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Abstract

Frequency recovery/estimation from samples of superimposed sinusoidal signals is a classical problem in
statistical signal processing. Its research has been recently advanced by atomic norm techniques which deal
with continuous-valued frequencies and completely eliminate basis mismatches of existing compressed sensing
methods. This work investigates the frequency recovery problem in the presence of multiple measurement vectors
(MMVs) which share the same frequency components, termed as joint sparse frequency recovery and arising
naturally from array processing applications. ¢y- and /1 -norm-like formulations, referred to as atomic ¢y norm and
the atomic norm, are proposed to recover the frequencies and cast as (nonconvex) rank minimization and (convex)
semidefinite programming, respectively. Their guarantees for exact recovery are theoretically analyzed which
extend existing results with a single measurement vector (SMV) to the MMV case and meanwhile generalize the
existing joint sparse compressed sensing framework to the continuous dictionary setting. In particular, given a set
of N regularly spaced samples per measurement vector it is shown that the frequencies can be exactly recovered
via solving a convex optimization problem once they are separate by at least (approximately) %. Under the same
frequency separation condition, a random subset of N regularly spaced samples of size O (K log K log N) per
measurement vector is sufficient to guarantee exact recovery of the K frequencies and missing samples with high
probability via similar convex optimization. Extensive numerical simulations are provided to validate our analysis
and demonstrate the effectiveness of the proposed method.

Keywords: Array processing, atomic norm, compressed sensing, direction of arrival (DOA) estimation, fre-
quency recovery/estimation, joint sparsity, low rank matrix completion, multiple measurement vector (MMYV).

1 Introduction

Suppose that we observe equispaced samples (at the Nyquist sampling rate) of a number of L sinusoidal signals:

K
o= swe™ (1) € T x [L], (1)
k=1

denoted by matrix Y° = {y;)t} € CN*L on the index set Q x [L], where N is the number of equispaced samples
per sinusoidal signal, @ C J = {0,1,...,N —1}, and [L] = {1,2,...,L}. That is, we have L measurement
vectors corresponding to the L columns of Y°. Here (j,t) indexes the entries of Y, i = /=1, f, € T £ [0,1]
denotes the kth normalized frequency (the starting point 0 and the ending point 1 are identical), si; € C is the
(complex) amplitude of the kth frequency component composing the ¢th sinusoidal signal, and K is the number
of the components which is unknown but typically small. Moreover, we let M = |€2| < N be the sample size
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of each measurement vector. Following from the literature of spectral analysis [2,3], the observed data Y'g, =

{yqt} are called complete if M = N (ie., Q@ = J or Y = Y°) and incomplete otherwise. In the
7 Gneax(L)

latter case, the unobserved data on the complementary index set 2 x [L], £ = J\2, are called missing data. Let
T ={f1,-.., [x} denote the set of the frequencies. The problem concerned in this paper is to recover 7 given the
observed data, which is referred to as the problem of joint sparse frequency recovery in the sense that the multiple
measurement vectors (MMVs) (i.e., the L columns of Y'(,) share the same K frequencies. After 7 is obtained, the
amplitudes {sy;} and the missing data can be easily obtained by a simple least-squares method.

In the single measurement vector (SMV) case where L = 1, this frequency recovery problem is known as
line spectral estimation and has wide applications in communications, radar, sonar, seismology, astronomy and so
on [2,]3]]. With complete data, Prony’s method can recover the frequencies once K < % by root-finding regardless
of the values of the frequencies (see, e.g., [4]). However, it does not work in the presence of missing data and
is sensitive to measurement noise. With the development of sparse signal representation and later the compressed
sensing (CS) concept [5,/6]], which studies the recovery of a sparse signal from a number of linear measurements
much less than its ambient dimension, sparse methods for frequency recovery have been popular in the past decade.
But unfortunately, the frequencies of interest are usually assumed to lie on a fixed grid of the frequency domain
T because the development of CS so far has been focused on signals that can be sparsely represented under a
finite discrete dictionary. Under the aforementioned assumption the observation model can be written into an
underdetermined system of linear equations and then sparse methods are applied to solve the sparse signal involved
whose support corresponds to the frequency set 7. Typical sparse methods include combinatorial optimization or £,
(pseudo-)norm minimization, its convex relaxation or £; norm minimization, and greed methods such as orthogonal
matching pursuit (OMP) [7,[8]. The ¢y minimization has the best theoretical guarantee, typically ensuring exact
recovery once K < %, however, it is NP-hard and cannot be practically solved. In conventional wisdom, the
maximal K allowed in the ¢; minimization and OMP for guaranteed exact recovery is inversely proportional to
a metric called coherence which, however, increases dramatically as the grid gets fine. On the other hand, due
to the grid selection, basis mismatches become a major problem of CS-based methods and many modifications
have been proposed to alleviate this drawback (see, e.g., [9H12]). A breakthrough came up recently. Candes and
Fernandez-Granda [[13]] deal directly with the continuous frequency recovery problem and therefore completely
eliminate the basis mismatches. In particular, they consider the complete data case and show that the frequencies
can be exactly recovered via convex optimization once any two frequencies are separate by at least %. That means,
upto K = % frequencies can be recovered within a polynomial time under the frequency separation condition. The
convex optimization is based on the so-called total variation norm or atomic norm which extends the ¢; norm to
the continuous frequency setting and is formulated as semidefinite programming (SDP) [14,|15]. Inspired by [13]],
Tang et al. [[16] study the problem of continuous frequency recovery from partial observations (i.e., incomplete data)
based on the atomic norm minimization. Under the same frequency separation condition, they show that a number
of M > O (K log K log N) randomly located measurements is sufficient to guarantee exact recovery with high
probability. Several subsequent works on this topic have been done and an incomplete list includes [[17-22].

In the MMV case, an example at hand is direction of arrival (DOA) estimation in array processing [2}/23]]. In
particular, suppose that K farfield, narrowband sources impinge on an array of sensors and one wants to know their
directions. The output of the sensor array can be modeled by (I]), where each frequency corresponds to one source
direction. The sampling index set €2 therein represents the geometry of the sensor array. To be specific, 2 = J in the
complete data case corresponds to an N-element uniform linear array (ULA) while 2 C .J denotes a sparse linear
array (SLA). Each measurement vector is composed of the output of the sensor array at one snapshot, and the MM Vs
are obtained by taking measurements at multiple snapshots, where the source directions are assumed constant during
the time window. MUSIC [24]] is prominent for this joint sparse frequency recovery problem, however, it is sensitive
to correlations of the sources and requires a sufficient number of snapshots such that the sample variance can capture
the whole signal subspace. In lieu of sparse methods in the SMV case, joint sparse recovery techniques have been
widely studied in the MMV case which, besides the sparse property, exploit the prior knowledge that the MMV



share the same sparsity profile, known as joint sparsity [25-39]]. It has been vastly reported that the performance
of joint sparse recovery can be generally improved by increasing the number of measurement vectors. Theoretical
results include [27] on the £y norm under a mild condition, and [30]] on greed methods and [34]] on the ¢; norm
under the assumption that the joint sparse signals are randomly drawn, in particular, the rows of the source signals
[sx¢] € CK*L in (1)) are at general positions. However, it is worth noting that the theoretical guarantee of any joint
sparse recovery technique cannot be improved without additional assumptions of the sparse signals of interest. To
see this, suppose that all the columns of [sy;] are identical up to some scale factors (any two sources/rows of [sy] are
identical up to a scale factor as well and usually said to be coherent in array processing) and therefore, the MMV
are simply scaled replica of a SMV and do not provide additional information for the recovery. In this respect, the
results of [30] and [34] are referred to as the average case analysis while those accounting for the aforementioned
extreme case are called worst case analysis. Similarly to the SMV case, the joint sparse recovery methods rely on
discretization/gridding of the frequency domain and suffer from basis mismatches. Unlike the SMV case in which
the continuous frequency recovery methods have been recently studied, results are rare on the joint sparse frequency
recovery concerned in this paper. To the best of our knowledge, the only known discretization-free/gridless method
is introduced in our previous work [40|] based on a statistical perspective and utilizing a weighted covariance fitting
(WCEF) criterion in [41]]. In the main context of this paper we will show that this WCF technique is related to the
MMYV atomic norm method to be proposed in this paper.

In this paper, we present optimization methods for joint sparse frequency recovery and theoretically analyze
their performances in the noiseless setting. We firstly consider a continuous ¢y norm formulation, referred to as the
atomic ¢y norm, and present its theoretical guarantees for exact frequency recovery, which extends the conventional
discrete problem formulation, concept and result to the continuous setting. We next consider its convex relaxation,
referred to as the (MMYV) atomic norm, and investigate its theoretical guarantees with complete and incomplete data
separately. In particular, given the complete data we prove that the frequencies can be exactly recovered by solving a
convex optimization problem once they are separate by at least %. Under the same frequency separation condition,
a number of O (K log K log N') randomly located samples per measurement vector is sufficient to guarantee that the
frequencies and the missing data can be exactly recovered with high probability by solving an atomic norm mini-
mization problem. As a result, our analysis with the atomic norm extends the results of [[13,|16] to the MMV case.
Since no or very mild assumptions are made for the source signals in our analysis, the worst case theoretical guaran-
tees above do not improve as the number of measurement vectors increases. Moreover, we formulate the atomic £,
norm and the atomic norm problems as rank minimization and SDP, respectively. Extensive numerical simulations
are carried out which validate our theoretical results and further demonstrate that the frequency separation condition
required for exact recovery can be relaxed in general as the number of measurement vectors increases but cannot
in the worst case. Our results provide theoretical guidance for the practical array processing applications and will
inspire further studies such as the average case analysis.

Notations used in this paper are as follows. R and C denote the sets of real and complex numbers respectively. T
denotes the unit circle [0, 1] by identifying the beginning and ending points. Boldface letters are reserved for vectors
and matrices. For an integer N, [N] = {1,---,N}. |-| denotes the amplitude of a scalar or cardinality of a set.
I[I1> |||, and ||-||z denote the #1, ¢ and Frobenius norms respectively. A” and A are the matrix transpose and
conjugate transpose of A respectively. x; is the jth entry of a vector x, and A; denotes the jth row of a matrix A.
Unless otherwise stated, xq and Aq respectively reserve the entries of & and the rows of A in the index set 2. For
a vector x, diag (x) is a diagonal matrix with & being its diagonal. = 0 means z; > 0 for all j. rank (A) denotes
the rank of a matrix A and tr (A) the trace. For positive semidefinite matrices A and B, A > B means that A — B
is positive semidefinite. [E [-] denotes the expectation and P (-) the probability of an event. f is an estimator of f.
For notational simplicity, a random variable and its numerical value will not be distinguished.

The rest of the paper is organized as follows. Section [2] presents the atomic £y norm method and studies its
theoretical guarantees. Section[3|turns to the convex relaxation method and its theoretical results. Section[d]discusses
connections of our methods to prior arts. Sections[5and [6] present proofs of two main theorems in Section[3] Section
provides numerical simulations and finally Section [§|concludes this paper.




2 Frequency Recovery via Nonconvex Optimization

2.1 Atomic /; Norm and Its Use for Frequency Recovery

We exploit the sparsity to solve the problem of joint sparse frequency recovery. In particular, we seek a set of
frequencies of the minimum length among the infinitely many candidates which can express the observed data Y ¢,.
To state it formally, we denote a (f) = [1,e™"/, ... ,ei2”(N*1)f]T € CN and s = [sp1," - , 5] € CY*L. Then

can be written as
K

K K
Y°=> a(fi)sk=> cka(fs)dp =Y cka(fi, dp), 2

k=1 k=1 k=1

where ¢, = ||sy[l, > 0and ¢, = c; ' sy, with || @ ||, = 1. Let S22~ = {¢ : ¢ € C1*L ||¢||, = 1} denote the unit
complex L — 1-sphere or real 2. — 1-sphere. We define the continuous dictionary or the set of atoms

A2{a(f,¢)=a(f)dp:feT, ¢S} 3)

We see by (2)) that Y is a linear combination of a number of K atoms in .A. In particular, we say that a decomposition
of Y° as in (2)) is an atomic decomposition of order K if ¢;, > 0 and the frequencies f}, are distinct. For Y € CM*L,
we define the smallest number of atoms that can express it as its atomic £y (pseudo-)norm:

K
”Y”A,o —inf{K:Y = chak,ak e A,c,>05. 4)
k=1

So, we propose to recover the frequencies by minimizing the atomic ¢y norm of some Y which is consistent with
the observed data on € x [L], i.e., to solve the following optimization problem:

r%;n | Y[ 40, subjectto Yo = Y. 5)

For u € CV, denote by T (u) € CV*V a (Hermitian) Toeplitz matrix with

ul u2 o« o e uM
qu ul “ . qul
T(u)=| . ) . ) ,
H H
uM uM_l “ . ul

where u; is the jth entry of u. We provide a finite dimensional formulation of ||Y|| A, 1n the following proposition.

Proposition 2.1. [|Y'|| 4 , defined in (EI) equals the optimal value of the following rank minimization problem:

min _rank (U), subjectto U =

;U

[W Y#H

v T(u)] and U > 0. (6)

The proof of Proposition [2.1]is based on the classical Vandermonde decomposition lemma stated as follows.

Lemma 2.1 ( [2,42]). Any positive semidefinite Toeplitz matrix T (u) € CN*N of rank r has an order-r Vander-

monde decomposition:
T (u) = APAY,

where A = [a (f1),...,a(f)] and P = diag (p1, ..., pr) with p; > 0. Moreover, the decomposition is unique if
r<N-—1. [ |



Remark 2.1. The Vandermonde decomposition is not unique if T (w) has full rank. In fact, we can arbitrarily

choose f1 € T and let p1 = [a ()T (w) " a (fl)] _1. It follows that the residue T (u) — pra (f1) a (f1)7 is of

rank N — 1 and remains a positive semidefinite Toeplitz matrix, which admits a unique Vandermonde decomposition
of order N — 1 and further results in a decomposition of T (u) of order N.

Proof of Proposition ' Let K = ||Y|| 4 and K* = rank (U"), where (W*,u*,U") denotes an optimal
solution to the rank minimization problem @) We need to show that X = K*. On one hand, since U* > 0
we have T (u*) > 0 and r = rank (T (u*)) < K*. It follows from Lemma [2.1|that T (u*) = APAY, where
A=la(f1), - ,a(fr)], P =diag(pi,...,p) and p; > 0. Moreover, Y lies in the range space of 7" (u*) and
therefore, there exists S € C"™* such that Y = AS = >77_, a(f;) S;, where S; denotes the jth row of S. By
the definition of the atomic ¢y norm in we have K < r < K*.

On the other hand, let Y = 3" ¢;a (f;, ¢,) = AS be an atomic decomposition of ¥, where A is similarly

defined as before and S = [cl(blT, . ,cK(ﬁj};]T. Let T (u) = APA and W = §7 P~1§ for arbitrary p; > 0,

Jj € [K]. Then
U — [W Yy# } _ [SHP‘l
Y T (u) A
As a result, (W, u,U) defines a feasible solution of the rank minimization problem @, and we have that K* <
rank (U) < rank (P) = K. ]
Proposition [2.1] presents a rank minimization problem to characterize the atomic £y norm. It follows that (5) can

be formulated as follows:

]P [P's AM] >o0.

min rank (U),
Y W u,U
w Y# (N

subjectto U = [Y T (w)

] ,U>0,andY o =Yg
In (7) we need to complete a (structured positive semidefinite) low rank matrix U with partial access to its entries.
Therefore, we establish a link between the frequency recovery problem and low rank matrix completion [43,/44].
Note that a similar rank minimization problem is presented in [[16] in the SMV case, where the rank is put on the
matrix 7" (w) rather than the full matrix U. Later we will see that (7) has a clearer connection to the convex relaxation
method presented in Section 3]

Suppose we could solve the rank minimization problem in (7). According to the proof of Proposition 2.1] we
can obtain the solution of the frequencies by the Vandermonde decomposition of 7" (u*), where w* is an optimal
solution. While Lemma |2.1| states the existence of the decomposition, readers are referred to [22, Appendix A] for
a detailed approach to its realization. We next investigate theoretical guarantees of the proposed atomic £y norm
method.

2.2 Spark of Continuous Dictionary

To analyze the atomic ¢y norm minimization problem (5) or equivalently (7), we generalize the concept of spark
in [435] to the case of continuous dictionary. We define the following continuous dictionary with respect to the index
set €2 similarly to (3):

A 2 {aq (f): feT}. (8)

Definition 2.1 (Spark of continuous dictionary). Given the continuous dictionary A}), the quantity spark of A}),
denoted by spark (A}z), is the smallest number of atoms of A}z which are linearly dependent.

In general, it is NP-hard to compute spark (Ag,) given some sampling index set £2. Some preliminary results
are presented in the following proposition.



Proposition 2.2. The following results hold about spark (Ag,) with |Q| = M:
1. 2 < spark (A}z) <M +1,
2. spark (.A}Z) = 2 if and only if the elements of
D2 {my —my:mi,mg € Q,mq > ms} 9)

is not coprime, and

3. spark (.A}]) = M + 1 if Q consists of M consecutive integers.

Proof. 1) spark (Ag,) > 2 since all atoms of Ag, are nonzero. spark (Ag) < M + 1 because |€2| = M and any
M + 1 atoms of Ay, are linearly dependent.
2) spark (A}]) = 2 if and only if there exist f1 # fa such that ag (f1) and agq (f2) are linearly dependent. We
next prove the equivalence between the linear dependence and the non-coprimality.
Sufficiency: If agq (f1) and agq (f2) are linearly dependent, i.e., aq (f1) = ceagq (f2) withc > 0 and 6 € R,
then it holds for any m € €2 that
2mm (f1 — f2) =60 mod 27

and thus (m1 — mg) (f1 — f2) is an integer for any m,my € Q, i.e., d (f1 — f2) is an integer for any d € D. It
follows that f; — f is a rational number. Let |f; — fao| = 2—; < 1, where by, by are coprime positive integers with
ba > 2. Consequently, by is a common divisor of the elements of D.

Necessity: Suppose integer b > 2 is a common divisor of the elements of D. Consider any two fi, fo € T
satisfying that f; = fo + %. Then, for any m € €2,

m

. o m o Q1
ez27rmf1 — 62271' b ez27rmf2 — 62271' T 6127rmf2.

The last equality holds since b evenly divides m — 1 € D. It follows that aq (f1) and agq (f2) are linearly
dependent.

3) If €2 consists of M consecutive integers, say, m, m+1,--- ,m+ M — 1 withm > 0, then aq (f;), j € [M],
are linearly independent for any M distinct f; € T since the determinant

Ha’ﬂ (fl) yeeey AQ (fM)”
_ ez’%mzﬁl i H <€z‘27rfj B ei27rfl>
1<j<I<M

(10)

£ 0.

As aresult, any M atoms of A}z are linearly independent, which together with spark (./4!1]) < M + 1 concludes that
spark (Ag) = M + 1. [

Proposition presents the range of spark (A}z) with respect to the sampling index set 2. A necessary and
sufficient condition is provided under which spark (A}z) achieves the lower bound 2, where there exist two atoms
that are linearly dependent. In this case, in fact, for any atom in A}z we can always find one such that they are
linearly dependent following from the proof above. However, such €2 is rare. To see this, suppose that €2 is chosen
uniformly at random. Then it satisfies the condition with probability no greater than

N
ZPSL%J is primep([]\zjﬂ)
(1) |

6

an




where ( ]JV\;) denotes the number of M -combinations given an N-element set. It is clear that the probability equals 0
when M > £, Numerically, the probability is less than 1.2 x 1073, 1.8 x 1077, 3.2 x 107! when N = 100 and
M =10, 20, 30 respectively. A sufficient (but unnecessary) condition is also provided in the third part under which
A¢, achieves the upper bound M + 1. We say that Ag, is a full spark dictionary if spark (A¢,) = M + 1 following
from the discrete setting in [46]]. We will see the benefits of a full spark dictionary for frequency recovery in the
ensuing subsection.

2.3 Theoretical Guarantees of the Atomic /, Norm

We provide theoretical guarantees of the atomic £y norm minimization in (5)) or the rank minimization in for
frequency recovery in this subsection. In particular, we have the following result, which can be considered as a
continuous version of [27, Theorem 2.4].

Theorem 2.1. Y° = Z]K:1 cja (fj, (bj) is the unique optimizer to (5)) or @) if

k(AL) —1 k(Y
K<spar ( Q) 2—|—ran( Q)

(12)

Moreover, the atomic decomposition above is the unique one satisfying that K = [[Y°|| 4 .

Proof. Suppose that there exists Y # Y satisfying that Yo = o and HY/HAO < [[Y°| 40 = K, and Y =
S Ga (E, 55]) is an atomic decomposition of order K < K. Let A; = [a (f)]feT\{f} (the matrix consisting
J

of those a (f), f € T\{f;}) A = [a(f)]fe’m{}}} and Ay = [a(f)]fe{fj}\T' In addition, let K9 =
‘Tﬂ {EH and A = [A; Ajz Aj|. Then we have

S1
Y°=|A1 A ,
A1 A |5
S S|
Y = [Ap A [52_ )
where S1, S12, S21 and S5 are matrices of proper dimensions. It follows that
~ Sl |
Y°-Y =A|S;2— 52| #0,
-8y
and thus
S1
Si12 — 821 | #0. (13)
-8,
On the other hand, it follows from Y'q = Y'q, that
S1
Aq |S12—821| =0.
-8,

Note that Agq is composed of atoms in ./451], and has a nontrivial null space by . Then by the definition of spark
we have
rank (Agq) > spark (.A}z) -1 (14)

7



Moreover, for the nullity (dimension of the null space) of Agq it holds that

S1
nullity (Ag) > rank S12 — So1
-5,
S1
> rank ([512 B Sﬂ]) (15)

> rank <[ gﬂ) - rank ({S(;D

>rank (Y$) — Kio.

Consequently, the equality
#columns of A = rank (Agq) + nullity (Agq)

together with li and yields that K + K — Ky > spark (A}Z) — 1 +rank (Y'$) — K2, and then
9K > K + K > spark (Af) — 1+ rank (YQ),

which contradicts the condition in (12)).
To show the uniqueness of the atomic decomposition, we observe that the condition in (12) implies that K <
spark (Ag,) — 1 since rank (Y'3) < K. According to the definition of spark, any K atoms in Ag, are linearly

independent. Therefore, the atomic decomposition is unique given the set of frequencies 7 = { f; }]K:1 Now suppose
there exists another decomposition Y° = Z]K: 1Gia (};, %) with K < K and a different set of frequencies {:f;}

(i.e., there exists some f] ¢ T). Note that we have repetitively used the same notations for notational simplicity and
we similarly define the other notations. Once again we have since As is nonempty followed by Sy # 0. The
rest of the proof follows from the same arguments. [ |

It is generally difficult to compute spark (A}l) given €2, which makes the condition hard to check in a
particular scenario. However, it is checkable in the special complete data case, which is shown in the following
corollary. Note that the rank minimization problem (7) can still help to recover the frequencies though (5) admits a
trivial solution.

Corollary 2.1 (Complete data). Y° = ZJKZ 165a ( fis q,')j) is the unique atomic decomposition satisfying that K =

1Yl 0 i

- N + rank (Y°)
5 .

K (16)

Proof. The result follows from spark (A}]) = N + 1 given 2 = J, which holds according to the third part of
Proposition [2.2] [

Theorem shows that the frequencies can be exactly recovered by minimizing the atomic ¢y norm or equiva-
lently solving the rank minimization problem (7)) provided that the sparsity level K is sufficiently small. In particular,
the upper bound of K depends on a particular sampling index set €2 and the observed data Y'¢y. In the SMV case
where rank (Y',) = 1 and therefore, the condition becomes K < %spark (.A}l) (or K < % in the complete data
case). As we take more measurement vectors, we have a chance to recover more complex signals by potentially in-
creasing rank (Y'g,) (or rank (Y'°)), which is practically relevant in array processing applications. When rank (Y'g,)
achieves the maximum value K, the sparsity level K can be as large as spark (A}z) — 2 (or N — 1 in the complete
data case), which is consistent with the result in array processing (see e.g., [40]).



Remark 2.2. An unpleasant scenario is in the presence of coherent sources. In an extreme case where all the
sources are coherent, i.e., all the rows of [si] are identical up to some scale factors, it holds that rank (Y'g,) = 1 as
in the SMV case and taking more measurement vectors does not improve the number of frequencies recoverable. In
fact, we can easily verify that all the measurement vectors are identical up to scale factors as well and thus provide
the same amount of information for frequency recovery as a SMV. In this case, it is easy to verify that the optimal
solution of u to (7)) remains constant when we add or delete columns of Y .

Remark 2.3. Since the upper bound increases with spark (A}]) an interesting topic in the future is to study selection
of the sampling index set £, which in array processing corresponds to design of the geometry of the SLA, such that the
spark is maximized. While preliminary results have been obtained in the discrete frequency setting (the frequencies
are fixed on a uniform grid) in [46)], it is worth noting that the continuous setting concerned here is more practical
and challenging.

3 Frequency Recovery via Convex Relaxation

3.1 Convex Relaxation and Semidefinite Formulation

The atomic ¢y norm exploits sparsity directly, however, it is nonconvex and the formulated rank minimization prob-
lem cannot be globally solved with a practical algorithm. To avoid the nonconvexity, we utilize convex relaxation
to relax the atomic ¢y norm. In particular, it can be relaxed in two ways from two different perspectives. One is to
relax the atomic £y norm to the atomic ¢; norm, or simply the atomic norm, which is defined as the gauge function
of conv (A), the convex hull of A [15]:

Y] 4 £ inf{t >0:Y € tconv (A)}

17
—inf{ch:Y—chak,ck>0,ak€fl}. 17)
k k

The atomic norm |-|| 4 induced by A defined in (3) is a norm and thus convex by the property of the gauge function.
The concept of atomic norm is firstly introduced in [[15] and the authors argue that the atomic norm minimization
problem is the best convex heuristic for recovering simple models with respect to a given atomic set. The other
way of convex relaxation is based on a perspective of rank minimization illustrated by (6] and to relax the pseudo
rank norm to the nuclear norm or equivalently the trace norm for a positive semidefinite matrix, i.e., to replace
rank (U) by tr (U) in (6). It is worthy noting that the nuclear norm has been extensively studied for low rank matrix
completion and recovery [[43,/44,/47]. Interestingly enough, the two ways of convex relaxation are equivalent, which
is shown in the following result.

Theorem 3.1. ||Y'|| 4 defined in equals the optimal value of the following SDP:

w Y#?

min Y T (u)

1
hin mtr (U), subjecttoU = [

] and U > 0. (18)

Before presenting the proof of Theorem [3.1} we clarify some notations first. We use the following identity

whenever R > 0:
H

yHR—ly = mint, subject to [:Z ?R] > 0. (19)
It follows that y/ R~y is finite if and only if y is in the range space of R. In fact, is equivalent to defining
y"R 'y £ lim,_ N y? (R+ oI )_1 y when R loses rank. The following result will be used to prove Theorem



Lemma 3.1. Given R = AA > 0, it holds that y" R™'y = min ||s||3, subjectto As =y

Proof. We need only to show that for any s satisfying As = v it holds that y? R~y < ||s g or equivalently,

2 H
[H‘j'? yR] > 0. The conclusion follows from that
Isl3 o] _ [lslly s7A™) _[s7] [s"1"
Yy R| | As AAY | |A]| A -

Proof of Theorem|3.1} Provided U > 0, we have equivalently 7' (u) > 0 and W > Y [T (u)] "' Y. So, we
need to show that

N
|Y|| 4 =min £u1 + tr <YH [T (u)] " Y) , subjectto T (u) > 0, (20)

1
2 2V'N
where wuy is the first entry of w as before. By the Vandermonde decomposition we have T (u) = APAY =

H
[AP%] [AP%} , where A = A (f) is composed of columns a (f;), and P = diag(...,p;,...) with p; > 0.
Moreover, we can verify that u; = ) p;. For the tth column of Y, say y.,, it holds by Lemma that

Yy [T (w)] ™"y, = min [v]3, subjectto APZv =1y,
v

2
. subject to As = y.,

1
:minHPfﬁs
S
_ i JHp—1 - _
=mins"’ P s, subjectto As = y.,.

Therefore,

t=1
= min _tr(SYPLS)
S,A(f)S=Y
We complete the proof via the following equalities
N 1
min £u1 + ——tr (YH [T (uw)] ™" Y)
2 2V N
. VN Hopo1
= f,i;ntlgs - pj + /N (S P S)
A(f)S*Y J
_ 2 1
fp>OS ZPJ 2\/>Z | ]Hij @1
A(f)S=Y

:r?glz IS;ll,, subjectto Y = A (f)S

= nggl Z cj, subjectto Y = Z cja fj, cbj

:HYHA'

10



The second last equality holds by the substitutions c; = ||S}||, and ¢; = cj_l.S' ;, followed by Y = A(f)S =
>.ja(f;)S; =3, cia(fj,¢;), where S; denotes the jth row of S. The last equality follows from the definition
of the atomic norm. [ |

Remark 3.1. The semidefinite formulation ([8) of the atomic norm was firstly reported in our conference paper [I)].
When preparing this paper, we found that the same result was also independently obtained in [48)].

Remark 3.2. Other optimization methods can be studied in the future for joint sparse frequency recovery by borrow-
ing ideas in low rank matrix recovery (see, e.g., [49,50]). As an example, the (nonconvex) log-determinant criterion
log |U + €lI|, where € > 0 is a small number, has been studied in [ 1] and implemented by a series of SDPs via a
majorization-maximization (MM) process.

Theorem [3.1] shows that the atomic norm can be formulated as an SDP and thus can be globally solved using
standard SDP solvers such as SDPT3 [51]]. Note that the semidefinite formulation (18]) generalizes the results in the
SMV case in [[13}[16}/17]. As a result, by the convex relaxation we propose the following optimization problem for
frequency recovery:

min Y| 4, subjectto Yo =Yg, (22)
or equivalently,
min tr (U),
Y W uU
= > = 4 .
subject to U [Y 7 (u)] ,U>0,andY =Y
For a matrix V' € CV*L_ the dual norm of the atomic norm is defined as
[VIi= sup (V,a)
llall 4 <1
=0 (V,a(f, )
a(f,p)e
Y (24)
= sup  (a(f)"V, ),
feT,peS2L-1

= sup[la(f)" V]|
feT

2 )

where (A, B)p = Rtr (BH A) for two matrices (or column/row vectors) A and B of proper dimensions and R
takes the real part of a complex argument. The dual problem of is thus
max (Va,Y4) o,
v, (Ve Yol (25)
subjectto ||[V[|4 <1,V =0

following from a standard Lagrangian analysis [52]. On the other hand, the dual problem of has the following
semidefinite formulation

max Va, Yoo,

VE(CNXL,HE(CNXN< Q2 Q>R
_yH

subject to [—V I‘; ] >0,

N—j . (26)
Z H - 1, 7=0,
BT 0, je [N —1],
k=1
Va=0

11



based on the semidefinite formulation (23) and a standard Lagrangian analysis. That means, the first two constraints
in can equivalently characterize ||V'||y < 1. We empirically find that the dual problem (26) can be solved
more efficiently than the primal problem (23)) using, for example, SDPT3, while most solvers can return an optimal
solution of (as the dual of (26))) for free when solving ([26).

3.2 Frequency Retrieval

Given an optimal solution (Y™, u*) of , we can retrieve the frequencies of interest and obtain correspond-
ing atomic decomposition(s) of Y* as follows. Consider first the case where T (u*) is rank deficient, i.e., K* =
rank (7 (u*)) < N—1. Then we can obtain a unique Vandermonde decomposition T’ (u*) = A (f*) diag (p*) A (£*)7
of order K* by Lemma Since Y™ is in the range space of T' (u*), there exist unique S*, ¢; and ¢; corresponding

to the variables in the proof of Theorem [3.1] such that

K*

Y = A(f)S8 = calf]. )

j=1

is an atomic decomposition of Y* with

Y= => |Sill,= VN pj = VNui.

That means, we have obtained a unique atomic decomposition that achieves the atomic norm. On the other hand,
when 7' (u*) has full rank, there exist infinitely many Vandermonde decompositions of 7" (u*) of order N according
to Remark 2.1} Consequently, we can obtain infinitely many atomic decompositions of Y* of order N with each
achieving the atomic norm. Therefore, it is impossible to exactly recover the frequencies.

3.3 Theoretical Guarantees of Convex Relaxation: Complete Data

To guarantee exact frequency recovery with the convex relaxation, we require that the frequencies of interest be
appropriately separate. To quantify the separation, we define minimum separation of a set of frequencies as follows.

Definition 3.1 (Minimum separation). For a finite subset T C T, the minimum separation of T is defined as the
closest wrap-around distance between any two elements,

Ar= inf min{la—bl,1—|a—b|}.
7= ,du  min{la—b] la — b}

For example, the distance between 0 and % equals %.

Inspired by [13]] and [16]], we study the cases of complete data and incomplete data separately. Our analysis in
the former is deterministic and applicable once N > 257 while that in the latter is based on non-asymptotic analysis
of random matrices [53]. Since the rows of the source signals [sy;] are allowed to be correlated or even coherent in
our analysis, it is worst case analysis as opposed to the average case analysis in [[30,34].

Given the complete data, the proposed atomic norm minimization problem (22)) has a trivial solution, however,
the semidefinite formulation can be used to recover the frequencies. Its theoretical guarantee is presented in the
following result, which generalizes that in the SMV case in [[13]].

Theorem 3.2 (Complete data). Y° = Zf(: L ¢ia (fj, @;) is the unique atomic decomposition satisfying that | Y °|| 4 =

'The condition N > 257 is more like a technical requirement but not an obstacle in practice (see numerical simulations in Section .

12



Proof. See Section[5] [ ]

Remark 3.3 (Necessary separation for uniform recovery). Theorem|3.2|presents a result of uniform recovery in the
sense that it holds for all source signals [skt] once the frequency separation condition Ay > m ~ 4N—1
is satisfied. Consider the observation model (1) which contains 2K L + K real variables (2K L for [sg] and K
for { fr}) and 2N L real measurements. As a result, for guaranteed uniform recovery, a necessary condition is that
2KL 4+ K <2NL or equivalently K < QQLACFLI On the other hand, given the sparsity level K, we can always select
a set of equispaced frequencies which has a minimum separation of % > (1 + i) N~L. Therefore, a necessary
condition of the minimum separation for uniform recovery is A > (1 + ﬁ) N—L

We do not impose any assumption on the source signals [sj] in Theorem Therefore, it can be applied uni-
formly to all kinds of source signals including correlated or even coherent sources. When all the sources are coherent
as discussed in Remark [2.2] taking more measurement vectors does not increase the information for frequency re-
covery. In this case, in fact, it is easy to show that the proposed atomic norm minimization problem produces the
same solution of w up to a positive scale factor and thus the same frequency solution when increasing/decreasing the
number of measurement vectors. As a result, we cannot expect a better theoretical guarantee than that in the SMV
case. Our contribution by Theorem is showing that in the presence of MMVs we can confidently recover the
frequencies via a single convex optimization problem by exploiting the joint sparsity therein. Though our worst case
analysis does not improve over that in [[13]] on the SMV case, it will be shown in Section[/|via numerical simulations
that the proposed joint sparse frequency recovery method improves the recovery performance significantly when the
source signals are at general positions. We pose this average case analysis as a future work.

3.4 Theoretical Guarantees of Convex Relaxation: Incomplete Data

It is difficult to analyze the atomic norm minimization problem (22) or (23) with a specific sampling index set €2.
Instead, we assume that it is selected uniformly at random. Our result is presented in the following theorem, which
generalizes that in the SMV case in [[16]] with modifications.

Theorem 3.3 (Incomplete data). Suppose we observe Y° = ZJK Lca(f, ¢J) on the index set € x [L], where
Q C J is of size M and selected unzformly at random. Assume that {q’)J} C S?L=1 are independent random
variables with E¢; = 0. If Ay > m, then there exists a numerical constant C such that

27

K\FN
5 &5 85

LN
M > Cmax{logQ,Klo —lo

is sajﬁczent to guarantee that, with probability at least 1 — 5§, Y is the unique opttmlzer 1o (22) or 23) and
Y°= Z ja (fj, @;) is the unique atomic decomposition satisfying that |Y°|| 4 = Z] 1 G-

Proof. See Section@ |

Remark 3.4. We emphasize that the dependence of the sample size M per snapshot on L is for controlling the
probability of successful recovery. To make it clear, we consider the case where we seek to recover the columns of
Y ¢ independently via the SMV atomic norm minimization. Then with M satisfying at L = 1 asin [16]], each
column of Y ° can be recovered with probability 1 — d. It follows that Y ° can be exactly recovered with probability
at least 1 — Lo. However, if we attempt to recover Y ° via a single convex optimization problem that we propose,
then with the same number of measurements the success probability is improved to 1 — \/L§ (replacing § in (@ by

VL$).
Remark 3.5.
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1. Compared to [16]] on the SMV case, Theoremrelaxes the assumption of {qﬁj }szl In particular, the phases

are assumed in the former drawn i.i.d. from the uniform distribution on the unit sphere. In contrast, they are
only required to be independent and have zero means.

2. The relaxation of the assumption has significant impact on the practical DOA estimation problem in two
aspects. On one hand, each ¢; corresponds to one source and therefore, they do not necessarily obey an
identical distribution. On the other hand, under the assumption of Theorem 3.3|the sources are allowed to be
(spatially) coherent or temporally correlated, which can be encountered in practical scenarios. For example,
the source signals [si:] are temporarily (column-wise) correlated if the rows of [sy] are i.i.d. Gaussian
with mean zero and non-diagonal covariance. Two sources (or two rows of [s|) are certain to be coherent
(identical up to a scale factor) if they are i.i.d. Gaussian with mean zero and covariance of rank one, where
the resulting ¢;’s satisfy the assumptions in Theorem In contrast, any two sources with ¢; drawn i.i.d.
from the uniform distribution on S*~1 are uncorrelated.

Theorem [3.3|shows that, if we fix the number of measurement vectors L, then a number of O (K log K log N)
samples per measurement vector are sufficient to recover the frequencies and the missing data by solving the convex
optimization problem provided that the frequencies are sufficiently separate. When applied to array processing,
it means that a number of O (K log K log N) sensors are sufficient to exactly determine the directions of K sources.

Our proofs of Theorems and which are deferred to Sections [5] and [6] respectively, are inspired by those
in [13[] and [[16] and follow similar procedures. The main challenge of our proofs is dealing with vector-valued dual
polynomials induced by the MMV problem.

4 Connection to Prior Arts

4.1 Grid-based Joint Sparse Recovery

The problem of joint sparse frequency recovery concerned in this paper has been widely studied within the frame-
work of CS, typically under the topic of DOA estimation. Since CS has been focused on signals that can be sparsely
represented under a finite discrete dictionary, discretization/gridding of the frequency domain has become standard,
or equivalently, the frequencies are assumed to lie on a fixed grid. Now recall the atomic ¢, norm, p € {0, 1}, in @)
and (17). It is easy to show that, for p € {0, 1},

Y|, = inf {Z skl = ¥ =" a(fr) sk, fi € ’]I‘} , (28)
k k

where s, € C*L. As a result, the atomic ¢ norm (or the atomic norm) generalizes the 5 o norm (or the ¢ 1 norm)
in grid-based joint sparse recovery methods (see, e.g., [25,35]]) to the continuous frequency setting. It is worth noting
that, since the grid-based methods rely on the ideal assumption that the true frequencies lie exactly on a fixed grid,
we cannot expect exact frequency recovery when it fails unlike the continuous recovery technique studied in this
paper. Moreover, even if the assumption holds, existing coherence or RIP-based analysis for the (5 1-based joint
sparse recovery is very conservative, compared to the results in this paper, due to the high coherence in the presence
of a dense grid. Readers are referred to [|13]] for detailed discussions in the SMV case.

14



4.2 Gridless Joint Sparse Recovery

To the best of our knowledge, the only discretization-free/gridless technique for joint sparse frequency recovery
is introduced in [40] prior to this work, termed as the sparse and parametric approach (SPA) Differently from
the atomic norm technique proposed in this paper, SPA is from a statistical perspective and based on a weighted
covariance fitting (WCF) criterion. But we show next that the two methods are connected. Given the complete data
case as an example. In the limiting noiseless case, SPA is equivalent to the following optimization problem:

. B -1 5
oln (RT () R> (T (w)), (29)

N[

where R = %YOY"H denotes the sample covariance. Let V' = <%YOH Y°> € CE*E. Then we have the

following equalities/equivalences:
9= min u ((YOV)HT(U)—1 Y"V) +tr (T ()
u,T(u)>0 L2
VN oy \H
YN (yoy) ] -

w
=mintr (W) +tr (T (u)), subject to [ )
Nyoy T (u)

,u

- 2\/NH\/LNYOV

A
2N
= YV

where the third equality follows from the semidefinite formulation of the atomic norm in Theorem As a result,
SPA is equivalent to computing the atomic norm of Y°V'. Note by (2)) that

K
YV =) a(fi)(siV). (30)
k=1

So, SPA is the atomic norm method proposed in this paper with modifications of the source signals. In the special
SMYV case where I = 1 and V is a positive scalar, the two techniques are exactly equivalent. We note that a similar
result holds with incomplete data and will be omitted.

5 Proof of Theorem

5.1 Dual Certificate

We have considered the general case where J = {0,--- , N — 1} in this paper. For technical reasons, our proof
is mainly focused on the symmetric case where J = {—2n,...,2n} withn = L%j, in which all our previous
results hold as well with the substitution N = |.J|. We complete the proof by showing that the same result holds in
the general case.

The following proposition presents the so-called dual certificate which guarantees the optimality of a certain

atomic decomposition.

2 Another related paper published online is [[54]], however, in this paper the authors reformulate the MMV problem into a SMV one, instead
of exploiting the joint sparsity, and then solve the problem within the framework in [[13]]. Due to the loss of data structure, the capability of
frequency recovery might be degraded.
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Proposition 5.1. Suppose that the atomic set A is composed of atoms defined by a (f, ) whose rows are indexed
by the set J being either {—2n,...,2n} or {0,--- \N —1}. Then Y° = 25:1 cka (fr, @) is the unique atomic
decomposition satisfying that |Y°| , = Zszl ek if K < |J| and there exists a vector-valued dual polynomial
Q:T—CL

Qf) = (V,a(f)) £ a(H'V 31
satisfying that
Q(fk) = b, fr€T, (32)

where the coefficient matrix V. € CHIxL .

Proof. For a vector-valued polynomial Q(f) = a(f)H V satisfying (32) and (33)), we have by (24) that

IV = sup [la(H) V], =
feT
Based on (32) and (33) it is easy to show that

(V.Y

K
V.Y cka(fi ) >
R

k=1

e (a(f)" Vo)

|
MN/\

£
Il

1

I
M=

C o Ve

B
Il
—_

The last inequality follows from the definition of the atomic norm. On the other hand, it holds that (V,Y ), <
VI 1Yl 4 < 1Y°|| 4, implying that (V, Y ), = [[Y°|| 4, = Zszl ck. We next show the uniqueness. Suppose
that there exists another decomposition Y° = ", ¢,a <ﬁ€, ;jv)k) satisfying also that [|[Y°|| 4 = >, ¢x. There must

exist some fj, ¢ 7 due to linear independence between {a (f})} ?:1’ K < |J|, for both the settings of J, otherwise
the two decompositions will be identical. We complete the proof by the following contradiction:

YA =Yl =(V. Y
k

— <V,ZEka (i <7)k)>
et

= Lafe(R) o, r L ale(h) b,

fLeT
< sz—k Z CkZZCk
€T fu@T k

The rest of the proof is focused on construction of a dual polynomial as in Proposition for which the
condition K < |J| naturally holds. We revisit the proof in [13] for the SMV case in the ensuing subsection and
present our proof for the general MMV case after that.

3Here we have abused the notation of inner-product since V- e CV'*F and (V' a (f)) = a(f)#V e C**E.
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5.2 Revisiting the SMV Case

We consider only the case where J = {—2n, ..., 2n}. The reason will be clear in the next subsection. Candés and
Fernandez-Granda [/13]] consider a polynomial g : T — C of the following form:

q(f)= > aK(f=fi)+ Y BeK (f = fr),
fk€T fk€T
where K (f) is the squared Fejér kernel

[sinn+ DA SN i
K() = [P IR Y g e

j=—2n

min(j+n+1,n+1) ,
. 1 || l7 — k|
n = g 1—— 1—=— 4
9n (7) n+1 < n+1)( n+1 (34)

k=max(j—n—1,—n—1)

with coefficients

obeying that 0 < g,, () < 1,j = —2n, ..., 2n. Denote by K’, K" and K" the first three derivatives of K. To obtain
the coefficients {a} and {1} such that ¢ satisfies the constraints of the dual polynomial, they require for f; € T
that

q(f;) =D k(5= f)+ > Bk (5 = fx) = &5 (395)
€T €T

¢ () = D ark (fi—fi) + > BK" (f; — fr) = 0. (36)
€T €T

The equality ensures that ¢ (f) satisfies the interpolation condition (32), while is used to guarantee the
inequality (33). (35) and (36) can be written more compactly as

Dy c¢'Di|[a] [®
oy i) ] = o)

42 2
where [Dol;. = K (fj — fi), [D1lj, = K'(fj — fr)s [D2lj = K" (fj — fr), co = VIK"(0)] = 4/ %H)
® < CX is the vector by stacking {¢;} together and similarly for o, 3 € CK. The system of linear equations above
is rescaled following from [16] such that the coefficient matrix of is symmetric, positive definite, and very close

to identity. Then we have

« . I -1 Ny _ -1
Loﬁ] - [—coD; 1DJ Ds'®, Do = Do= Dl Dy, o

where Dj3 is the Schur complement, and the solution { ] is shown to be close to [}ﬂ with |||, and ||B]]

o
o3
upper bounded.

To prove that the dual polynomial ¢ (f) with the specified coefficients satisfies the condition (33), the authors

divide the the frequency domain T into two regions near to and far from the frequencies 7

Toear = Uper [fe = v fi + 1] (39)
71-°ar = T\,Elear (40)

with v = 8.245 x 10721, |¢ (f)| < 1 is shown directly on 7y, and on each continuous interval of Tnear, [ (f)] is
shown to be strictly concave and obtains the maximum 1 at each element in 7. We summarize some results in [[13]]
which will be used later.
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Lemma 5.1. Assume A > Ny £ 2 and n > 64.

1.

IT — Dyl < 6.253 x 1073,

| D1l < 0.1528n,

||K"(0)| I — Dyl < 4.212n%
|7 - D3| <8.824x107°

2. For f € [-v,v] (or f € [0,V] U [l =, 1]),

1> K (f) > 0.9539,
—11.69n% > K" (f) > —13.57n2.

3. FO}”f € Eear»
S IK(f = fr)] < 1.272n,
€T
TR (f ~ fi)] < 193.90%

fLeT

for f € 7;1ear\ [fj 7V7fj +V], fj eT,

S UK~ i)l <6279 x 1077,
Te€T\{f;}

Yo KT - )| < 421207
SegT\{f5}

and for f € Ty,
1.008824 Y " |K (f — fr)l
k€T

0.01647 Z ’IC/ (f _ fk:)‘ < 0.99992.
€T

_.I_

5.3 Proof of Theorem 3.2]
Theorem [3.2]is a direct result of the proposition below.

Proposition 5.2. Under the assumptions of Theorem[3.2] there exists a low-frequency vector-valued polynomial as
in satisfying and (33) for J being either {—2n,...,2n} or {0,--- ,N — 1}, where K < |J| naturally
holds.

To prove Proposition [5.2] we first show that once we can construct such a dual polynomial in the symmetric
case, then a similar polynomial can be obtained in the general case.

18



Assume N = 4n+ ng withn = L%j and ng = 1,2, 3, 4. Suppose that Y ° has a decomposition in the general
case

1
K 127 fi

YO:ZCk : Py,

ei27r(]\.771) fr

[ ei2m(=2m)fi ] (41)

N———

Py

K :
— Z Ck €i27r(2n)fk ei?ﬂ(?n)fk d)k )
k=1

€i27r(2n+n0 1) fx

2n

Moreover, suppose that we can construct a dual polynomial Q (f) = 3 i on V ;7271 in the symmetric case

satisfying that
QU) = freT.
e, <1 remT.

and K = |T| < 4n+1 < N. Now define V € CV*L with

V. — Vion, 7=0,...,4n,
J 0, otherwise,

and
N—1

Q)= Vet
0

.
s |

Vj72n6—127rjf

<
I
=)

_ e—i27r(2n)f@ (f) )

It can be readily verified that

Q(fy) = ey =@y, freT,
R =@, <1 remT.

That means, we have constructed a dual polynomial ) (f) for the general case as in satisfying and
with K < N.

We prove Proposition in the symmetric case in the rest of this subsection and thus complete the proof of
Theorem [3.2] Inspired by [13]], we construct the following vector-valued dual polynomial:

QUf) =D auk(f—fi)+ D Bk (f — fr). 42)

fLeT fLeT
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where for each k, oy, 3, € C'* are vector-valued coefficients. Again, for fj € T, we impose the following
equalities:

Q) =D ak(fj—fo)+ > Bk (fi = fr) = &}, 43)

freT fLeT
Q) = D ek (fi = fu) + Y BRK" (f; = fi) =0, (44)

freT freT

or equivalently,
Dy c¢'Di|[a] [®

o S L] < o) “
where we denote & = [q’)f’ .. .,(;Sf(]T e CKXL o = [off, . .,a};]T € CK*L and similarly for 8 € CK*L,

Now we have 2K L equations with 2K L variables in total. Therefore, we can uniquely determine « and 3 as in

following from . Note that the coefficient matrix in is close to identity and hence, [caﬁ} should be close
0

to [(ﬂ . Differently from that in the SMV case, however, {«y} and {3} are vector-valued. The difficulty of the

remaining proof is to provide tight bounds for them. To do this, we introduce the concept of /5 o, matrix norm and
its induced operator norm as follows.

Definition 5.1. We define the {5 ~, norm of a matrix X € C4*% gg

5,0 = ma [ X,

and its induced norm of a linear operator P : Ch1*d2 _ Cdsxd2 4¢

H’PX’ 2,00
IPllooe = sup === = sup_[PX]
x#0 1 Xlooo  x, <1

2,00

where dy, ds and ds are positive integers.

By the definition, we have ||®||, ., = 1 and expect to bound |||, . and || 3], ., using the induced norm of the
operators D;, j = 0,...,3. So we need to calculate the induced norm first. Interestingly, the induced ¢ o, norm is
identical to the ¢, norm, which is given in the following result.

Lemma 5.2. | P|, ., = Pl for any linear operator P defined by a matrix P such that PX = PX for any X
of proper dimension.

Proof. According to the definition of the induced /o, norm, we have ||P||, = || P||,, = max; || P;||,, where P; is
the jth row of P.

We first show that [|P||5 ., > [|P||,- Denote by X1 and X._; respectively the first column and the rest of X
Note that if X1 = 0, then [| X, ., = [ X1, and [P X[, ., = [[PX 1|, Hence,

1P|

2,00 2 sup 1P X0
||XH2,00§11X:71:0

= sup [[PXll,
1% .1l <1

= 1Pl = Pl
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We next show that || P||, ., < [|P],, to complete the proof. Note that
1P X5 00 = max || P; X5

= max P; X X" PJ
J

= max tr (RP;IPJ') ,
J
where R & X X It is easy to show that if HXHZOO < 1,then R > 0 and R < 1, and vise versa, where R < 1

means R7j; < 1 for all the entries Rj; of R. That means, the two constraints R > 0 and R < 1 are equivalent to
| X 5o < 1. As aresult,

2 2
||’PH2,00 = sup HrPXHZoo
[Xl2, 001

= sup maxtr(RP]HPj)
Xl 00 <17

=max sup <VCC (R),vec (P;{Pj»
J ||XH200§1

=max sup (vec(R),vec (P} P;))

J R>0,R<1
<max sup |vec(R)||[vec (P P;)|,
J R>0,R<1

2
< max | P
2
= Pl

where vec (-) denotes the vectorized form of a matrix argument, i.e., by stacking all its columns as a column vector.
The last inequality follows from that ||vec (R)||,, < 1 provided R < 1, and ||vec (P]HPj) H1 = ||P; H? ]

Following from Lemma we use only ||P||, rather than ||P]|, . to denote the induced /5 o, norm hereafter
for notational simplicity, which also avoids ambiguities between the matrix norm and the induced operator norm of
a matrix (a matrix can also denote a linear operator). The following lemma provides upper bounds for o and 3.

Lemma 5.3. Under the assumptions of Proposition the matrices o, 3 € CE*L determined by satisfy that
o — @l . < 8.824 x 1077,

1.64
18Il < o 2 L4 102
’ n

It follows that 1 — 8.824 x 1073 £ o™ < |lajf, < @™ £ 148824 x 1073, j=1,...,K.
Proof. As in (38)) we have

« . I -1

- Lot rie
It follows that o« — ® = (Dg1 - I) &, and

|l — ®

200 S ID5 =T (@]l 00 < 8824 x107°

The interval of |||, is a direct result of the inequality
1511, = lles = 51, < sl < [l651], + [levi — 51,
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provided ||, 1, j € [K]. Utilizing || AB||, < ||All» || Bl and [[A™!]| we have

HQZ OO_W

18|y, < || D' D1D3Y|
= 1KK7(0)] = [IK"(0)[ I — D2l
< 1.647

n

x 1072,
||

We now complete the proof of Proposition [5.2|by showing that the polynomial Q (f) constructed above satisfies
@- On Tiyr,

QN =D ark (f = fu)+ D BK (f — fi)
kaT kaT 2
< el I = fl+ Y 1Bkl [K' (F = )] @
freT freT
<a™ N UK (f = fi)l 8™ DK (f — o)
freT kaT
< 0.99992.

On each interval [f; — v, fj + ], f;j € T, since |Q (f)|, = 1 and Q' (f) = 0, we need only to show that ||Q (f)]|3
is a concave function, i.e.,

1d? "
DL o g+ @ (e} <0
We observe that
1Q (N, =D k! (f = fr) + D BK" (f = i)
feT €T 2
< oMmax Z ’K:l f fk; ‘+Bmax|lc// f fj)}
fLeT
+AM N KT (- )
fgT\{f5}
< 1.576n.
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Moreover,

Q"(HeH" = [Z K" (f = fi)+ D Bk (f = fr)

€T fLeT

k€T k€T
= |l I2K" (f — £) K (f — f)
+K(f-F) D>, ol K(f - fi)
TegT\{f;}
+K"(f= 1) D ciBEK (f = fi)

fLeT

ST ok (f—fu)+ > BK (f = fi)

+ Y akic’%ffk)} QN
| ST \{f5}

+ 1D Bk (f - m] Q(HT,

_kaT

log|2K" (f = £) K (f = £3) < (@™™)? x (—11.69n2) x 0.9539
— —10.96n%,

and

1Q (H)lly < ™ K (f = f)l + ™ > [K(f = fr)l
fegT\{f5}
+ 8™ K (f = f)]
kaT
< 1.036.

It follows that

R{Q (NQUN"} < -10.96n7

+ (@™ K (=) D K= )l
T€T\{f;}
+ ™M K (f = £ > K (f — fu)]
kaT

+amax Z "C// f fk; ’ ”Q H2
fe@T\{/f5}

+ 8™ Y K" (F = f)l 1R ()]l

kaT
< —2.875n°.
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Finally, we conclude that

1dQ ()l

s ap =W+ R{Q(en”]

< —0.3910n°.

6 Proof of Theorem

6.1 Dual Certificate

For incomplete data, we also begin with the dual certificate stated in the proposition below, which generalizes
Proposition [5.1] for complete data.

Proposition 6.1. Suppose that the atomic set A is composed of atoms defined by a ( f, ¢) whose rows are indexed by
the set J being either {—2n,...,2n} or {0,--- N —1}. Then Y° = Zszl cka (fi, @) is the unique optimizer
to or if {aq (fr)} feeT © A}Z are linearly independent and there exists a vector-valued dual polynomial
Q:T— CE

Q) =a(H"V (48)
satisfying that
Q(fe) =, fueT, (49)
1Q(Nlly <1, feT\T, (50)
Vi=0rx1, Jj¢Q, (51)

|J|x L

where the coefficient matrix V. € C . Moreover, Y° = Zszl cka (fr, @) is the unique atomic decomposition

satisfying that || Y °|| 4 = Eszl Ck-

Proof. The proof is similar to that of Proposition Note that the dual problem of or is (23), and strong
duality holds between them. We can similarly show that |[V||y < 1 and (Vq,Y@)p = [[Y°| 4. Since (Y, V)
is primal-dual feasible, we conclude that Y° is a primal optimal solution due to the strong duality. Suppose that

there exists another optimal solution Y # Y ? with an atomic decomposition Y = > ok CkO (fk, qka) satisfying that
H?H = >k = [|Y?] 4 Since Yo = Y and that {aq (fi)} e C Ay, are linearly independent, there must

exist some fk ¢ T, otherwise the two decompositions will be identical and Y =Y°. Consequently, we have the
following contradiction:

> =[¥], = (v.¥),
_ <v,za (ﬁ,a;k)>

k

= 2 a{e(k) ), + L a(e (). o),

T€T JrgT

< ch-i- ch—ZCk,

freT frgT

showing that Y° is the unique optimizer. With similar arguments, we can conclude the uniqueness of the atomic
decomposition of Y°. [
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Remark 6.1. The condition that {aq (fi)} feeT C A}) are linearly independent is used to prove the uniqueness of
the optimizer to or (23). From this point of view, Proposition I1.4 of [16]] or at least its proof for the special SMV
case is flawed, where this condition is omitted. However, we will show later that it can be satisfied for free when we
construct the dual polynomial Q (f).

6.2 Revisiting the SMV Case

Similarly to the proof of Theorem [3.2] we first revisit the SMV case in [16], where a scalar-valued dual polynomial
is constructed inspired by [[13]] and proven to satisfy the three constraints listed in Proposition[6.1} While the uniform
sampling model is difficult to analyze directly, an equivalent Bernoulli observation model is studied instead following
from [5], where we say “equivalent” in the sense that the probability that or fails to recover the original
signal Y° under the uniform model is at most twice of that under the Bernoulli model. Assume in the Bernoulli
model that the samples indexed by J = {—2n,...,2n} are observed independently with probability p = %, ie.,
we observe about ) entries on average. In mathematics, we let {; }j ¢y beiid. Bernoulli random variables such
that

P =1) =p, (52)

where 0; = 1 or 0 indicates whether we observe the jth entry in J. It follows that the sampling index set £ =

{]5]:1}

To deal with the randomness of the observation model, [[16]] considers a random dual polynomial

) =D ak(f—fi)+ Y. BK (f = fu), (53)

€T fLeT

where K (f), a random analog of K (f), denotes a random kernel as follows:

= 1 N iomif
K(f) = n+1j§%(])6
) om 54)

— Z 6jgn (,7) 67i27rjf

n+1 i=om

with g, (j) defined in . It is clear that EX (f) = pK (f) and similarly for its derivatives. The proof of [16] is
mainly based on that the random kernel K (f) is concentrated tightly around its expectation pK (f) as the sample
size is large enough. As in the complete data case, let us denote [50}].,6 =K (fj — fr)s [El}jk =K' (fj — fx) and

mg] e = K’ (fj — fx), and then obtain the system of linear equations

EO Calﬁl (81 o 3]
e A

as in by imposing conditions as in (35) and (36), where ¢y, o, 3 and ® are defined in the same manner. The
D() Ca 1.D1
—66151 —Ca2ﬁ2
expectation pD, where D is the deterministic analog of D. That means, D is close to pI with high probability, and
hence, [caﬁ} is well defined by (55) and close to p~* [((I))] with high probability.
0

According to and , q (f) satisfies the interpolation condition and the support condition . To
further prove that it obeys , the authors show that the random perturbation between g (f) (and its derivatives)
and its deterministic analog ¢ (f) (and its derivatives) in Section can be arbitrarily small provided the sample

authors of [16] show that the coefficient matrix D = [ ] in is concentrated tightly around its
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size || is sufficiently large, firstly on a set of grid points and then extended to the continuous domain T. The
proof is completed by showing that |g (f)| (or its second derivative) can be arbitrarily close to | (f)| (or its second
derivative) on Tr,; (OF Thear)-
We list some useful results in [[16]] which are also necessary in our later proof. We start with some notations. For
7 € (0, 5], define the event
1. ={p7'D- D[, <7}

On & ;, D is guaranteed to be invertible. Then we introduce the partitions D= [L R| and D' = [L R],
where L, R, L and R are of the same dimension. Let

¥ (f — )"

- ) X@f;fH
”W”:%lcgnéﬂgf%yf (56)

_Calz(“rl) (f o fK)H_

and similarly define its deterministic analog v; (f), where K%Y denotes the Ith derivative of C and fj € T.Letobe
a small positive number and C' a constant which may vary from instance to instance.

Lemma 6.1. Assume Ay > 2. We have P (&) > 1 -6 if

50 2K
M > S Klog =2
T 1)

Lemma 6.2. Assume A > =. Let T € (O, ﬂ and consider a finite set Tgriq = {fq} C T. Then, we have

IP’[ sup Vi

— K
L @ (fa) —por ()|, 2 4 (2205 + 1oam | 1 =0,1,2,3
f d eTgr[d 2

< 64 [T e + P (5,)
VaMi, i 2K > 1

V2 /M
4

4
for some constant vy > 0, where 512 = 24l+1% max {1 2 K} and () < a <
K

VM otherwise.
Lemma 6.3. Assume Ay > % On the event &1 ;, we have
H(L —p L) pyy (f)H2 <Cr

for some constant C' > 0.

6.3 Proof of Theorem

Theorem [3.3]is a direct result of the following proposition.
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Proposition 6.2. Under the assumptions of Theorem[3.3] then there exists a numerical constant C such that

LN K LN
5,Kloglog\/;}

M > C'max {log2 5

is sufficient to guarantee that with probability at least 1 — ¢ there exists a vector-valued polynomial as in [{8)

satisfying (@)—for J being either {—2n, ..., 2n} or {0, -+ N — 1}, where {agq (fx)} 7 C Ag, are linearly
independent.

Similarly to the case of complete data, we first argue that we can consider only the symmetric case where
J = {—2n,...,2n}. In particular, we attempt to show that, under the assumptions of Proposition if we can
construct a vector-valued dual polynomial in the symmetric case, then a similar polynomial can be obtained in the
general case.

Our arguments are similar to those in Subsection for complete data. We omit the details but emphasize

~ , K
some important features. For a fixed set of frequencies 7T, {qbk = 2720 fi qbk}k . defined in are mutually

independent, with H(Aj;kHz = 1 and Eak = 0 under the same assumptions of {(l)k}f::l. Moreover, the linear

independence of {aq (fk)} s, c7 remains unchanged.
The rest of the proof is to show the existence of a dual polynomial as in Proposition [6.2] in the symmetric
case. Based on Lemma [6.1] we can easily obtain the following result, which shows the linear independence of

{aq (fk)}fke’["

Lemma 6.4. Assume A > % Then there exists a numerical constant C such that M > CK log % is sufficient to
guarantee that, with probability at least 1 — 0, {ag (fi)} foe1 are linearly independent.

Proof. According to (54), we have

1 .
_ E (1 —i2ml(fj—fx)
n+1 gn (L)€
e

= Jlr a9 ()" Gag (fr),

where G = diag (g, (1));cq, is a diagonal matrix composed of the entries {g, (1)}, [ € €2, and thus has full rank.
Denote Aq = [aq (f1),...,aqa (fk)] € CM*E ie., the matrix formed by {agq ( k)}f, e It follows that

1
Dy=—AHGAq.
0 n+1 QG Q2

On the event & -, since D, as well as Dy, is invertible, Ag must have full column rank provided M > K, ie.,
{aq (fi)} 4, o7 are linearly independent. Let us fix 7 = 1. Then the bound of M follows directly from Lemma
|

Remark 6.2. For a specific sampling index set S, it is generally infeasible to compute the quantity spark (.A}l)
as mentioned in Section Here we show that if Q is selected uniformly at random, then M > O (K log K) is
sufficient to guarantee that with high probability any K atoms in A}l are linearly independent under a frequency
separation condition. Define the conditional spark of A}] as

spark, (Ag, A) = inf {I? {agq (fk)}f:1 C A&, are linearly dependent with Ay = A}

Then we have spark, (A}z, %) > K + 1. This will be of independent interest.
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Inspired by [16]], we construct the following vector-valued polynomial
=Y K (f—fi)+ > BK (f— f), (57)
fR€T freT

where K is the random kernel, and oy, and 3, are vector-valued coefficients as in the complete data case. It is clear
by that Q (f) above satisfies the support condition . To make it satisfy and 1| we impose again that

)= > K (fi—fi)+ Y. BK fi) = &,
feeT fx€T
-/
)= > K (fi = fi)+ D> BK (fj = fr) =0,
freT freT
ie.,
- | a P
2ol = o]
where o = [af ,. .., aflp{}T € CE*L and similarly for 3 € CE*L. It follows that, on the event & -, [caﬁ} -
0

QY (= ay®V (f — f)+ Y B TR (5 )
fueT feT (58)

=w(pN"Le = (o.25()).
where 3, (f) is defined in (56). As in [16], we decompose L', (f) into three parts:
L', (f) = Lo (f) + L (@1 (f) = por () + (L - p7'L) " poi (£) . (59)
which results in a decomposition on ¢;'Q" (f):
&'Q" (1) = (@I ()
= (@, L"v () +(@.L" @ (f) = pou ()
+ (@, (L-p7'L)" pui (1))
= ' QU (N + 1L () + 1L ().

where QW (f) is the dual polynomial in the complete data case with calQ(l) (f) =(®, Ly, (f))- Here we
have defined

H
(60)

11 () = (@2 @ ()~ (1))
1(f) = (@.(L-p70)" pou()).
Denote the event

52:{ sup ¢ HQ(I Q(l)H << :O,1,2,3}.

fd EI’]1‘3,r1d 3

We attempt to prove that & happens, i.e., ¢y l@(l) (f) and ¢, QW (f) are close to each other on a fixed grid, with
high probability provided M is sufficiently large, which is summarized in the following proposition.
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Proposition 6.3. Suppose Tg.iq C T is a finite set of grid points. Under the assumptions of Proposition @ there
exists a numerical constant C such that if

1 Tyia| . L|Te K. L|T,,
M > C— max < log ‘ & d’ log } i d‘ ,Klog—logM ) 61)
€2 1) 1) 1) 1)
then
P(&)>1—06.

To prove Proposition we need to show that [ { (f) and Ié (f) are small on Tgyg. Differently from the SMV
case in [[16], however, both I} (f) and I} (f) are vector-valued and the difficulty is to provide tight bounds on their
norms. To do this, we present the following lemma which corresponds to the vector-form Heoffding’s inequality.

Lemma 6.5 (Vector-form Heoffding’s inequality). Let the rows of ® € CK*L be sampled independently on the
complex hyper-sphere S*~1 with zeros means. Then, for allw € CK, w # 0, and t > 0,
+2

P(|(@,w)l, > t) < (L+1)e 5.

Proof. See Appendix ]

The vector-form Heoffding’s inequality generalizes the common scenario with L = 1 which is used in [16] to
bound the scalars I} and 1. é by utilizing Lemma and Lemma respectively. Following the same procedures as
in [[16]] with minor modifications of the coefficients, we can bound I { and I é on Tgig with high probability, which is
summarized in the ensuing Lemma|[6.6|and Lemma [6.7|respectively. We omit their proofs and interested readers are
referred to the proofs of Lemmas IV.8 and IV.9 in [16].

Lemma 6.6. Under the assumptions of Proposition there exists a numerical constant C' such that if

MszaX{Ezmax<Klog‘5gd‘, log‘ ‘Zd‘ log |5g dl),Klogé},

then we have

P{ sup Ii(fd)H <el=0,1,2,3%>1—12.
deTgrid 2

Lemma 6.7. Under the assumptions of Proposition there exists a numerical constant C' such that if

1 K. L|Tgid
M > C?Klogglog —5

then we have

P< sup Ié(fd)H <el=0,1,2,33%>1-—80.
fdeTgrid 2

Now we can conclude Proposition[6.3|by combining (60), Lemma[6.6|and Lemma 6.7 with suitable redefinition
of C, € and 6.

We have shown in Propositionthat o l@(l) (f)and ¢, L (f) are close to each other on a fixed grid Tgrig C
T with high probability. We extend the result to the whole circle T in the following proposition.
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Proposition 6.4. Under the assumptions of Proposition[6.2] there exists a numerical constant C such that if

1 Ln3  Lin? K Lin?
M > C— max\< log VLn log n , K'log — log o , (62)
€2 €0 €0 5 €0
then with probability 1 — 9§, we have
sweg! [Q7 (1) -V (]| e 1=01,23
feT 2
Proof. See Appendix [B] [

Now we are ready to show that the vector-valued polynomial @ (f) constructed above satisfies , and so
complete the proof together with Lemma[6.4]

Lemma 6.8. Under the assumptions of Proposition there exists constant C such that if

L K L
M > Cmax{log25n,Klog610g \/;n}7

then with probability 1 — § we have B
RN, <1, fem\T.

Proof. The proof is based on Proposition [6.4] and the results in the complete data case in Section On Ty, We
have

QN < 1Q N+ Q) = (S]], < 0.99992 + .

So, it suffices to choose ¢ = 1075, On each interval | fi—v, fi+v], fj € T, we also accomplish the proof by
showing that

— 2
;W =@ v, +»{@" wew} <o

According to the results in Section it is easy to verify that
|0 <cr 1=012
for a numerical constant Cy. Let Ag = Q@ — Q. By Proposition |6.4{ we have
—IA () H _
A < 1=0,1,2.
g, <o 1=on
Moreover, with simple derivations we have

1Rl 16 1Q (I3
2 df? 2 df?

= R{20'88 +Q'AG + 240" + 2528} + A5l

It follows that

1PN 1l
0 12 df? 2 df?
<2|leg @y lleo " Agll, + [leo*@”[l; 1A¢ll
+ [lea”AGl1, 1Ql + [l A, 1Aelly + [l Mgl
< 4Che + 262
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Recall that ¢3 < 8” 8°n2 as n > 2. So we have

@@l 13 1Rl 1d QI3
2 df? =3 df? 2 df? 2 df?

< —0.3910n° + ¢j (4C1e + 2¢%)

< [—0.3910 + 2# (4C1e + 262)] n?
<0

as € is a sufficiently small numerical value. With this choice of €, we obtain from (62) the following (slightly

stronger) condition
9 VILn K VL n}

MZCmax{log 5 Klog;log 5

7 Numerical Simulations

7.1 Complete Data

We consider the complete data case and test the frequency recovery performance of the proposed atomic norm
method with respect to the frequency separation condition. In particular, we consider two types of frequencies,
equispaced and random, and two types of source signals, uncorrelated and coherent. We fix N = 128 and vary A,
(a lower bound of the minimum separation of frequencies) from 1.05N ! (or 0.9N ! for random frequencies) to
2N ! at a step of 0.05N 1. In the case of equispaced frequencies, for each Amm we select a set of frequencies

T of the maximal cardinality LA;HHJ with the frequency separation Ay = > Anin. In the case of random

A
frequencies, we generate the frequency set 7, A7 > Api, by repetltlvelLy adjdlng new frequencies (generated
uniformly at random) till no more can be added. Therefore, any two adjacent frequencies in 7 are separate by a
value in the interval [Amyin, 2Amin). It follows that | 7] € ( Amm, Amm] We empirically find that E |7 ~ 3A;n N
which is the mid-point of the interval above.

We first consider uncorrelated sources, where the source signals S = [sz;] € CK*% in (1)) are drawn i.i.d.
from a standard complex Gaussian distribution. Moreover, we consider the number of measurement vectors L =
1,3, and 5. For each value of Ay, and each type of frequencies, we carry out 20 Monte Carlo runs and calculate
the success rate of frequency recovery. In each run, we generate a set of frequencies 7 and S € C%*® and obtain
the complete data Y°. For each value of L, we attempt to recover the frequencies by the proposed atomic norm

method, implemented by SDPT3 [51]] in Matlab, based on the first L columns of Y °. Given the frequency solution

*

K* .y K*
T = { I3 }j:1 and mean amplitude {é; = \C/JZ}FI (see Section , we denote by ¢} the vector of the largest

K amplitudes (the rest by ¢* ;) and by 7, the corresponding set of frequencies. We may consider the rest of the
frequencies in 7* are spurious peaks with amplitudes ¢’ . The recovery is considered successful if K* > K,

root mean squared error (RMSE) of frequency ”2 < 1 x 1078 and maximum absolute error of amplitude

& — ¢
&*
—K

Figs. [I()] ango@], which verify the conclusion of Theorem [3.2]that the frequencies can be exactly recovered by the
proposed atomic norm method under a frequency separation condition. Moreover, when we take more measurement
vectors, the performance of recovery improves and it seems that a weaker frequency separation condition is sufficient
to guarantee exact frequency recovery in this case of uncorrelated sources. By comparing Fig. and Fig. we

< 1 x 1074, where ¢ denotes the true vector of amplitudes. Our simulation results are presented in
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also observe that a stronger frequency separation condition is required in the case of equispaced frequencies where
more frequencies are present and located more closely. It is worthy noting that with the equispaced frequencies
the minimum separation at which the atomic norm method starts to succeed is close to the necessary separation
condition in Remark [3.3|that A+ > (1 + i) N—L

We next consider coherent sources. In this simulation, we fix I = 5 and consider different percentages, denoted
by 7, of the K source signals which are coherent (identical up to a complex scale factor). That is, 7 = 0% refers
exactly to the case of uncorrelated sources considered previously. 7 = 100% means that all the sources signals are
coherent and the MMV case is equivalent to the SMV case. For each type of frequencies, we consider five values of
7 ranging from 0% to 100% and calculate each success rate over 20 Monte Carlo runs. Our simulation results are
presented in Figs. and It is shown that, as the percentage of coherent sources increases, the success rate
decreases and a stronger frequency separation condition is required for exact frequency recovery. As 7 equals the
extreme value 100%, the curves of success rate approximately match those at L = 1 in Figs. [1(a)|and[L(b)} verifying
that taking more measurement vectors does not necessarily improve the performance of frequency recovery. Finally,
we report the computational speed of the proposed atomic norm method. It takes about 11s to solve one SDP on
average and the CPU times differ slightly at the three values of L. About 22 hours are used in total to produce the
data used in Fig. [T}

7.2 Incomplete Data

For incomplete data, we study the so-called phase transition phenomenon in the (M, K) plane. In particular, we
fix N = 128, L = 5 and Api, = 1.2N !, and study the performance of our proposed atomic norm minimization
method in signal and frequency recovery with different settings of the source signal. The frequency set 7 is randomly
generated with A7 > Api, and |7| = K (differently from that in the last subsection, the process of adding

frequencies is terminated as |7| = K). In our simulation, we vary M = 8,12,...,128 and at each M, K =
2,4,...,min(M, 84) since it is difficult to generate a set of frequencies with K > 84 under the aforementioned
frequency separation condition. In this simulation, we consider temporarily correlated sources. In particular, suppose
1 r ...
ro1l .3
that each row of source signal S has a Toeplitz covariance matrix R(r) = | . . .| € R>*5 (up to a positive
rdrd 1

scale factor). Therefore, 7 = 0 means that the source signals at different snapshots are uncorrelated while » = +1
means completely correlated. In our simulation, we first generate S from an i.i.d. standard complex Gaussian

distribution and then let S (r) = SoR (r)%, where we consider » = 0,0.5,0.9, 1. For each combination (M, K),
we carry out 20 Monte Carlo runs and calculate the rate of successful recovery with respect to each r. The recovery
is considered successful if K* > K, the relative RMSE of data recovery |[Y* — Y|z / |[Y°|lp < 1 x 1075, the
RMSE of frequency recovery < 1 x 10~% and the maximum absolute error of amplitude recovery < 1 x 10~4, where
K* and the last two metrics are defined as in the previous simulation, and Y* denotes the solution of Y.

Our simulation results are presented in Fig. 2] where a transition from perfect recovery to complete failure can
be observed in each subfigure. More frequencies can be recovered when more samples are observed. Moreover,
when the correlations between the MM Vs, indicated by r, increase, the phase of successful recovery decreases, and
at the same time the phase transition becomes less clear. In the extreme case where r = 1, all the measurement
vectors are completed correlated, which in fact is equivalent to the SMV case. Therefore, by comparing Fig.
and the first three subfigures, we can conclude that the performance of frequency recovery improves in general when
more measurement vectors are observed. It is also worth noting that M/ = 128 corresponds to the complete data
case considered in the previous simulation.

We also plot the line K = % (M + L) in Figs. and K = % (M + 1) in Fig. (straight gray lines)
which are upper bounds of the sufficient condition in Theorem for the atomic ¢y norm minimization. We see
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Figure 3: Frequency recovery/estimation of atomic norm minimization (ANM) and MUSIC in the presence of noise,
with (a) L = 1, (b) L = 5 and uncorrelated sources, and (c) L. = 5 and coherent sources.

that successful recoveries can be obtained even above the lines, indicating good performance of the proposed atomic
norm minimization method. Again, we report the computational speed. It takes about 13s on average to solve each
problem and almost 200 hours in total to generate the whole data set used in Fig. 2|

7.3 The Noisy Case

While this paper has been focused on the noiseless case, one naturally wonders the performance of the proposed
method in the practical noisy case. We provide a simple simulation as follows to show this. We set N = 50,
M = 20 with Q randomly generated, K = 3 sources with frequencies of 0.1, 0.12 and 0.3 and powers of 2, 3 and
1 respectively, and L = 5. The signals of each source are generated with constant amplitude and random phases.
Complex white Gaussian noise is added to the observed samples with noise variance o> = 0.1. We attempt to
denoise the observed noisy signal Y'¢, and recover the frequency components by solving the following optimization
problem:

min || Y|, subject to [[Yg — Yali <e, (63)

where e, set to (M L+2vVM L) o2 (mean + twice standard deviation), upper bounds the Frobenius norm of the

noise with large probability. Our simulation results of one Monte Carlo run are presented in Fig. 3| The SMV case
is studied in Fig. where only the first measurement vector is used for frequency recovery. It is shown that the
three frequency components are correctly identified by the atomic norm minimization method while MUSIC fails.
The MMV case is studied in Fig. with uncorrelated sources, where both atomic norm minimization and MUSIC
succeed to identify the three frequency components. The coherent source case is presented in Fig. where we
modify source 3 in Fig. such that it is coherent with source 1. MUSIC fails to detect the coherent sources as
expected while the proposed method still performs well. All of the three subfigures show that spurious frequency
components can be present using the atomic norm minimization method, however, their powers are insignificant. To
be specific, the spurious components have about 0.4% of the total powers in Fig. and this number is on the
magnitude of 1076 in the latter two subfigures. Since the numerical results imply that the proposed method is robust
to noise, a theoretical analysis should be investigated in future studies. The proposed method takes about 1.5s in
each scenario. Finally, it is worthy noting that the proposed method requires to know the noise level while MUSIC
needs the source number.
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8 Conclusion

We studied the joint sparse frequency recovery problem in this paper which arises in practical array processing ap-
plications. We presented nonconvex and convex optimization methods for its solution and analyzed their theoretical
guarantees under no or very weak assumptions of the source signals. Our results extend the SMV atomic norm meth-
ods and their theoretical guarantees in [[13,/16] to the MMV case, extend the existing discrete joint sparse recovery
framework to the continuous dictionary setting, and provide theoretical guidance for the array processing applica-
tions. While this paper is focused on the worst case analysis, it will be interesting to investigate in the future the
average case under stronger assumptions of the source signals, in which numerical simulations of this paper suggest
that a weaker frequency separation condition is sufficient for exact recovery as the number of measurement vectors
increases.

A Proof of Lemma

The vector-form Heoffding’s inequality in Lemma [6.5]is a corollary of the following matrix-form Heoffding’s in-
equality in [55].

Lemma A.1 (Matrix-form Heoffding’s inequality). Consider a finite sequence { X .} of independent, random, self-
adjoint matrices with dimension d, and let { A} be a sequence of fixed self-adjoint matrices. Assume that each
random matrix satisfies

EX = 0and X3 < A? almost surely.

2
]P){)\max (ZXk> > t} < de 807,
k

where 0% £ H S, A7 H2 and Apay () denotes the largest eigenvalue.

Then, forallt > 0,

We now prove Lemmabased on the dilation technique [56]. In particular, the dilation of a vector v € C'*F
2
is a self-adjoint matrix o (v) = L’OH 8] e CUEADX(L+Y) Tt js not difficult to show that ¢ (v)* = [”%‘b vgv} <
2
[0]l3 Iz+1 and Amax (¢ (v)) = [l (V)[ly = [|v]l5.
We let X = ¢ (wilgy) and Y = 3, Xi = o (X, wiey) = ¢ ((®,w)), where ¢, is the kth row of
® with |||, = 1. It follows that { X} are independent matrices of dimension d = L + 1 with EX;, = 0
according to the assumptions of {¢,}. By the aforementioned properties of the dilation, we have that X % <

wag‘ka; Ipy1 = |we)* Try1 and Apax (Y) = [[(®,w)]],. So, we can choose A2 = |wy,|> I111 and it follows
that 02 = sz AiH2 = ||'w||§ We complete the proof by applying the matrix-form Heoffding’s inequality to
{Xk} )

t

P(|(®,w)ll, > 1) < (L+1)e ™15,

B Proof of Proposition [6.4]

The proof is based on the following Bernstein’s polynomial inequality.

Lemma B.1 (Bernstein’s polynomial inequality, [57]). Let q(z) be any polynomial of degree n on complex numbers
with derivative q'(z). Then,

sup |¢' ()| < nsup |q(2)].
21<1 12<1
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On the event &1 - N &, we make the following decomposition for some f € T and f; € Tgyiq:

o' [V -V )|,
<[V (0 - ()|, + " ||R" (0 - @V (1) (64)
+ ' ||V () - V(1) -

2

The second term has been bounded in Proposition We next provide a upper bound for ¢, ! H@(Z) (f)— @(Z) (fa)

>

2
while the same bound is applicable to ¢;" HQ(l) (fa) — QW (f) ||2 under similar arguments. Since @(l) (f) e CxL

is vector-valued and ||v||, < V/L ||v||_, for any v € C*£. We attempt to bound @(Z) (f) — Q(l) (f4) elementwise.
Denote @g-l) (f) the jth entry of Q(Z) (f)- Then we have

o'[@ (1] < (e, T ()] < on?

for some constant C' following from [[16] by noticing that qu:jH ) < H(I)HF = VK , where ¢:j denotes the jth
column of ®. Viewing ¢, l@g-l) (f) as a polynomial of z = e~¥2™f

polynomial inequality that

of degree 2n, we get by applying the Bernstein’s

QY (1) - '@ (1)]

_7—=I(l
dey'QV (2)
sup | ————

< )e—i27rfa _ emi2mhy
2 dz

< )efiﬂ'(fa+fb) - 2sin (7 (— fa + fb))’ - 9n sup )caléﬁ-” (f)‘
!
< 0n3 ‘fa - fb| .
It follows that

S0 -0l <V |8 0"
< CVIn® |fo — fol.-

o

3CVLn3

Then we can select Tgiq satisfying }Tgrid| < such that for any f € T there exists a point fg € Tgyq

satisfying that |f — fy| < Consequently, we have ;" H@(l) (f)— @(l) (fa) H2 < £, which together with

gives thaton &; - N &y

___€
3CVLn3"

IRIPS()
@' [V (N =), < e forany feT.
Finally, is a direct consequence of 1i by inserting that |Tgrid| < w When 1i is satisfied, we have
P (E1,7 N &) > 1 — 26 by Proposition|[6.3]and Lemmal6.1]
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