line represents
M = 3slog N for both.
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approach recovers the true x* with M = O(slog N) measurements.

In Fig. 4.4, we show an example of sparse phase retrieval using the proposed R-PNFS
sampler and cancellation based algorithm. Here N = 350, s = 6, M = 100. It can be seen that
the proposed technique recovers the true x* faithfully up to a global phase ambiguity, the value of

which is easily obtained from the complex plane representation.

12 : : : : : : 157
1+ 1+ Py
+— *3
0.8 f S 05f 5
a
>
0.6 g o0 Py
£
04t &-05f
E
0.2f “at 6 o4
0 15 . . . . .
0 50 100 150 200 250 300 350 15 Bl 05 0 0.5 1 15
Index Real Part
12 : : : : . . 1571
1+ 1+ 2
— 5
0.8 S 05F @3
o 4
>
0.6 f g or 6
£
04t 05"
E o
0.2 At
0 15 . . . . . )
0 50 100 150 200 250 300 350 15 -1 05 0 0.5 1 15
Index Real Part

Figure 4.4: (Top left) Amplitudes of the original data. (Top right) The complex plane
representation of the nonzero part of the original data.(Bottom left) Amplitudes of the
recovered data. (Bottom right) The complex plane representation of the recovered data.
Here, N=350, s=6 and M = 100.

4.7 Conclusion

We consider the sparse phase retrieval problem using a newly introduced class of Partial
Nested Fourier Sampler (PNFS). The PNFS avoids the need for the so-called “collision-free”
condition required by most existing work in sparse phase retrieval and proposes a simple and

effective algorithm for reconstructing the sparse signal using only O(slog N) measurements. A
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key contribution of this chapter is to exploit and extend the idea of nested sampling to design
general Fourier measurements for phase retrieval which is simple and applicable for most cases.
If no prior knowledge is available, we proposed a new structured sampling scheme, namely
the Randomized Partial Nested Fourier Sampler (R-PNFES), along with a novel cancellation
based algorithm which can provably recover sparse complex valued signals from their amplitude
measurements. The proposed technique requires only M = O(slog N) measurements which is
near-optimal compared to the underlying degree of freedom of the sparse signal. We also showed
that under mild conditions, the approach is stable to bounded measurement noise.

Chapter 4, in part, is a reprint of the material as it appears in the papers:

e H. Qiao and P. Pal, “ Sparse Phase Retrieval with Near Minimal Measurements: A Struc-
tured Sampling Based Approach”, in the Proceedings of 41st IEEE International Confer-

ence on Acoustics, Speech and Signal Processing (ICASSP), Shanghai, China, 2016.

e H. Qiao and P. Pal, “Sparse Phase Retrieval Using Partial Nested Fourier Samplers, in the
Proceedings of IEEE Global Conference on Signal and Information Processing (GlobalSIP),
Orlando, FL, USA, 2015.

The dissertation author was the primary investigator and author of these papers.
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Chapter 5

Coarray Interpolation, Sparse Bilinear
Problem with Non-Negative Constraint

and Nested Array based Kriging

5.1 Introduction

In this chapter, we will discuss three separate but implicitly related problems. Array
interpolation is of great importance in many applications especially in the case of missing data
and failing sensor. Previous study on array interpolation is mainly in physical domain and an
optimal linear mapping is constructed to interpolate the physical sensors. However, coarray
interpolation is in the correlation domain that the second-order statistic of the signal is explicitly
exploited. Moreover, coarray interpolation is by nature a non-linear mapping of the physical
measurements. The key constraint for stable coarray interpolation is the positive semidefinite of
the corresponding Toeplitz matrix.

We will next study the problem of sparse bilinear problem with non-negative constraint.

For the first time in literature, we show that it is possible to estimate the true solutions up to a
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global scaling factor when there are more unknowns than the number of equations. We exactly
characterize the set of ambiguous solutions and state the necessary and sufficient conditions for
exact recovery.

in the end, we will consider the application of nested array idea to an important geostatis-
tical problem, Kriging. By assuming the field of interest is stationary, we relate the compressive
Kriging to Toeplitz covariance matrix estimation using nested array. We propose a robustness
analysis based on total least squares.

The common underlying characteristic of these problems is the non-negative constraint.
By studying these three different problems, we again demonstrate the fact that non-negative

constraints are crucial for stable recoveries in variant inverse problems.

5.2 Unified Analysis of Co-Array Interpolation with Applica-
tion in Direction-of-Arrival Estimation

This section considers the problem of co-array interpolation for direction-of-arrival (DOA)
estimation with sparse non-uniform arrays. By utilizing the much longer difference co-array
associated with these arrays, it is possible to perform DOA estimation of more sources than
sensors. Since the co-array may contain holes (or missing lags), interpolation algorithms have
been proposed to fully utilize the remaining elements of the co-array beyond that captured in
the contiguous ULA segment. However, the quality and stability of interpolation performed by
such algorithms (especially in presence of modeling errors) have not been analyzed. This paper
provides a unified analysis of co-array interpolation algorithms to bound the interpolation error in
terms of modeling errors. The results are universal in the sense that they can be applied to analyze
any algorithm that utilizes the positive semidefinite (PSD) structure of the interpolated covariance
matrix. The general framework is then applied to analyze specific algorithms and simulations are

conducted to study their interpolation errors.
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5.2.1 Introduction

Direction-of-arrival (DOA) estimation of energy-emitting sources is a central problem
arising in diverse applications such as radar, sonar, medical imaging and communications [49].
Sparse non-uniform arrays such as nested, coprime and minimum redundancy arrays are known
to offer distinct advantages over traditionally used Uniform Linear Arrays (ULA) owing to their
ability to resolve more sources than sensors [17,45,204]. The basic idea is to create a longer
virtual difference co-array [17] by judicious array design, whose degrees-of-freedom (DOF) can
be exploited by well-designed algorithms such as Co-array MUSIC [19, 88].

For many non uniform arrays (such as coprime arrays), the difference co-array is not
continuous and has holes or missing lags. Since co-array MUSIC algorithms are capable of only
exploiting the DOF of a continuous ULA segment of the co-array, several array interpolation
techniques such as positive definite Toeplitz completion [225], co-array interpolation/extrapolation
[226,227], and nuclear norm minimization [228] have been proposed to interpolate the correlation
values at the missing lags and use the interpolated co-array for DOA estimation.

In this section, we propose a unified framework for analyzing co-array interpolation
algorithms by developing an explicit upper bound on the interpolation error, in terms of the
measurement error. Our analysis framework is very generic and can be applied to any algorithm
that utilizes the positive semidefinite (PSD) structure of the interpolated covariance matrix. As
special cases, we use this general framework to develop algorithm-specific error bounds for the
algorithms in [225,228]. Our results establish stability of these interpolation algorithms with
respect to modeling errors (such as that due to finite snapshot averaging) and demonstrate that
perfect interpolation is possible as the error decays to zero.

Related Work. While the performance of traditional array interpolation techniques have been
analyzed in the past in terms of bias and mean squared error [177,178], these methods are primarily
based on interpolating the physical array using linear transforms, and cannot be used for co-array

interpolation since the co-array is a non-linear function (Kronecked product) of the physical array.
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On the other hand, interpolation algorithms that directly work in the co-array domain [225,228],
have not been analyzed. In this paper, we bridge this gap by providing a unified analysis of
co-array interpolation algorithms. Our analysis is based on recently developed tools from super

resolution theory and positive semidefinite Toeplitz covariance compression [4, 6,59, 141, 142].

5.2.2 Co-array based signal model and need for interpolation

Consider D narrowband statistically uncorrelated sources impinging on a linear sensor
array from directions 52-, 1 <4 < D. The array contains K sensors with the kth sensor located
at zpd, where zj, is an integer and d = \/2 () being the carrier wavelength of the narrowband

sources). The signals received at the K sensors are given by

D
X = Zciag(@) + ng (5.1)
i=1

where c¢; denotes the amplitude of each source (assumed to be zero-mean random variables) and
ag(6;) € CX represents the steering vector corresponding to the normalized DOA 0; € T =
[—1/2,1/2], which is given by 6; = (d/)) sin 6; (9; being the DOA satisfying ; € [—7/2, 7/2)).
The steering vector satisfies [as(6;)]r = [e/*™**%]. Here, ng represents zero-mean additive noise
at K sensors, statistically uncorrelated with the source amplitudes c;. The statistical assumptions

on source signal and noise are summarized as [49, 228]
E[cicj] = 070, ;, E[cing] = 0,E[ngnf] = o1

Under the above assumptions, the correlation matrix Rg € CK*¥ of the received signals is given

by

D
Rs = ) ojas(6)all (6:) + 0”1 (5.2)
i=1
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Denoting S = {z;, 1 < k < K'} as the set of sensor positions (normalized with respect to d), its

difference co-array is defined as [45]
D £ {z, — zj|z, 2; €S}

Let us associate a vector ap with this difference set, such that [ap(6;)],, = [e>™"%] n,, € D.

The vectorized version of (5.2), after removal of repeated rows, is given by

D
rp = ZO’?&D(Qi) + 0280 (53)
=1

where e has zero entries everywhere except at the location corresponding to the lag 0 [88,228].
Due to similarities between (5.3) and (5.1), we can treat (5.3) as the signal received at a virtual
sensor array with sensors positions given by .

Depending on the geometry of S, the difference co-array D may be continuous (i.e. it
can itself be a uniform linear array or a ULA, consisting of only consecutive integers), or it may
contain holes. The former is known as a fully augmentable array and the latter is called a partially
augmentable array [225]. Following [228], we associate the following two uniform linear arrays

U and V with ID as follows:
Definition14 [228] Let U be the maximum ULA contained in ID such that
U= {m|{_|m|7 =101, |m|} - D}

and V be the smallest ULA containing D such that V = {m|min(D) < m < max(D)}.

As an example, let S = {0,1,2,6}, then D = {—6,-5,—4,—-2,—1,0,1,2,4,5,6}, U =
{-2,-1,0,1,2} and V = {—6,—5,—4,-3,—-2,—1,0,1,2,3,4,5,6}. For fully augmentable

arrays, we have U = D = V. Examples include ULA, nested array [45] and minimum redundancy
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array [204]. On the other hand, for partially augmentable arrays, we have U C D C V. Coprime

array [17] is an example of partially augmentable array.

5.2.3 Co-Array MUSIC for Partially Augmentable Arrays

Co-array based DOA estimation algorithms (such as co-array MUSIC [19]) can utilize
the degrees of freedom (given by the cardinality) in the virtual ULA segment U contained in D,

and for well-designed arrays, it is possible to resolve more sources than sensors. For nested and

coprime arrays with K sensors, |U| = O(K?) and hence it is possible to resolve O(K?) sources
using only K sensors.

For partially augmentable arrays, the virtual ULA V is strictly larger than U. However, co-
array MUSIC [19] cannot directly utilize the DOF in V since certain entries of V do not appear in
D. To address this issue, a preprocessing step based on interpolation has been suggested [225,228].
Similar to rp, let riy be the sub-vector of rp, containing the correlation values evaluated at lags
given by U, and ry be a vector that consists of correlation values at lags given by the set V.

Co-array MUSIC can be applied on ry to fully exploit the DOF of partially augmentable arrays

(provided ry can be estimated using rp).

5.2.4 Interpolation Algorithms

Let rp and ry be the corresponding estimates of rp and ry computed using finite number

of snapshots. In particular, 1y is a subvector of rp and

f‘]D) =Trp+ Wp (54)

where wp captures the finite-snapshot estimation error. We now briefly describe two algorithms,
one based on maximum entropy method [225], and the other based on nuclear norm minimization

[228] that aim to estimate ry from Tp. For convenience, we denote UT, V™, D" as the non-
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negative subsets of U, V., D respectively, and let 7 (v) be the Hermitian symmetric Toeplitz matrix
with v as the first column.

(a) Maximum Entropy Method:

In [225], the authors used maximum entropy (ME) as a criterion for extrapolation of correlation at
lags in V outside the range of ). The algorithm consists of two steps. Firstly, given ry+, it aims

to find the closest positive semidefinite (PSD) Toeplitz matrix 7 (r}}”) fitting the data as follows:

I'{[\J/{FE = arg min HXU+ — f]U-»- ||2 (ME-I)
XU+

st. T(xy+) =0 (5.5)

In the next step, the vector of autocorrelation values r{/” (extrapolated at lags in V1), is computed

as

ri? = argmaxdet(T (xy+)) (ME-2)

XV+
st [Ty )lna = (g ]n,n € UT
[T (xv+) oot 1 — Tonot |l < e,

T (xy+) = 0 (5.6)

Here ¢, is a parameter that can be tuned to ensure non-empty feasible set. In particular it can be
made equal to || Wp+\y+||2. Co-array MUSIC can be finally applied on 7 (r{?) to perform DOA
estimation using the DOF of V. Notice that the ME method utilizes PSD constraint in both steps
so that the Toeplitz matrix constructed using the extrapolated values continues to be PSD.

(b) Nuclear Norm Minimization:

In [228], the authors assumed that the desired covariance matrix 7 (ry+) exhibits low rank and

proposed to minimize its nuclear norm (as a surrogate for rank) to perform interpolation. In

its original form, the algorithm does not impose any PSD constraint on the solution. Since
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our analysis framework will explicitly use PSD constraint, we consider the following modified

problem instead which uses PSD constraint:

ry V¢ = argmin || T (%v+)|l. (NUC-PSD)
Ry
st ||[T(Xy+)]urg —Turll2 <€
[T (&v+)lprwe g — Tpno+lz < €

T()A(w—) =0

where ¢, € are parameters (dependent on estimation error) to ensure that (NUC-PSD) feasible (i.e.

so that the true solution is contained in the feasible set).

5.2.5 A Unified Analysis of Extrapolation Error

For notational simplicity, let r,, denote the nth entry of ry+. Then, using the representation

(5.3), the desired value of r,, is given by
D
Tn = Z oled?™% 4 525(n) n e VT
=1
Let r@i denote any estimate of rvy+ such that
TaE) =0 (5.7)

Notice that this automatically implies T(r@) = 0. We now present a fundamental result, upper
bounding the extrapolation error |r# — r,,| (for any missing or unobserved lag n outside the range
of D) in terms of the estimation error in the correlation values for the lags in . The proof follows
from a closely related lemma in [4,6]. The stability analysis requires a separation condition on the

true directions and we define p(-, -) as the distance function in wraparound manner over T [141].
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Theorem18 Let r@ denote any estimate of ry-+ such that (5.7) holds. If the true DOAs {6},

in (5.2) satisty
min p(6,,60,) > 4/|U"| (5.8)
p#q

and |U™| > 256, then there exist positive constants ¢y, Cy, C3, ¢4 such that for |[UT| < n < |[V*]|

|70 — rf[ (5.9)

B CoTn  CaT™n cyDE “
< (o + 5 + oo ) (o + o~ k)

_ Comn C3TM csDE 2
<l|lc+ + +|lrfs — T
—<1 U] |U+|2)(|U+\ Iees “*”2)

where £ £ supger |(ay+ (0), 1], — ry+)]

Remark 1. Notice that the above bound on extrapolation error holds irrespective of any specific
algorithm used as long as the algorithm enforces the PSD constraint (5.7).

Remark 2. Theorem 26 indicates that the upper bound on extrapolation error bound (on missing
lags) is controlled by estimation error of the correlation supported on the observed set U*. Depend-
ing on the algorithm used, the extrapolation error can be magnified by a factor of O(n?/|U*|?)
(with respect to the estimation error on the observed entries in U). A similar quadratic scaling
between high frequency reconstruction error and low frequency observation error has also been

reported in [61, 141, 142] for super-resolution imaging using TV-norm based reconstruction.

5.2.6 Analysis of Specific Extrapolation Algorithms

We now apply the result from Theorem 26 to perform a unified analysis of the extrapolation

algorithms presented earlier.
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Analysis of Maximum Entropy Method

In this case, r@ = ri/F and (ME-2) ensures that 7 (r{/¥) = 0. Hence Theorem 26

applies, and we have following result:

Theorem19 If the true DOAs {0,}7. | satisfy
min p(6,,6,) > 4/|U"|
p#q

and |[U"| > 256, then there exist positive constants ¢, 2, C, ¢4 such that for |[Ut| < n < |[VT|

and n ¢ DY, the solution rF to (ME-2) satisfies

|rp — rME]| (5.10)

< (& + CoTM, 1 6371'2712 E4D 11 ”I‘# r ||
C JR—
=~ 1 |U+| |U+|2 \/m U+ Utl|2
_ CoTn  C3T™n 4D
<2 1
<2 o+ {557 + ) (m * ) el

where wy+ denotes the finite-snapshot estimation error (supported on U") as given in (5.4).

Proof. By triangle inequality, we have

¢ < [lag+(0)[l2l[r7s — rurlls = VUH|r7, — ro+ 2 (5.11)

From (ME-1), we have

g —ruelle < lffe = Fuellz + [For — T 2

< 2[|Fyr — ryprll2 = 2[|wy|2 (5.12)

Since 7 (r{¥) = 0 and the separation condition is satisfied, we know from Theorem 26 that (5.9)
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holds. The proof then follows by substituting (5.11) and (5.12) in (5.9).

Nuclear Norm Minimization

In this case, r@i = rJ/’“ and the PSD constraint ensures that 7 (r{/’“) > 0. Then

Theorem 26 applies, leading to the following results

Theorem20 If the true DOAs {0,} | satisfy
min p(6,, 0,) > 4/|U"|
P7q

and |[U"| > 256, then there exist positive constants ¢, ¢z, C3, ¢4 such that for [Ut| < n < [VT|

andn ¢ DT,
|7 — r,]lVUC| (5.13)
_ CoTn  C3T°n csD
<
< (Cl + [U+] + U+ ) \/W_+|(€+ [wo+]2)

Proof. For any feasible PSD Toeplitz matrix, we have

[T (v )l = Nxv+o

where [xy+]o denotes the entry corresponding to the zero lag. Therefore, the minimizing solution

ri’VC of (NUC-PSD) satisfies [riV“]o < [ry+]o. Also, notice that

Iy Y€ — s |2 < It = Ty |2 + [[Fu+ — ro+ |2

S €+ ||WU+ ||2
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The proof completes by applying the triangle inequality (5.11) on £ and using these results in (5.9).
Letting € = ||wy-+ |2 ensures a non-empty feasible set in (NUC-PSD) and the bound in (5.13)
becomes proportional to ||wy+||2. Hence, using the universal result presented in Theorem 26, we
have derived upper bounds on the extrapolation error corresponding to (ME-2) and (NUC-PSD),
explicitly in terms of the finite snapshot error wy+. These results indicate that the extrapolation
error for these algorithms goes to zero asymptotically in the number of snapshots (since ||wy-+ ||2
tends to zero with increasing snapshots), indicating stability of extrapolation. To the best of our
knowledge, Theorems 19,20 present the first results on stability of both algorithms in terms of

extrapolation error.

5.2.7 Numerical Results

We follow the same experimental setting as in [228] which uses a coprime array with

sensors located at S = [0,3,5,6,9,10, 12, 15,20, 25]. In this case,

D| = 43,|U] = 35 and
|V| = 51. For a given number (D) of sources, we generate the true DOAs as §; = —0.4+0.8(n —
1)/(D —1) for 1 <n < D [228]. We choose both signal and noise powers to be 1 (i.e. SNR of 0
dB). We estimate the correlation matrix at the output of the coprime array by averaging over L

snapshots as

1 L
5 JH
Rs = T ;_1 X;X;

Hence, the error wy, in (5.4) is due to finite snapshot averaging. We study the interpolation error
of (ME-2) and (NUC-PSD) as a function of L. Let r@i be the estimate of ry+ obtained from

either algorithm. The normalized interpolation error is defined as

1

||rV+\D+||§

NMSE;; = E(||rf,i\m+ - ||§> (5.14)
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In Fig. 5.1, we plot the N M SE;,; (averaged over 100 Monte Carlo runs) as a function of L for
both algorithms corresponding to different number of sources. The interpolation error decreases
monotonically with increasing L, indicating stability of reconstruction. It can also been that

(NUC-PSD) performs better than (ME-2), especially for larger L.

©-NUC-PSD:D=8
<¢-NUC-PSD:D=14
-©-ME:D=8

<4-ME:D=14

Figure 5.1: NMSE;,; (averaged over 100 runs) as a function of L for (NUC-PSD)
and (ME) algorithms.

In Fig. 5.2, we compare the MUSIC spectra obtained by applying co-array MUSIC
algorithm on 7 (fy+) (i.e. the correlation matrix corresponding to only the contiguous ULA
segment UT) and on 7 (rY“) (correlation matrix interpolated using (NUC-PSD)). It can be seen
that the quality of DOA estimation can be improved by using the full interpolated co-array V"

instead of using only the contiguous ULA segment U,

)
cm

Dm C’» Om

Spectrum P(6) (U)

Spectrum P(6) (NUC-PSD)
>

19
=)

2
0 0.5 =0.5 0 0.5
] 0

Figure 5.2: MUSIC Spectrum obtained by using co-array MUSIC algorithm on (Left)

T (Ty+), and (Right) 7 (rJY¢), interpolated using (NUC-PSD) algorithm. Here, D =
16, L = 50.
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5.2.8 Conclusion

In this section, we analyzed the problem of co-array extrapolation that allows us to estimate
correlation values at missing lags (or holes) in the co-array of partially augmentable arrays. We
provided a universal upper bound on the extrapolation error for these missing correlation values,
in terms of the estimation error corresponding to the contiguous ULA segment of the co-array.
This bound is universal in the sense that it is obeyed by any extrapolation algorithm that exploits
the PSD constraint on the autocorrelation matrix. Using this unified framework, we analyzed
the performance of two extrapolation algorithms and established the stability of extrapolation
(with respect to finite-snapshot error). Their performance is further illustrated through numerical

experiments.

5.3 Understanding the Role of Positive Constraints in Sparse
Bilinear Problems

This section considers a certain class of sparse bilinear problems that arises in blind
spike deconvolution and array calibration. Existing works based on the idea of lifting attempt
to solve this problem by imposing subspace constraints to reduce the number of unknowns, and
developing probabilistic guarantees. The goal of this section is to understand the role of positivity
in sparse bilinear problems and develop deterministic guarantees for exact support recovery
without additional subspace constraints on the unknown quantities. We derive the necessary and
sufficient number of measurements needed to exactly recover the location of two spikes simply
by exploiting positivity of the spike amplitudes and the blurring kernel. This is the first result of
its kind. An interesting consequence of this analysis is to show that exploitation of positivity can
lead to exact support recovery even when the number of equations is fewer than the number of

unknowns. The theoretical claims are verified through simulations and compared against lifting
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based algorithms.

5.3.1 Introduction

Sparse spikes deconvolution is an important class of bilinear problems that finds applica-
tion in single-molecule microscopy [229,230], radar signal processing [231], nuclear magnetic
resonance spectroscopy [232] and inverse scattering in seismic imaging [233]. The fundamental
goal therein is to localize a set of underlying point sources using measurements that are generated
via convolution with an unknown point spread function (PSF).

Blind spike deconvolution is an ill-posed problem [31,234] and it becomes necessary
to impose appropriate constraints or priors in order to guarantee exact recovery up to a scaling
factor. In [234], the authors introduce the idea of lifting [77,79] for blind deconvolution. In this
case, the PSF is assumed to belong to a known lower-dimensional subspace and the problem
is recast as a low rank matrix reconstruction problem [235]. In [31,236], the spiking signal is
assumed to contain only K non-zero elements (corresponding to spike locations) and the PSF
is assumed to lie in a P dimensional subspace. Atomic norm minimization [59] is used in [31]
to show that M = O(K?P?) noiseless measurements are sufficient for exact recovery. In [236],
the authors consider the problem of blind array calibration which is equivalent to the blind spike
deconvolution problem in Fourier domain, and M = O(K P) measurements are proved to be
sufficient.

In contrast to recent works that use subspace constraints to reduce the number of unknowns,
the focus of this section is to understand how positive constraints can help solve the ill-posed blind
spike deconvolution problem. The role of positivity in solving undetermined linear problems
(such as those arising in compressed sensing) has been well investigated [207, 208, 237-240],
leading to reduced number of measurements, and deterministic guarantees on support recovery.
In [60, 61], the authors study the problem of super-resolution and assume that the unknown spike

signal is positive. In this case, the separation conditions on the spikes [141, 142] can be relaxed.
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Positivity is also widely observed in real applications. For example, in fluorescence microscopy,
both the PSF and the sparse signal are positive [220,241].

Although the role of positivity in sparse linear problems is well understood, to the best of
our knowledge, there are no corresponding results for bilinear problems. This work provides the
first result of its kind to show how positivity alone (without any additional subspace constraints)
can help resolve ambiguities in ill-posed bilinear problems. We consider a blind deconvolution
problem consisting of two spikes and derive the necessary and sufficient number of measurements
to guarantee exact spike detection. Unlike the probabilistic guarantees of [31,234,236], our results
are deterministic, and more relevant for practical scenarios. Another significant consequence of
our analysis is to show that positivity can ensure exact spike detection even when the number of
equations (or measurements) is smaller than the number of unknowns. The analysis framework
of [31,234,236,242,243] will fail in such a setting since they use subspace constraints to reduce

the number of unknowns with respect to the number of equations.

5.3.2 Signal Model for Blind Spike Deconvolution: From Bilinear to Lin-

ear

Consider the measurement model

y = diag(g*)Ap” (5.15)

where A € CM*2N ig an overcomplete DFT dictionary with columns

_ —j2m 5%
an_[Lej 2N .- e
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,g* € RM and p* € C?V is a sparse vector with K < N non-zero elements. Each column of A

corresponds to one of 2N on-grid (normalized) frequencies

Fn={n/(2N),—(N —1)<n <N}

and the indices of the non-zero elements of p* determine which frquencies contribute to the
measurement. This model arises frequently in a wide variety of problems including blind spike
deconvolution, and array calibration [31,236]. In the context of blind spike deconvolution, y
represents the frequency domain measurements of a blurred spike train with K spikes whose loca-
tions are revealed by the support of sparse p*, and g* represents M low frequency measurements
of the blurring kernel [142]. For array calibration, y represents the measurements received at an
array with M antennas, g* represents the unknown gain of each antenna, and the support of p*

reveals the direction-of-arrival (DOA) of point sources illuminating the array.

5.3.3 Bilinear Model and Equivalent Linear Formulation

The signal model (5.15) is a bilinear function of p* and g*. Bilinear problems have
received great attention in recent times, and fundamental results on bilinear identifiability, as
well as algorithms (such as those based on the idea of lifting) for solving g* and p* have been
developed [30,234,242-244]. However, in addition to the sparsity of p*, these results constrain
g* to lie in some known subspace. In sharp contrast to these results, we will investigate the role of
positivity in bilinear problems and understand if it is at all possible to guarantee perfect recovery of
the spiking instants, without imposing any subspace constraint on g*. In particular, we will assume
p*,g* > 0, and determine the number of measurements M needed to guarantee exact recovery
of the support of p*. Our result is the first of its kind to show that blind spike deconvolution is
possible with positive constraint, and specify the minimum number of measurements necessary

and sufficient for exact support recovery.
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Without loss of generality, we can assume g; # 0 (otherwise the ith measurement is 0 and

can be discarded). Using h; = 1/g;, the bilinear model (5.15) can be linearized as
diag(h*)y = Ap*

In order to recover the support of p*, we now consider the following combinatorial problem that

enforces positivity of p and g:

min [[pflo  (Po)
p,h
s.t. diag(h)y = Ap

p>0h>e

where € > 0 is chosen to avoid trivial solution h = p = 0. The main advantage of formulation
(Pg) over (5.15) is that it can be relaxed to a linear problem if || - || is replaced by || - ||;. In this
paper, we will establish necessary and sufficient conditions for exactly recovering the support
of p* in terms of M. The key idea is to show how positivity can help remove the ambiguities in

support recovery.

5.3.4 Identifiability Analysis with Positive Constraint

In this section, we develop conditions under which the solution to (P) will reveal the
true support. For ease of exposition, we will consider the special case of K = 2 (representing two
on-grid frequencies) and leave the more general case for future. The case of K = 2 frequencies
is quite interesting in its own right since it is often used for studying resolution limits of spike
detection and DOA estimation. As we will show, even this relatively simpler case requires
a detailed characterization of ambiguity sets and provides brand new insights into the role of

positivity in resolving the ambiguities of bilinear problem (Py).
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5.3.5 Single Frequency (K = 1) and Role of Positivity

We first consider the simplest case where the model (5.15) consists of K = 1 on-grid
frequency w* € { QiN}Q’:_( n_1y and amplitude p* > 0. Let h* be the true PSF with h* > e.
Notice that the solution of (Py), being the sparsest solution, will also consist of only 1 frequency.
The frequency of the solution to (Py) can only belong to the following set

—j27miw p*eijTriw*

h; hr

)

pe

Slé{wE]:N’HhZE,p>O, ,i—O,"-,M—l}

The following lemma shows that S; = {w*} as long as we have at least M = 2 measurements.

Theorem?21 Consider the signal model (5.15) consisting of K = 1 frequency w* with amplitude

p* > 0. ThenS; = {w*} if M > 2.
Proof. Suppose S; contains a spurious frequency w # w*. Then we must have

—j2miw* h*
¢ Y =0, M—1

e—jQTFiLZJ h

7

For i = 1, we have ¢/27@=%") > (, which implies 27 (& — w*) = 2km, k € Z. Since |0 —w*| < 1,
k = 0 is the only feasible solution and w = w*. This simple but intuitive result shows that by
simply using the positivity of h* and p*, we can exactly identify a single frequency with M = 2

measurements.

5.3.6 Two Symmetric Frequencies with Equal Power

We now consider the more interesting case of two frequencies with equal positive power,
Py = p5 = p*. We first assume that the two frequencies are symmetric with respect to 0, given by
w* and —w*, and then extend the result to the more general case of two asymmetric frequencies.

As earlier, our analysis is based on characterizing the solution set of (Py). Since K = 2, the
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solution to (Pg) can consist of either one, or two frequencies, which can respectively belong to

the following two sets

S;?{”(w*)é{we}"gv ‘ Jdh>e€,p>0

e—j27riw * e—j?wiw* _|_ej27rz'w* .
ph _ P . ) i M1

)

S;%’Qm(w*> = {(w17w2) € 'FN X ‘FN> Jh > €,p1,P2 > 07

ple—jQﬂiwl +p2€—j27riw2 p*(e—jQTriw* + ejZWiw*)

h; N h*

7

OJ1<WQ,i:0,1,"',M—1}

Notice that w* # 0 (since we have two sources) and we assume 0 < w* < 1/2. Our goal is to
derive a condition on M such that the solution of (Py) consists of exactly two spikes (—w*, w*).

As a first step, we show that S5/ (w*) is an empty set:

Theorem?22 Consider the signal model (5.15) consisting of K = 2 on-grid frequencies (—w*, w*)

satisfying —% < W <0< w < % and equal amplitudes p} = p5 = p* > 0. If M >

1+ max{[ 1. 3= |}, then S37"(w*) = 0
Proof. We prove by contradiction. Suppose S5”"(w*) is non-empty and & € S;*/". Then, from
the definition of the set ;%" (w*),

*
pI2mil _ hip

=——>0 ¢=0,---,M -1 5.16
2h@p*> ? Y ? ( )

cos(2miw™)

For : = 1, (5.16) implies that & € {0, %} We now show that both choices will lead to a

contradiction.

We first consider @ = 0. In this case, since w* < %, it follows that 4% < 41*] < 4%.
w 0y W

Since M > [-1.], we can find a positive integer i = [ = | such that cos(2miw*) < 0. This will

4w*

contradict (5.16) fori =i < M.
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Now consider w = % In this case, the condition (5.16) can be rewritten as
e i 1 N .
cos(2miw*)e’™ = cos[27m(§ —w)]>0,0<i<M—-1 (5.17)

Defining w £1_ o wehave 0 < @ < % If

2 < @ < 3, we have cos(2r@) < 0 which

contradicts (5.17) for ¢ = 1. On the other hand, if 0 < © < %, then cos(27r§cb) < 0, again
contradicting (5.17) for i = i = [+=1. Summarizing, if M > 1+ max{[ =], [5—5 |}, there
does not exist any & € S3%" (w*).

Note that max{[ =], [5==1} < [§] and the equality holds for w* = 35 or £=L.

Hence, Theorem 22 implies that M > 1+ [£] is sufficient to ensure S3%" = 0, regardless of the

value of w*. The following corollary shows that this value of M is also necessary.
Corollary7 If M < [, then S3*/" (55) is non-empty.

Proof. We will show that S3/" (w*) contains & = 0 in this case. If M < [£], then

COS(QWL)>0 i=0,1,---,]

N
11
2N 7|

Given h* > € and p* > 0, choose a p satisfying p > 2p* and construct h as

; ph;

b 2p* cos(2m )

0<kE<M-1

It can be easily verified that h > e. From the definition of the set S54" (55) it follows that

@ =0 € S3%4"(5%) We now show that the set S3%" (w*) only contains (—w*,w*). Our result is

based on the following lemma, which we state without proof.

Lemmald Let —5 < & < @, < 1 and py, ps > 0. Define &, = pre 2™ 1 + poe=72™ > Then

D1 = Po,w; = —Wy orwy = 0,y = % if &1, & are real valued.

The following theorem shows that S5%" (w*) does not contain any spurious frequencies
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other than (—w*, w*).

Theorem23 Consider the signal model (5.15) consisting of K = 2 on-grid frequencies (—w*, w*)
satisfying —% <—w'<0<w < % and equal amplitudes p; = p5 = p* > 0. Assuming N > 4,

then S35 (w*) = {(—w*,w*)} forall w* € {F% 105 if M > 1+ [5].

Proof. Due to limitations in space, we briefly describe the basic idea of the proof, and leave
the details in the future full journal paper. Lemma 14 can be used to argue that any frequency
pair belonging to S5%"(w*) is symmetric. Suppose that Sy%"(w*) contains a frequency pair
(—w,w). As earlier, we prove by contradiction by showing the existence of an integer 1 < [%1
such that cos(2mw*i) cos(2r@i) < 0. From the definition of S5’ (w*), this actually implies
that & ¢ S3%"(w*) for any w* € {5%}.-'. Combining Theorems 22, 23 and Corollary 7, we

n=1

establish the main result on exact support recovery (for K = 2) by solving (Py).

Theorem24 Consider the signal model (5.15) consisting of K = 2 on-grid frequencies (—w*, w*)
satisfying —% <—w'<l<w < % and equal amplitudes p; = p5 = p* > 0. Assuming N > 4,

then the solution p to (Py) satisfies Support(p) = Support(p*) if and only if M > 1+ [§].

Remark19. For two symmetric spikes with equal power, the measurementy is real valued. In
this case, there are M equations and M + 2 unknowns (h* € RM p* € R and w* € R). Since the
number of equations is fewer than the number of unknowns, standard identifiability analysis based
on dimension counting [242, 243] will fail to gaurantee exact recovery (even probabilistically). In
fact, the number of unknowns in [242,243] is always assumed to be fewer than the number of
equations, by imposing suitable subspace constraints on h. Additionally, the results in [242,243]
hold with probability 1, while the analysis of this paper is deterministic. In contrast, the key
contribution of this paper is to show that exact recovery of support is guaranteed with positive

constraint even the number of equations is strictly smaller than the number of unknowns.

Remark20. If h is known, the solution of (Py) is guaranteed to recover the true frequencies if
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M > 4 [96]. However, when h is unknown, Theorem 24 suggests that at least M = 1 + (%}
measurements are needed to uniquely recover the support of two symmetric spikes. This is due to

the ambiguity caused by unknown h and will be further demonstrated via numerical simulations.

5.3.7 Extension to Asymmetric Spikes with Equal Power

Finally, we generalize the above analysis to asymmetric spikes. Assume the true spikes
are located at —% <wi <wy < % with equal power p*. As before, the frequencies associated

with the solution to (Pg) can belong to one of the following two sets

ngf”mé{wefN\ﬂhZG,p>O

pe—i%miw (efj27riw{ + 67j27riw§)

h; h}

,i:O,l,---,M—l}

S;Eym £ {(Wl,(dg) € *FN X FN|3h Z €,DP1,P2 > 07

pre i2min 4 g emi2mive  px(gmi2miw] 4 omj2miny)

hi B hy

w1<w2,@':0,1,---,M—1}

Following previous analysis, we can first convert the measurement with asymmetric frequencies

into an equivalent form with symmetric frequencies and argue that 575" = {(w}, w3)}.

5.3.8 Experiments

In this section, we demonstrate our theoretical claims with different numerical experiments,
and compare with lifting based methods in [31,236]. We choose the true frequencies from the grid
points {3} .. Weuse p* = 1 and € = 1 in (Py) for all the experiments. To compare with
AtomicLift [31] and SparseLift [236], we generate random subspaces of dimension L (spanned

by the columns of B € RM*L with uniformly distributed entries in range (0, 1)) and construct
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g* = BA* where \* = ﬁ satisfies h* > €. We choose N = 17 and the support of p* is selected
by (—1,1).

Since (Py) is not convex, we solve it using exhaustive search over the grid of 2N points
and considering all possible frequency pairs (when K = 2). Indeed, the aim of this paper is not to
develop an efficient algorithm, but to understand if it is at all possible to recover true frequencies
using only positivity of h* and p*. The recovery is claimed to be successful if this search only
yields the true frequency pair. For AtomicLift and SparseLift, we use the same criterion in terms
of normalized error for successful recovery as described in [31,236] respectively. As discussed
earlier, when h is known, the support of 2—sparse p can be uniquely determined when M > 4.
However, for unknown h, we have shown in Theorem 24 that at least [%1 + 1 measurements are
needed. In Fig.5.3, we demonstrate this fact by choosing true support (—1, 1) and exhaustively
searching the feasible set of (P) for all possible supports of size 1 or 2. The probability of
success shows a sharp transition exactly happens at M = (%1 + 1 as indicated by Theorem 22
and 23. Note that the performance of both AtomicLift and SparseLift algorithms show degraded
performance when compared against this threshold. In fact their performances depend on the
subspace dimension L, while our results are independent of knowledge of B. Moreover, the
lifting based algorithms cannot work when the number of unknowns approaches the number of

equations (i.e. as L approaches M) and AtomicLift almost always fails.

1 ‘ : N

—Proposed
0.8 - |AtomicLift L=5
BAtomicLift L=10
206 SparselLift L=5
% SparselLift L=10
804t
o
0.2
0 I
0 5 10 15 20

Figure 5.3: Probability of success vs. the number of measurements M.
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5.3.9 Conclusion

In this section, we investigated into the role of positivity in sparse bilinear problems that
arise in blind spike deconvolution and blind array calibration. In contrast to existing results that
assume subspace constraints to reduce the number of unknowns, we merely exploit positivity of
the unknown quantities to develop explicit bounds on the number of measurements that guarantee
exact support recovery. Our analysis shows that positivity is a powerful constraint that can lead
to exact support recovery even when there are more unknowns than the number of equations.
Additionally, our theoretical claims are deterministic and hence better applicable to real problems.
In future, we will extend our analysis to guarantee exact recovery of an arbitrary number of spikes

(beyond K = 2) using results on the algebraic variety of trigonometric polynomials.

5.4 Compressive Kriging Using Multi-Dimensional General-
ized Nested Sampling

This section considers the problem of Kriging in statistical geophysics where the goal
is to interpolate the value of a physical quantity of interest at an unsampled spatial location by
exploiting the correlation between measurements collected from a (possibly limited) number of
suitably spaced sensors. We introduce the idea of two-dimensional nested array in Kriging to
reduce the number of sensors deployed in the field and enable efficient interpolation. Using spatial
stationarity (which is a standard assumption in Kriging), we leverage the so-called “difference set”
of nested arrays to enable robust spatial compression. Additionally, we can also make predictions
beyond the field of view by constructing a virtual covariance matrix of larger dimension from the

covariance matrix of the physical measurements. We present robustness analysis based on total

least squares and concentration bounds of sample covariance.
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5.4.1 Introduction

Estimating the value of a physical quantity (such as temperature, pressure, etc) at an
unsampled spatial location using measurements collected from neighboring sensors, is a central
problem in geostatistics with applications in oil exploration, seismic data analysis and environ-
mental monitoring [245]. Given data collected from a limited number of sensors distributed over
a spatial region of interest, the goal of Kriging is to predict the value of a missing data point at
an unknown sensor location, via a probabilistic approach that heavily exploits the correlation
structure in the measurements. The basic idea in Kriging is similar to prediction of space-time
series, where one computes the best linear function of the observed data, based on prior knowledge
of the second order statistics.

Given the limited number of sensors, it is important to determine an appropriate placement
that allows efficient interpolation. In prior works on sensor placement [246,247], the spatial
quantity of interest has been modeled as Gaussian processes [248] and near-optimal sensor
placement strategies have been developed in terms of entropy or mutual information criterion with
the prior knowledge of the covariance kernel. In this paper, we will assume that the measurements
are spatially stationary, i.e., the correlation between the measurements collected at any two
locations only depends on the difference between their coordinates. However, how the correlation
depends on the spatial differences, is not assumed to be known. This is a standard assumption for
Kriging-based problems. We will show that such spatial stationarity can be readily utilized to
develop near-optimal sensor placement strategies based on the idea of “difference sets”. Building
on our prior works on nested array geometry, we will demonstrate how to reduce the number of
physical sensors by exploiting such multi-dimensional difference sets [124, 125]. Additionally,
we will show that predictions can be made beyond the field of view under certain conditions by
exploiting the idea of Toeplitz covariance extrapoolation [4,61].

Our contributions in this section can be summarized as follows

e Under the assumption of spatial stationarity, we show that the number of predictable
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locations is determined by the distinct mutual location differences of the sensors. Using
two dimensional nested array geometry, we can reduce the number of sensors for a certain

number of mutual differences.

e We will further relate the Kriging problem to Toeplitz matrix estimation and show that
prediction beyond the field of view is possible if certain conditions hold. This is possible
because extrapolation of positive semidefinite Toeplitz matrix can be made which allows

more mutual differences than those from measurements.

5.4.2 Problem Formulation

In the following, we first introduce a particular mathematical model for Kriging, called
“universal Kriging” [245]. Let X C R” denote a spatial region of interest, and z(x),x € X be
the function we are interested in estimating. Under probabilistic model of Kriging, the function

z(x) is assumed to be a random process of the form
z(x) = m(x) + y(x) (5.18)

where m(x) is an unknown deterministic mean function, and y(x) denotes a spatially stationary

zero-mean random fluctuation, i.e.

E (y(x)y(x2) ) = r(lxi = ]l (5.19)

where 7(-) is a deterministic function over R”. This implies that the correlation between the
values of y(x) at any two locations only depends on the difference between their coordinates. It
should be noted that we will not assume the function ¢(-) is known. Instead, we will estimate

the correlation function from the measurements. The mean function m(x) is modeled as a linear
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combination of known basis functions { f!(x)} [249]

L

m(x) =Y af'(x) (5.20)

=0

where a; are fixed but unknown coefficients. A standard choice for f!(x) in one dimension is
monomials of the form f!(x) = 2.
Given measurements z(x;),7 = 1,2,--- | N, we extrapolate the value of z(-) at a given

spatial point x* of interest by computing a linear combination of these N measurements. In

particular, we solve for optimal coefficients A7, 0 < ¢ < N of linear combination as

N 2
Y = arg m}%nE z(x*) — (Z; Niz(%;) + Ao)

N
s.t. m(x*) = Z Aim(x;) + Ao (5.21)

i=1
where {x;}¥, are the locations of the physical sensors. The constraint in the above optimization,
which is also known as the universal conditions [249], ensures that the extrapolated value of z(x*)
is unbiased. Note that it is due to the constraint of unknown mean function m(x) that universal
Kriging is different from Linear Minimum Mean Squared Error (LMMSE) Estimator. The optimal

coefficients can be computed as the solution to the following system of equations [245]

Zj )\jnj—i—zl,ulfl(xi) :TZ 1= 1, ,N
Zi)‘ifl<xi>:fl(x*> l:077L

(5.22)

where r;; = E(y(x;)y(x;)), r7 = E(y(x;)y(x*)) and {s, } are Lagrange multipliers.

In this paper, we first study the simple case that the mean function is zero, for which the
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optimal linear combination coefficients A* is given by

RA =1~ (5.23)

where R;; = r;; and v* = [r},- -+ ,r}]7. The equation (5.23) reduces to the celebrated Wiener-

Kolmogorov linear prediction equation [250].

5.4.3 Two Dimensional Nested Array and Robust Compressive Kriging

Suppose x* is a spatial point at which the function y(x*) needs to be estimated. The
correlation vector r* is not known a priori if no assumption is made on the underlying random
field. However, if spatial stationarity holds, we can identify r* from R if the mutual differences
D* £ {||x; — x*[|]2}Y, is a subset of Dg = {[|x; — x;l2}7;_;.

Thus, to predict as many spatial points as possible, we expect the difference set Dg to
contain enough distinct elements for fixed N. In the following, we will utilize a special sensor

array geometry called two-dimensional nested array to achieve this [124, 125].

5.4.4 Two Dimensional Nested Array

Two-dimensional nested array is a multidimensional extension of one-dimensional sparse
arrays that include minimum redundancy array (MRA) [204], nested array [45] and Co-prime
array [17]. As discussed later, the advantage of two dimensional nested array is that the size
of mutual difference set Dr can be O(N?), which in turn may allow prediction of more spatial
points of interest.

In the next, we will follow [124] to introduce the main concepts of two dimensional nested

array. Given a D x D nonsingular matrix V, the D dimensional lattice generated by V is defined
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as
LAT(V) ={t:t = Vn}
where n € N” is an integer vector. The matrix V is known as the generator of the lattice. The

fundamental parallelepiped (FPD) of the lattice LAT(V) is defined as

Definition15 The FPD of V in D dimensions is defined as the set of all vectors of the form
{Vx,x €[0,1)"}

Conceptually, F'PD(V) consists of all points contained in the parallelepiped whose sides are
given by the columns of V. In Fig.5.4, we show an example of FPD(V). The volume of
FPD(V) is given by | det(V)].

- \ _FPD (V)

-~
Y
\

vy

Figure 5.4: An example of FPD(V) for V = [vq, vy [124]

The two-dimensional nested array consists of two lattices: LAT(N()) and LAT(N(®).

The two lattice generators N®) and N? is related as

NG — NOPp

where P is a 2 x 2 integer matrix. By the definition of lattice, we can see that LAT(N®)) is
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a sublattice of LAT(IN(?) and sparser. We can generate arbitrary sublattice of LAT(N(?) by

choosing proper P. In Fig., we present a particular pair of lattices.

Figure 5.5: A pair of lattces LAT(N(®)) and LAT(N(?), where N*) = N(P. It can
be seen that LAT(N(®) is a sublattice of LAT(N®) [124]

Now we are ready to state the two-dimensional nested array configuration proposed

n [124]. Particularly, the sensor locations S is given by

S ={N@n@ n® e FPDP)}| J

(N k)"0 <l < NP = 1,0 < by < ;771

The first part of S is on the dense lattice LAT(N?) where the number of sensors is given by
N@ = |det(P)|. The second is from the sparse lattice LAT(N®)) with N = N n{*)
elements. It is shown in [124] that the difference set of S contain N(® N(®) distinct points on the

dense lattice LAT(N(®).

Remark21. Compared to entropy or mutual information based methods [246, 247], the two
dimensional nested array configuration is deterministic and easy to deploy on the field X. As
revealed later, the nested array configuration also avoids the problem of entropy based method

that tend to place sensors on the boundary.
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5.4.5 Robustness Analysis of Compressive Kriging

If ideal covariance R is available and r* can be identified from R, the optimal linear

combination coefficients are given by

A =Rir* (5.24)

where R/ is the pseudo-inverse of R. In practice however, we only collect a finite number of

snapshots for each sensor, from which we compute the sample covariance

1L
R=- > iy,
=1
where y; = [yi(x1), -+, yi(xn)]" is the Ith snapshot of all N sensors. As in ideal case, we can

construct the finite estimate # of r* from R. To be general, we assume
R=R+AR i=r1r"+Ar

Since we have estimation error on both sides of (5.23), we will use Total Least Squares to
provide robustness guarantee of estimating A\*. In particular, from [251], we have the following

result

Lemmal5 Let \* be the solution given by (5.24). Assume rank(R) = rank(R), || AR|| < €||R]|

and || Ar|)s < €||r*|lo. If ke < 1, then

1A = Ml 2
AL 1
T =

where A = Rif and x = |R|||R|

To apply Lemma 15, we assume the perturbation is small enough such that the rank of
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sample covariance R is consistent with that of R. Additionally, there is a trade-off between the
condition number  and the allowable perturbation €.

To bound the perturbation of R and the associated r, we will borrow results on multivariate
concentration inequalities from high-dimensional statistics. First, we will bound the perturbation
of Rin operator norm using the following lemma adapted from Theorem 4.7.1 and Exercise 4.7.3

in [252].

Lemmal6 [252] Let {y;}/, be zero mean i.i.d Gaussian random vectors distributed as y; ~

N (0, R) and sample covariance is given by R. Then for any u > 0,

. N+u N+u
HR—RIISO(\/ T >||R||

with probability at least 1 — 2e~" and C' is a positive constant.

Since we estimate # from R, the perturbation error || Ar||; is bounded by ||AR||z. The following

lemma gives a probabilistic bound on |R — R/ 5.

Lemma1l7 (Proposition A.3 in [129]) Let {yl}le be zero mean i.i.d Gaussian random vectors

distributed as y; ~ N (0,R). Then,

N t R
P {HR ~ R > &”} < 9e2avT (5.25)
NG

where R is sample covariance and c; is a positive universal constant.

Remark?22. As revealed by Lemma 16, the relative perturbation ratio has an upper bound of
order % + % For large L and fixed N, the upper bound decreases as O(\%) On the

other hand, we know that with high probability, the perturbation ||Ar||, is upper bounded by

trace(R) _ SN | o2
v VL

and apply Lemma 15.

where o7 = E(y(x;)y(x;)). Thus, given L large enough, we can make ke < 1
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To sum up, we have the following result on the robustness of (5.24) with finite (L)

snapshots.

Theorem25 Assume {y;} | be zero mean i.i.d Gaussian random vectors distributed as'y; ~

N(0,R) and R full rank. Let x be the condition number of R. Given any u > 0, if

2
I > max A4(N +u) <trace(R)/f) (5.26)

(/122 N el

then with probability at least 1 — 2e™" — 2¢24VL  we have

‘|;\—>\*||2 2
- 2K 1
T >

where

IN+u N+u trace(R)
€ =max< C + , (5.27)
{ L L \/ler*llg}

and C' and ¢, are constants from Lemma 16 and Lemma 17.

Proof. From Lemma 16 and Lemma 17, we know that with probability at least 1 — 2e™" —

N+u N+u
IAR| < C (\/ 7 + i > IRl (5.28)

trace(R)
VL

—2 L
%2¢ q\f,

|AR|F < (5.29)

hold simultaneously. Additionally, if (5.26) hold and we choose € as in (5.27), we have

IAR| < ¢|R][  [JAR[F < €|r™]
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and ex < 1. Note that the first inequality implies
IR
JAR < = = s (R)

where s,,;,(R) is the smallest singular value of R. Thus R has the same rank as R. Hence, we

can apply Lemma 15 and the proof completes.

5.4.6 Toeplitz Covariance Extrapolation and Prediction Beyond Bound-
ary

To solve 5\, we need the difference lags in r* to be contained in R.. In previous section, we
showed that the use of two-dimensional nested array will allow prediction of more spatial points
of interest. However, the maximum difference lag is restricted by the range of sensor locations S.
In this section, we will briefly discuss the possibility of predicting locations outside the range of
the difference set Dg of S. This is due to the recent work in [4] on Toeplitz covariance matrix

extrapolation. For positive semidefinite Toeplitz matrix, we have following important result

Lemmal8 [4, 68] A positive (semi) definite Toeplitz matrix T € CN*¥ has the following

unique decomposition :
T = VN nDVE o +0ly (5.30)

Here o is the smallest singular value of T, Iy € RN*YN s the identity matrix and D =
diag(dy,dy, - -+, dyo) withd; > 0. The matrix V., nr € CNVN' = [vy(f1), v (f2), -+, vv(far)]

is a Vandermonde matrix satisfying N’ < N with the ith column v x( f;) given by

Va(f)lr =¥ f* 0<k<N-1

198



It is shown in [4] that if the associated frequencies { f;} satisfy a separation condition, we can
have stable extrapolation of T to include more difference lags. Particularly, we have following

result

Theorem26 Lett € CV denote any Hermitian Toeplitz matrix such that T (¥) = 0. If the angles

{6,}2., associated with low rank T (r) satisfy
min p(6,,0,) > 4/m (5.31)
P#q

and N > m > 256, then there exist positive constants ¢, cs, C3, ¢4 such that form < n < N

|Tn_7:n|

< o0+ 220 S0 (D28 4 (o~ o)

m? m
where £ £ supyer [(am(0), T — T,)| and p(+) is wrap-around distance function.

However, Theorem 26 cannot be readily applied here as R is not Toeplitz structured. If the
sensor locations form a uniform rectangular array, the covariance matrix R is multi-level Toeplitz
structured [253]. In the future work, we will find a particular unfolding of R so that we can apply

Theorem 26 to allow predictions beyond the boundary.

5.4.7 Experiments

In this section, we will show a sample configuration of two-dimensional nested array and
the performance of (5.24) with finite snapshots. In Fig.5.6, we choose N9 = [—1,0;0, —1],
P = [-2,0;0,—2] and Nl(s) = NQ(S) = 3. It is clear from the example that the sensors are

not concentrated on the boundary and the difference set contains a rectangular array with more
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Figure 5.6: A sample configuration of two-dimensional nested array. Blue solid dots
represent the sensor locations and red circles denote the difference set in positive orthant.
difference lags than the physical sensor locations S.
The sample covariances R and  are computed from L snapshots of a zero-mean spatially
stationary Gaussian process. In Fig.5.7, we show the relative estimation error ||A — A*||2/[|A*]|2

as a function of L. The relative error decreases as L increases.

Normalized Error

1 1 1 1
500 1000 1500 2000 2500
Qnanchnte |

Figure 5.7: Relative estimation error as a function of snapshot number L, averaged
over 100 runs.

5.4.8 Conclusion

In this section, we analyzed the problem of co-array extrapolation that allows us to estimate
correlation values at missing lags (or holes) in the co-array of partially augmentable arrays. We
provided a universal upper bound on the extrapolation error for these missing correlation values,

in terms of the estimation error corresponding to the contiguous ULA segment of the co-array.
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This bound is universal in the sense that it is obeyed by any extrapolation algorithm that exploits
the PSD constraint on the autocorrelation matrix. Using this unified framework, we analyzed
the performance of two extrapolation algorithms and established the stability of extrapolation
(with respect to finite-snapshot error). Their performance is further illustrated through numerical
experiments.

Chapter 5, in part, is a reprint of the material as it appears in the papers:

e H. Qiao, M. C. Hucumenoglu and P. Pal, “Compressive Kriging Using Multi-Dimensional
Generalized Nested Sampling, in the Proceedings of Asilomar Conference on Signals,

Systems and Computers, 2018.

e H. Qiao and P. Pal, “Understanding the Role of Positive Constraints in Sparse Bilinear
Problems”, in the Proceedings of 7th IEEE International Workshop on Computational

Advances in Multi-Sensor Adaptive Processing (CAMSAP), Dec. 2017.

The dissertation author was the primary investigator and author of these papers.
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