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Abstract

We consider the problem of resolving r point sources from n samples at the low end of the spectrum
when point spread functions (PSFs) are not known. Assuming that the spectrum samples of the PSFs lie
in low dimensional subspace (let s denote the dimension), this problem can be reformulated as a matrix
recovery problem, followed by location estimation. By exploiting the low rank structure of the vectorized
Hankel matrix associated with the target matrix, a convex approach called Vectorized Hankel Lift is pro-
posed for the matrix recovery. It is shown that n > rslog* n samples are sufficient for Vectorized Hankel
Lift to achieve the exact recovery. For the location retrieval from the matrix, applying the single snap-
shot MUSIC method within the vectorized Hankel lift framework corresponds to the spatial smoothing
technique proposed to improve the performance of the MMV MUSIC for the direction-of-arrival (DOA)
estimation.
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1 Introduction

1.1 Problem formulation

In this paper, we study the super-resolution of point sources when point spread functions (PSFs) are not
known. More specifically, consider a point source signal z(t) of the form

x(t) = idk(S(ﬁ—Tk), (1.1)
k=1

where §(-) is the Dirac function, {7} and {dy} are the locations and amplitudes of the point source signal,
respectively. Let y(t) be its convolution with unknown point spread functions,

y(ﬁ)Zidké(t—ﬂg)*gk(ﬁ)Zidk-gk(t—Tk), (1.2)
k=1

k=1

where {gx}}_, are the point spread functions depending on the locations of the point sources.
Taking the Fourier transform on both sides of (L2) yields

“+oo ) T )
3(f) = / YOIt = 3 dye TG (f). (1.3)

> k=1
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The goal in blind super-resolution is to recover {dy, 7 }}_; from the low end of the spectrum

yljl =D dre ™ gy[j] for j=0,---,n—1 (1.4)

k=1
when gi = [gx(0), -+ ,gx(n—1)]T, k= 1,--- ,r, are not known. Here we assume the index j € {0,1,--- ,n—1}
rather than j € {—|n/2],---,[n/2]} only for convenience of notation. In addition to blind super-resolution,

the observation model (4] also arises from many other important applications, such as 3D single-molecule
microscopy [47], multi-user communication system [43] and nuclear magnetic resonance spectroscopy [46].
It is evident that the blind super-resolution problem is ill-posed without any further assumptions. To
address this issue, we assume that the set of vectors {gi}}_, corresponding to the unknown point spread
functions belong to a common and known low-dimensional subspace represented by B € C"**, i.e.,

gr = Bhy, (1.5)

where hy € C?® is the unknown orientation of gj in this subspace. As is pointed out in [60], the subspace
assumption is reasonable in several application scenarios. Moreover, it has been extensively used in the

literature, see for example [I, 18] 60, 33| 37].

For any 7 € [0, 1), define the vector a, € C™ as

a, = [1 e—2miT-1 . 67271'1'7"(7171)]1— . (16)

Let b; € C* be the jth column vector of B*. If we define the matrix X € C**" as

X% = dphial,, (1.7)
k=1

then under the subspace assumption (3 and using the lifting trick [TI, [12] [T9] 18] 60, 38 64, [42] B7], the

observation model (L4) can be reformulated as a linear measurement of X

y[]]:<bje;r7zdk:hka;rk> fOI’jZO,--- ;n—1, (18)
k=1

where the inner product of two matrices is given by (A, B) = trace (A*B), e; is (j + 1)th column of the
n x n identity matrix I,,, and throughout this paper vectors and matrices are indexed starting with zero.
Moreover, we can further rewrite (L) in the following compact form,

y = AX?), (1.9)

where A : C5*™ — C™ is a linear operator defined by [A(X)]; = (bje;'»-,X>. The adjoint of the operator
A(+), denoted A*(+), is defined as A*(y) = Z;:Ol yljlbse; .

Based on the above reformulation of blind super-resolution under the subspace assumption, it can be
seen that the key is to recover X from the linear measurement vector y. Once X is reconstructed, the
frequency components can be extracted from X by the subspace methods which will be detailed in Section
After the frequency components are obtained, {dj, hi} can be recovered by solving a least squares
system. Moreover, due to the multiplicative form of dy, and hy in (LT), we only expect to recover them
separately up to a scaling ambiguity. Thus, we will assume that [|hy||, = 1 without loss of generality.

Note that the formulations in (L4]) and (L9) are by no means new and they have been utilized in [60].
Moreover, when the point spread function g is shared among all point sources (i.e., the stationary case),
([T reduces to the blind sparse spikes deconvolution model considered in [I8]. To recover the target matrix
X7 from the linear measurements y, following the approach developed in [53] for spectrally sparse signal
recovery, a similar atomic norm minimization method is proposed in [60],

min || X |5 subject to y = A(X), (1.10)



where the atomic norm || X ||z is defined as

X|p:=inf{t >0: X €t-conv(B)} = inf dp : X = dphral ,dip >0,
X I = in B = B e X = S > 0

The successful recovery guarantee of (LI0) is studied in [60], while the robust analysis is provided separately
in [33]. Note that for spectrally sparse signal recovery, in addition to atomic norm minimization, there are
also methods which exploit the low rank property of the structured matrix formed from the signal [15] [6] [7].
This motivates us to develop a low rank approach for blind super-resolution.

1.2 Exploiting the low rank structure: Vectorized Hankel Lift

We start with a brief view of spectrally sparse signal recovery based on the hidden low rank structure. Let
z(t) be a spectrally sparse signal consisting of 7 complex sinusoids,

T
x(t) = Z dye” 2T
k=1

Let = [2(0),--- ,2(n — 1)]T be a vector of length n which is obtained by sampling x(¢) at n contiguous,
equally-spaced points. In a nutshell, spectrally sparse signal recovery is about reconstructing the signal
from its partial samples. Recalling the definition of a, in (L], we can represent x as

=Y dia],. (1.11)
k=1

Let H be a linear operator which maps a vector « into an n; X ny Hankel matrix,

Zo Ty ot Tpp—1
‘Tl :L'2 PR :I:nz " Xn
H(x)=| . o .| eCmre, (1.12)
Tni—1 Ty e Tn—1

where z; is the ith entry of  and ny +ns = n+1. Without loss of generality, we assume ny = ny = (n+1)/2
in this paper. Due to the particular expression of @ in (ILIT]), it is not hard to see that the rank of H(x) is
at most r according to the Vandermonde decomposition of H(x) [15].

Note that the expression for the data matrix X! in (L) is overall similar to that for the spectrally sparse
vector @ in (LTI, except that the weights dihy in front of a;rk in (C7) are vectors and consequently X©
is a matrix rather than a vector. Intuitively, if we treat each column of X! as a single element and form a
matrix in the same fashion as in (ILI2)), it can be expected that the resulting matrix is also low rank. This
is indeed true. Specifically, let H be the vectorized Hankel lifting operator which maps a matrix X € C**"
with columns {z;} into an sn; X ny matrix,

Ty T1 o Tpyi
T T2 P wnz "
HX) = S S R (1.13)
Tny—1 LTnpy e Tn—1

where ny + no = n + 1. To distinguish the matrix H(X) in (ILI3]) from the one in (LI2), we refer to H(X)
as the vectorized Hankel matriz associated with X. Then a simple algebra yields that the vectorized Hankel
matrix H(X?) associated with X" appearing in the blind super-resolution problem admits the following
decomposition:

H(X?) = By diag(ds, - ,d,)Ef, (1.14)



where the matrices Fp 1, and Eg are given by

hi ho . h,
h16727ri7'1~1 h26727ri7'2-1 .. h 67271'1-7'7"1
T
Ep,1 = : : , . € Comxr (1.15)
h1672ﬂ'i7’1-(n171) h26727ri72~(n171) . href27ri7'r-(n171)
and
e—27riT1 e—27ri‘rg L. e—27ri‘rqn
Ep = . . , . € Craxr (1.16)
e—27ri7'1'»(n2—1) 6—271'7:7'2"(712—1) L 6—271'7:7'7:'(77,2—1)

It follows immediately that the rank of #(X¥) is at most r and thus it is a low rank matrix when 7 is smaller
than min(snq, n2).

In this paper we adopt the popular nuclear norm minimization to exploit the low rank structure of
H(X u), yielding a convex approach for the reconstruction of X which is also referred to Vectorized Hankel
Lift. Exact recovery guarantee will be established based on certain assumptions on the subspace matrix B

in (L3).

1.3 Other Related Work

In this section, we give a brief introduction of other related work in addition to [I8] [60, 33]. When the point
spread functions are known and do not depend on the locations of the point sources, the measurement model

(T4 reduces to

y[j]zzdke_2ﬂ—i‘rk'j fOI'jZO,"' ,’I’L—l. (117)
k=1

In this case, estimating the locations 7, and amplitudes dj from y is typically known as super-resolution
or line spectrum estimation. This problem arises in many areas of science and engineering, such as array
imaging [31] [52], Direction-of-Arrival (DOA) estimation [51], and inverse scattering [26]. The solution to
this problem can date back to Prony [45]. In the Prony’s method, the locations are retrieved from the roots
of a polynomial whose coefficients form an annihilating filter for the observation vector. Nevertheless, the
Prony’s method is numerical unstable despite that in the noiseless setting successful retrieval is guaranteed
in exact arithmetic. As alternatives, several subspace methods have been developed, including MUSIC [50],
ESPRIT [48], and the matrix pencil method [29]. In the absence of noise, the subspace methods are also
able to identify the locations of the point sources. When there is noise, the stability of these methods has
been studied in [41, [0, 35, [44] in the regime when A > C/n, where A is the minimum (wraparound)
separation between any two locations, and C' > 1 is a proper numerical constant. The analysis essentially
relies on the lower bound on the smallest singular value of the Vandermonde matrix. The super-resolution
limits of MUSIC and ESPRIT have been discussed in [34] 35], which is about the noise level that can be
tolerated in order for the algorithms to achieve super-resolution when A < 1/n. In this regime, it is difficult
to obtain a general and nontrivial lower bound on the smallest singular value of the Vandermonde matrix.
Thus, the super-resolution limits in [34], [35] are established for point sources whose locations obey certain
configurations.

Inspired by compressed sensing and low rank matrix reconstruction, various optimization based methods
have also been developed for super-resolution and related problems. In [9], the total variation (TV) mini-
mization method is used to resolve the locations of the point sources. It is shown that when A > C/n, exact
recovery of the locations can be guaranteed. Moreover, the solution to the TV minimization problem can be
computed by solving a semidefinite programming (SDP). Note, in the discrete setting, super-resolution can



be interpreted within the framework of compressed sensing. However, since the measurement model in super-
resolution considers the low end spectrum, and hence is deterministic, the typical successful recovery guaran-
tee for compressed sensing [I1] cannot sufficiently explain the success of the TV norm minimization method
for super-resolution. The robustness of TV norm minimization is studied in [8], and the super-resolution
problem of non-negative point sources is considered in [22] 49, 20l 21l 23]. Moreover, super-resolution from
time domain samples has been investigated in [2] [4] 23].

When only partial entries of y are observed in (ILTT), filling in the missing entries is indeed the spectrally
sparse signal recovery problem. Motivated by the work in [I3], an atomic norm minimization method
(ANM) is proposed for this problem. It is shown that y can be reconstructed from O(rlogrlogn) random
samples provided the frequencies are well separated. ANM has been extended in [39, [63] to handle the
case when multiple measurement vector (MMV) are available. In the setting of MMV, multiple snapshots of
observations are collected and they share the same frequencies information. As already mentioned previously,
the Hankel matrix corresponding to y is a low rank matrix. Consequently, spectrally sparse signal recovery
can be reformulated as a low rank Hankel matrix completion problem, and replacing the rank objective
with the nuclear norm yields a recovery method known as EMaC. It has been shown that EMaC is able
to reconstruct a spectrally sparse signal with high probability provided the number of observed entries is
O(r log* n). In [6I], a formulation of EMaC for the multi-snapshots scenario is presented. Additionally,
based on the low rank property of the Hankel matrix, provable non-convex algorithms have been developed
in [6 [7] to reconstruct spectrally sparse signals. Later, Zhang et.al. [65] extend one of the non-convex
algorithms to complete an MMV matrix, and in this work the same vectorized Hankel lift technique is
used to exploit the hidden low rank structure. Recently, a matrix completion problem based on the low
dimensional structure in the transform domain is studied in [I4]. More precisely, it is assumed that after
applying the Fourier transform to each column of the target matrix, each row of the resulting matrix will
be a spectrally sparse signal. Since it does not require the spectrally signals share the same frequency
information, a block-diagonal low rank structure is adopted to exploit the low dimensional structure. Exact
recovery guarantee is also established provided the sampling complexity is nearly optimal.

Apart from super-resolution and spectrally sparse signal recovery, our work is also related to blind
deconvolution. After the reparametrization of the signal and blurring kernel under the subspace assumption
[, the goal in blind deconvolution is to recover the vectors 2" and h? simultaneously from the measurement
vector in the form of

y = diag(Bh") Ax".

Noting that the above measurement model can be reformulated as a linear operation on a rank-1 matrix, a
nuclear norm minimization method is proposed for blind deconvolution. The performance guarantee of the
method has been established in the case when B is a partial Fourier matrix and A is a Gaussian matrix.
A non-convex gradient descent approach for blind deconvolution is developed and analyzed in [37], and the
identifiability problem is studied in [38] [19].

1.4 Notation and Organization

Throughout this work, vectors, matrices and operators are denoted by bold lowercase letters, bold uppercase
letters and calligraphic letters, respectively. Note that vectors and matrices are indexed starting with zero.
The letter Z denotes the identity operator. We use G; to denote the matrix defined by

1
G = el :
; - Z ejer, (1.18)
Jj+k=i
0<j<ni—1
0<k<ns—1
where w; is a constant defined as

In fact, {Gi};zol forms an orthonormal basis of the space of ny x ny Hankel matrices.



We use x[i] to denote the ith entry of @ and X; 1, or X[, k] to denote the (7, k)th entry of X . Additionally,
the ith row and jth column of X are denoted by X;. and X.;, respectively. Furthermore, we use the
MATLAB notation X (i : j, k) to denote a vector of size j — i + 1, with entries X 5, -+, X; s, l.e.,

X (i, k) = [Xigs-- Xju] "

For any matrix X, trace(X), X*, X T and vec(X) are used to denote the trace, conjugate transpose, trans-
pose and column vectorization of X, respectively. Also, || X||, || X|/¢ and || X, denote its spectral norm,
Frobenius norm and nuclear norm, respectively.

We use diag(a) to denote the diagonal matrix specified by the vector a. For a natural number n, we use
[n] to denote the set {0, --- ,n—1}. For any two matrices A, B of the same size, their inner product is defined
as (A, B) = trace(A*B). Moreover, we will refer to Ao B,A® B, A® B as the Hadamard, Kronecker
product and Khatri-Rao product respectively. More precisely, the Hadamard product is the element-wise
product of two matrices and the Kronecker product between A and B is given by

AnB ApB --- Ay B
A21B A22B R AQTB
A®B: ) . ) ) 6@5711)(7"7127
AslB ASQB e AsrB
and the Khatri-Rao product is given by
A@B:[a1®b1 ar®b7‘}€csn1><r,

where a;, b; denote the ith column of A and B, respectively. By the application of the Khatri-Rao product,
we can rewrite Ep 1 in (II5) as Ep 1, = Er © H, where Er, and H are matrices given by

1 1 e 1
872771'7'1 872771'7'2 8727”.7’”
E; = e Ccmxr (1.20)
6—271'1’7'1'-(711—1) 6—271'1’7'2'-(711—1) . 6—271'1’7'7\'»(111—1)
and H = [hl hr} e Csxr,
Throughout this paper, ¢, ¢1, ¢, -+ denote absolute positive numerical constants whose values may vary

from line to line. The notation n 2 f(m) means that there exists an absolute constant ¢ > 0 such that
n > c- f(m). Similarly, the notation n < f(m) means that there exists an absolute constant ¢ > 0 such that
n<c-f(m).

The rest of this paper is organized as follows. Section [l begins with the presentation of Vectorized Hankel
Lift and its recovery guarantee, followed by the retrieval of the point source locations. Numerical results to
demonstrate the performance of Vectorized Hankel Lift is presented at the end of Section 2l The proofs of
the main result are provided from Section [l to Section[Gl Finally, we conclude this paper with a few future
directions in Section [7

2 Vectorized Hankel Lift and Frequency Retrieval

2.1 Vectorized Hankel Lift and recovery guarantee

Under the assumption that #(XF) is a low rank matrix, it is natural to reconstruct X* by solving the affine
rank minimization problem

minrank(H (X)) s.t. y = A(X). (2.1)



However, the problem (21)) is computational intractable due to the rank objective. Since the nuclear norm
of a matrix is the tightest convex envelope of the matrix rank, seeking a solution with a small nuclear norm
is also able to enforce the low rank structure. Therefore, instead of solving (2] directly, we consider the
following nuclear norm minimization problem for the recovery of X

min |[|H(X)|, st. AX)=y. (2.2)

XECSXTL

In this paper, we refer to (Z2) as Vectorized Hankel Lift. There are many existing software packages that
can be used to solve this problem. Thus we restrict our attention on the theoretical recovery guarantee of
Vectorized Hankel Lift and investigate when the solution of ([22)) coincides with X?.

We need to reformulate ([Z2]) in order to facilitate the analysis. Let Z be an snj X ne matrix which can
be expressed as

20,0 20,m2—1
Z = : o : € Comxne,
Zn1—1,0 0 Znyp—1,mne—1
where z;, = Z(js : (j+1)s—1,k) for j =0,---,ny — 1l and k = 0,--- ,no — 1. Recall that H is the

vectorized Hankel lift operator defined in (LI3). The adjoint of H, denoted H*, is a linear mapping from
sny X mg matrices to matrices of size s X n. In particular, for any matrix Z € C*":*"2 the ith column of

H*(Z) is given by

H*(Z)e; = Z Zjk, fori=0,---,n—1.

j+k=i
0<j<ni—1
0<k<na—1
Letting D? = H*H, we have
D*(X) = [wowo wn_lwn_l] , for any X € C**",

where the scalar w; is defined as
w; =#{(,k)|i+k=1,0<j<n —1,0<k<mng—1}fori=0,--- ,n—1.
Moreover, we define G = HD~'. Then

n—1 n—1
G(X)=> G(zie]) =) Givuwz, (2.3)
i=0 i=0

where the set of matrices {G;}7~; defined in (LI8) forms an orthonormal basis of the space of ny x ny
Hankel matrices. The adjoint of G, denoted G*, is given by G* = D~'H*. Additionally, G and G* satisfy

g'6=1 |Gl =1, and [g7] <1.
Letting Z = H(X) = gD(X), it can be readily verified that
D(X)=6G"(Z) and (Z-GG")(Z)=0.

Furthermore, define D = diag(y/wo, - - - , v/Wn—_1). We have AD(X) = DA(X) for any matrix X. Therefore,
the optimization problem (Z2]) can be reformulated as

L min | Z], st Dy = AG(Z) and (I - GG7)(Z) = 0. (2.4)
€Csn1xny

Due to the equivalence between ([2.2)) and (2.4), it suffices to investigate the recovery guarantee of ([2.4]).
To this end, we make two assumptions.



Assumption 2.1. The column vectors {b; ;‘;01 of the subspace matriz B* are independently and identically

sampled from a distribution F which obeys the following properties:

e [sotropy property. A distribution F obeys the isotropy property if for b ~ F,

E [bb*] = I,. (2.5)
e Incoherence property. A distribution F satisfies the incoherence property with parameter uo if for
b~ F,
2
< .
oJnax [BUAI" < o (2.6)

holds, where b[] denotes the (th entry of b.

o Forb~ F, the sampled column vectors {b; }?:_01 satisfy

. 2
S > 1. .
omin b ll; =1 (2.7)

The first two conditions [28) and (26]) in Assumption 2] are first introduced in [I0] in the context
of compressed sensing and these two properties are also made in [I8], 60, [33] for the blind super-resolution
problem. If F has mean zero, the isotropy condition states that the entries of b have unit variance and
are uncorrelated, which implies g > 1 in the incoherence property. The lower bound pg = 1 is achievable
by several examples, for instance, when the components of b are Rademacher random variables taking the
values +1 with equal probability or b is uniformly sampled from the rows of a Discrete Fourier Transform
(DFT) matrix. In addition to () and (Z8]), we also need ([ZT) to establish our main result. However,
we would like to point out that ([Z7) is not a stringent condition, but holds (either trivially or with high
probability) by many common random ensembles.

e If the components of b are Rademacher random variables or b is uniformly sampled from the rows of
a DFT matrix, it is trivial that for any fixed j € [n], Hbj||§ =s>1

e Suppose the components of b are independently and identically sampled from a distribution with mean
zero and unit variance, such as the uniform distribution on the interval [—+/3, v/3]. In such case, we can
apply the bounded difference inequality to show that (2.7 holds with high probability, see Lemma Bl

Assumption 2.2. There exists a constant 1 > 0 such that

Omin(BLEL) > 2 and  owin(EpER) > -2, (2.8)
251 M1

where Ey, and Eg are given in (L20) and ([LI6) and omin(-) denotes the smallest singular value of a matriz.

Assumption is the same as the one made in [I5] [6] [7] for spectrally sparse signal recovery. Later,
we will show that Umin(EZ7LEh,L) > % also holds when oy (EF EL) > %, see Lemma 3.3l Recalling the
definition of FEj, and Eg, this assumption is essentially about the conditioning property of the Vandermonde
matrix. This property is studied in [4I] through the discrete Ingham inequality [30] and in [44] through the
discrete large sieve inequality [56]. In particular, it follows from [44] that Assumption holds when the
minimum wrap-around distance between the frequencies, denoted A, satisfies

A > w (2.9)

We are in position to present the main result of this paper.



Theorem 2.1 (Exact recovery guarantee of Vectorized Hankel Lift). Under Assumptions [Z1 and 22,
Z% = H(X") is the unique optimal solution to [ZA) with probability exceeding 1— co(sn) ™ —ns=°2, provided
that n 2 popy - ST log4(sn), where cg, c1, co are absolute constants.

Remark 2.1. The sampling complexity established in [60] for the atomic norm minimization method is
n 2 o« ST 10g3(sn). While this is slightly better than the sampling complexity for Vectorized Hankel Lift, our
analysis is based on less stringent assumptions. In our analysis, the coefficients {hi}}._, are not required to
be i.i.d. samples from the uniform distribution on the complex unit sphere, but can be any unit norm vectors.
In addition, noting that the right-hand side of ([29) is about 2/n for moderately large 1, which is smaller
than 4/n, the separation required in the main result of [60]. It is worth noting that the robust analysis of the
atomic norm minimization method has been studied in [33] and we will leave the robust analysis of Vectorized
Hankel Lift for future work.

The proof of Theorem 2] follows a well established route that has been widely used for compressed
sensing and low rank matrix recovery. In a nutshell, a dual variable needs to be constructed to verify the
optimality of Z%. That being said, the details of the proof itself are nevertheless quite involved and technical,
and cannot be covered by the results from existing works. In particular, we need to show that there exists a
partition of the measurements satisfying a list of desirable properties in order to construct the dual certificate.

2.2 Variants of MUSIC for frequency retrieval

In this section, we discuss the subspace method, particularly the MUltiple SIgnal Classification (MUSIC)
algorithm [50], for computing the frequency parameters {74 };_, from the matrix X%. Note that once {75 }}_,
are obtained, the weights {d, h} can be computed by solving an overdetermined linear system. As can be
seen later, applying the idea of the single snapshot MUSIC to H(X?) yields a variant which is equivalent to
the existing spatial smoothing technique proposed to improve the performance of the Multiple Measurement
Vector (MMV) MUSIC.

The careful reader may notice that every single row of X is a spectrally sparse signal of the form (IT)),
and moreover, all the rows share the same frequency parameters {7}},_,. Thus we can apply the single
snapshot MUSIC algorithm to a row of X? for frequency retrieval. Let x; = Y _; dphy[flal ;1 < 0 < s.
Recall that H(x,) is the Hankel matrix of rank r and it admits the Vandermonde decomposition

H(x,) = Ep, diag(dih1[4], - - -, d.h,[0) EF,. (2.10)
Moreover, letting
b \%
H(z) =[U U [ H] 2.11
()" = [ 1] of |vr (2.11)

be the SVD of #(z,)T, where U € C**", U, € C*("~7) 3 ¢ R™" V € C"*" and V| € Cm*(m—7),
it is evident that U and Eg span the same column space. Note that Er = [an, e ,aTT], where a,, =

[1,-- ,8727”7’“'(”271)]1—. It follows from the property of the Vandermonde matrix that
a. € Range(ER) if and only if 7 € {m1,--- , 7}

Therefore we conclude that 7 € {r,---, 7.} if and only if 1/ ||Uja7.|\§ = 00. The single snapshot MUSIC
algorithm utilizes this idea to identify the frequencies, and it consists of the following two steps:

1. Compute the SVD of H(z,)" as in (ZII);

2. Identify {73}}_, as the r largest local maxima of the pseudospectrum: f(7) =1/ ||UIaT||§.



Here we present the single snapshot MUSIC algorithm directly based on the Hankel matrix H(xz). Equiv-
alently, it can be interpreted from the autocorrelation matrix model for signals, see for example [32] and
references therein. In the noiseless setting, it is easy to see that the single snapshot MUSIC algorithm is able
to compute {7 }}_, exactly. When noise exists in x;, the procedure of the algorithm remains unchanged,
but with the SVD of H(z¢)" being replaced by the SVD of the noisy Hankel matrix and with U, being the
left singular vectors corresponding to the no — r smallest singular values. The stability analysis of the single
snapshot algorithm is discussed in [41].

To motivate the new variant of the MUSIC algorithm for estimating the frequencies from X, we note
that Er appears as a separate component both in the Vandermonde decomposition of H(x,) and that of
H(X"), see (LI4) and @I0). Therefore, we can replace the SVD of H(z,)" with the SVD of H(X™)T in
the first step of the single snapshot MUSIC algorithm. This gives the following variant:

1. Compute the SVD of H(X")T: H(X*)T = [U UL]|EV*, where U € C"2*" and U, € Cr2x(n2=7);
2. Identify {7}}_, as the r largest local maxima of the pseudospectrum: f(r) =1/ ||Uj_a‘r||§.

The following lemma establishes a connection between this variant and the single snapshot MUSIC, showing
that the former one actually utilizes the SVD of the matrix formed by stacking all H(x,) ({ = 1,---,5)
together.

Lemma 2.2. Let H(X"Y) be a matriz constructed by stacking all H(x¢) on top of one another:

H(w1)
HXH) =] : | eCsmxm,
H(xs)
There exists a permutation matriz P € R¥™ %5 such that H(X") = PH(X?).

Proof. Following the Vandermonde decomposition, the £th block of ﬁ(X %) can be rewritten as

dy - hy /]
H(e] X)) = Ep E}

dy
=(BEL0e H) Ep

where h; is the ith column of H and h;[¢] is the ¢th entry of h;. Thus ﬁ(X %) has the following decomposition
H(X") = (H © E,)DE},.

According to the commutative law in [66, Section 1.10.3], there exists a permutation matrix P such that
HOE,=P(E,®H). O

Based on Lemma [2.2] we will see that the variant obtained by applying the single snapshot MUSIC idea
to H(X h) corresponds to the spatial smoothing technique (more precisely the forward only spatial smoothing
technique). First, treating the rows of X! as i.i.d samples of a random signal whose covariance matrix can
be used to compute the signal space U as in (ZI1)), MMV MUSIC [52] uses the principal eigenspace of the
empirical covariance matrix (up to a scaling factor 1/s)

S
*
R = E T;x;
i=1

10



to compute U. However, when the signal comes from coherence sources, the performance of MMV MUSIC
will degrade. To deal with this difficulty, the forward only spatial smooth technique proposes to increase the
number of samples by partitioning each @; into ny overlapped short samples (with each short sample being
of length ny, where n1 +no = n+ 1), and then construct the empirical covariance matrix from all the s - ng
short samples. A simple algebra yields that the new empirical covariance matrix is indeed given by (up to a
scaling factor 1/(sn2))

R= Z’H(wi)’l—[(mi)*.

It is not hard to see that the principal eigenspace of R is the same as the principal singular vector space of
H(X"). Thus, by Lemma 2 we know that the variant obtained by applying the single snapshot MUSIC
idea to H(X") is equivalent to the spatial smoothing MUSIC. For more details about spatial smoothing, see

25} 24} 62].

2.3 Extension to higher dimension

Vectorized Hankel Lift and the analysis are easily extended to higher dimensional array recovery problem.
For ease of exposition, we give a brief discussion of the two-dimensional (2D) case but emphasize that the
situation in higher dimensions is similar. For the 2D blind super-resolution problem, the data matrix can be
expressed as

Yjg=) dge TGy ],
k=1

where dj, is the amplitude, 7y, := (71x, T2x) is the 2D frequency and G}, corresponds to the Fourier samples

. . . ; ; T
of the unknown 2D point spread function. Letting a,, = [1 e 2771 ... 6_27”7—3’“'(71_1)} € C" for
s = 1,2, the 2D data array can be rewritten in a more compact form:

Y = de (ama;k) o Gy,
k=1

Likewise, we assume that there exists a subspace matrix B € C"" s such that vec(Gy) = Bhy for any
k=1,---,r. Then

y:=vec(Y) = Z di vec(an,a,, ) ovec(Gy) = Z di (ar,, @ ar,,) o (Bhy).
k=1 k=1
For any 0 < j,¢ <n — 1, the (jn + £)th entry of y is given by

r
T *
Yjnt+e = E dg (a7'2k ® ale) €jnte (bjnJrlhk)
k=1

= Z trace (dk (aT2k & ale)T €jn+e (b;n+lhk))
k=1

r
« T
= Z trace (ejn+£bjn+[dkhk (aTgk oy ale) )
k=1

T
T
= <bjn+le_;l’—n+éa Z dkhk (‘]’7'2;C & ale) >7
k=1

11



where bj,, ¢ is the (jn + £)th column of B*. Therefore, we have y = A(X?), where X! =) dral

T2k
(hkaT

le), and A: C*"" — C"’ is a linear operator given by

[A(X)]Jn+f = <bjn+fe;rn+la X> .

As in the 1D case, the blind super-resolution problem is essentially about recovering the target matrix X@
from the observation vector y.
Note that the target matrix X can be rewritten as the following block form:

Xh = [22:1 dk (hka‘l—l'—lk) ZZ:I dkeizﬂihk (hka;l:lk) T 22:1 dkei2m7%.(n71) (hka;l:lk):l :

Letting XE =3, dge2miTanct (hka;rlk), we define the two-fold vectorized Hankel lift of X* as follows:

H(X]) H<X§> e H(XE )

b
XY H({m chz) H():cm |
HXE ) HXL) - H(XE )

where H(X E) is the vectorized Hankel matrix defined in (LI3)). It can be readily shown that H(X?) has the
following decomposition

(EL @H)Yo
(E, © H)Y!

H(X") = D[Y'E} Y'E] -.- Y™ 'EJ|:=LDR', (2.12)

(EL ® H) ymu-1

where Ep, Er are two matrices defined in (L20) and (CI6) but with the frequencies {rx},_,, H =
[hl e hr] € C**" D = diag(dy, -+ ,d,) and Y = diag(e 27721 ... e~ 27iT2r),

If all frequencies 71k, 7ok are distinct and all dj are non-zeros, it is not hard to see that H (X h) is a low
rank matrix. Therefore, we can recover X? by solving the following convex programming

min [[H(X)], st. AX) =y. (2.13)
XGCanz

The recovery guarantee of ([2I3]) can be similarly established in the following theorem. The proof details
are overall similar to that for Theorem 2.1 and thus are omitted.

2 2
Theorem 2.3. Under Assumption I1.1 and suppose omin(L*L) > % and omin(R*R) > %, the data matriz

X! e C*"* is the unique optimal solution to (ZI3) with probability at least 1 — co(sn)~¢" — n2s~° for
absolute constants cg, c1, c2, provided that n? 2 popy - s 1og5(sn).

After the matrix X is recovered, the frequency {7 = (71x, 72)}5_; can be estimated by a 2D-MUSIC
algorithm [3} 40} 67] based on the two-fold vectorized Hankel matrix H(X?) in (ZIZ), followed by the recovery
of {dihy}}_, through least-squares.

2.4 Numerical Experiments

In this section, we empirically evaluate the performance of Vectorized Hankel Lift for the recovery of X
in the blind super-resolution problem. Vectorized Hankel Lift is solved by SDPT3 [54] based on CVX
[27]. The recovery ability of Vectorized Hankel Lift will be evaluated via the framework of empirical phase
transition and we compare it with the atomic norm minimization method [60]. The locations {75}}_; of
the point source signals are generated randomly from [0, 1), while the amplitudes {dx};_, are generated via

12



d, = (1 4 10°)e~™* with 1)}, being uniformly sampled from [0,27) and ¢; being uniformly sampled from
[0,1]. The subspace matrix B are sampled from two random ensembles which all satisfy the conditions in
Assumption Il The first one is the random submatrix sampled from the DFT matrix, and the other one is
the random matrix whose entries satisfy the uniform distribution over [—v/3,v/3]. The coefficients {hy}%_,
are i.i.d. standard Gaussian random vectors followed by normalization. In our tests, 20 Monte Carlo trails
are repeated for each problem instance and we report the probability of successful recovery out of those
trials. A trail is declared to be successful if the relative reconstruction error of X? in terms of the Frobenius
norm is less than 1073,

We first fix n = 64 and vary the values of r and s. Figure[l{a) and Figure[I[(b) show the phase transitions
of Vectorized Hankel Lift and atomic norm minimization method when the subspace matrix B is randomly
sampled from the DFT matrix and the locations of point sources are randomly generated without imposing
the separation condition, and Figure[I}c) illustrates the phase transition of the atomic minimization method
when the separation condition A := mingz; |7 — 75| > % is imposed. Here we omit the phase transition
plot of Vectorized Hankel Lift for the frequency separation case because the plot is similar to Figure[Ia). It
can be observed that the atomic norm minimization method has a higher phase transition curve when the
separation condition is satisfied. However, in contrast to Vectorized Hankel Lift, its performance degrades
severely when there is no frequency separation requirement. That is, Vectorized Hankel Lift is less sensitive
to the separation condition. We also conduct the phase transition tests when the entries of B are i.i.d.
sampled from the uniform distribution over [—+/3,v/3]. The phase transition diagrams are presented in
Figure 2, and similar observations can be made. Note that the phase transition plot of Vectorized Hankel
Lift for the frequency separation case is still omitted due to the high similarity with Figure 2(a).

Number of samples: n = 64 Number of samples: n = 64 Number of samples: n = 64
1 1 1
10 10 10
0.8 0.8 0.8
=~ = =
é 8 E 8 E 8
2, 06 A 06 A 06
@ @ @
T 6 s 6 s 6
= ) b
g 04 2 04 2 0.4
Z 4 g 4 g 4
Z. Z Z
0.2 0.2 0.2
2 2 2
0 0 0
10 12 14 16 18 8 10 12 14 16 18 8 10 12 14 16 18
DllIl(‘llblOIl of subspace: s DllIlLIlblOll of subspace: s DllIlLIlblOll of subspace: s

(a) (b) (©)

Figure 1: The phase transitions of Vectorized Hankel Lift and the atomic norm minimization method when
the subspace matrix B is randomly sampled from the DFT matrix. (a) Vectorized Hankel Lift for randomly
generated frequencies, (b) atomic norm minimization for randomly generated frequencies, and (c) atomic
norm minimization for frequencies obeying the separation condition A := ming; |7 — 75| > % The number
of measurements is fixed to be n = 64. The red curve plots the hyperbola curve rs = 20.

In the above phase transition tests, the coefficients {hy}}_, are sampled from random Gaussian with
normalization. In order to test whether the choice of {hy}}_, matters, we also test another two cases for
the coefficients. One is the Identical Gaussian, where {hy}}_, are the same across r (sampled from random
Gaussian with normalization). The other one is QR where {ht}],_, are obtained from the QQ matrix in the
QR decomposition of an s x r random Gaussian matrix. Tests are conducted for fixed s = 4 and n = 64, and
the plots of successful recovery probability against the number of spikes r are presented in Figure[Bl It can
be clearly seen that no significant differences over different types of {hj}}_, are observed from the plots.
Therefore, the numerical results validate that our main result can hold without any conditions of {hx}}_;.

In order to examine the effect of the separation condition more carefully, we further conduct tests for
fixed s = 3, r = 3, and vary the number of samples n. In the tests, we impose that there are at least
two spikes with separation equal to 1.0/n and 0.5/n, respectively. For each problem instance, we repeat
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Number of samples: n = 64 Number of samples: n = 64 Number of samples: n = 64

1 1 1
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08 0.8 08

06 * 06 - 06
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o
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Figure 2: The phase transitions of Vectorized Hankel Lift and the atomic norm minimization method when
the entries of B are i.i.d. sampled from the uniform distribution over [-v/3,v/3]. (a) Vectorized Hankel Lift
for randomly generated frequencies, (b) atomic norm minimization for randomly generated frequencies, and
(c¢) atomic norm minimization for frequencies obeying the separation condition A := ming; |75 — 75| > L.
The number of measurements is fixed to be n = 64. The red curve plots the hyperbola curve rs = 20.

s =4, B: DFT matrix sf4BUn1f[ \[\f}
1 o= " i i i i i i 1 ®
> —e— {h;}}_,: Random Gaussian 7 —e— {h;}}_,: Random Gdubbldn
4 {hk}?,zlz Identical Gaussian 54 {h;‘}kf1 Identical Gaussian
208 —=—{h}i: QR 2038 —=—{h}j: QR
- -
2 0.6 £ 06
O O
3] 3]
=] =]
wn wn
T 04t S04
> >
h=t =
202 202
Q Q
=] Qo
= =
Ay Ay
O L L - O L L o
2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
Number of spikes: r Number of spikes: r
(a) (b)

Figure 3: The probability of successful recovery of Vectorized Hankel Lift against r with three different
subspace coefficients {hy}}._, (s =4, n = 64). (a): The subspace matrix B are randomly sampled from the
DFT matrix. (b): The entries of B are i.i.d. sampled from the uniform distribution over [—v/3,v/3].

50 Monte Carlo trails and report the probability of successful recovery out of those trials. The numerical
results are presented in Figure [ It is evident that Vectorized Hankel Lift presents a better performance
when the minimum separation is 0.5/n. When the spikes are well separated (i.e., the minimum separation
is A = 1.0/n), the atomic norm minimization method performs better. In addition, the results confirm that
Vectorized Hankel Lift is overall not affected by the separation condition.

We also plot the locations of the point sources {7 }}_, and the unknown point spread function samples
{gr}}_; computed from X" for a random instance corresponding to n = 64,5 = 3 and r = 4. We apply
the MUSIC variant introduced in Section 22 (i.e., the spatial smoothing MUSIC) to localize the {7}}_;.
Figure Bl(a) shows the pseudospectrum f(7) on a set of points on [0, 1] with equal distance 10~%. As can
be seen from this figure, the function f(7) peaks at the locations of true frequencies. After the {7 }}_,
are identified, the coefficients {h}],_, are computed by solving a least squares problem and {gx}}_, are
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Figure 4: The probability of successful recovery of Vectorized Hankel Lift and the atomic norm minimization
method under two separation conditions, A = 075 and A = 1—7'10. The dimension of subspace and the number
of spikes are both fixed to be s = 3 and r = 3. The number of samples n is varied. (a): The subspace matrix
B are randomly sampled from the DFT matrix. (b): The entries of B are i.i.d. sampled from the uniform
distribution over [—\/g, \/§]

estimated as Bhy,. Figure[l(b) includes the plots of the estimates of {|gx|};_; against the true values which
clearly show that {gx},_; can be recovered.
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Figure 5: (a) Plots of pseudospectrum f(7) when n = 64,s = 3,7 = 4 and locations of the true frequencies
when the subspace B is generated randomly from the standard Gaussian distribution. (b) The magnitudes
of Fourier samples of the point spread functions g1, g2, g3, g4 and their estimates from least squares.
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3 Proof Architecture of Main Result

3.1 Preliminaries

We first apply the bounded difference inequality to show that for the column vectors {b; };-’:_01 with indepen-
dent entries, the condition (Z7) in Assumption 2T holds with high probability given ([23) and (26]).

Lemma 3.1. The column vectors {b;}" ,0 of the subspace matriz B* are independently and identically
sampled from a distribution F which obeys the conditions (23) and (24) in Assumption [Z1l Assume the
components of b are independent, the event

. 2
% > .
oin [bll; =1 (3.1)

occurs with probability at least 1 — nexp (——Sg)

16ug

Proof. Since b; satisfies (Z0]), we first have
E |b;113 | = E [trace(b;b;)] = E [trace(b;b)] =
Define f(z1, -+ ,z5) = > |v:[%. It is evident that
|1, min, m i,y e) — f(@n, o @iy, @ g, ws)| < ]+ [P < 200

when |z;]? < po and |2}|?> < po. Because b; also satisfies (Z6]), the application of the bounded difference

inequality yields that

t2
2

Consequently, we can take t = 5 to obtain

2 S S
P [||bj||2 2 5} >1—exp <—m) :
Taking the uniform bound yields that for all j € [n], with probability at least 1 — nexp (—ﬁg), Hbj||§ >
0
% > 1 when s > 2. O

Next, we present a lemma about the basic properties of the linear operator A.

Lemma 3.2. Under Assumption[2.1], the following properties hold:

(y, AA* (y)) > ||y||§ for any fized vector y € C", (3.2)
|AA* —Z|| < spo and ||A|| < /spo. (3.3)

Proof. Since
n—1
bOeo ’ Ei:_O y[i]bie;—r> ||b0||§ -yl[0]

= : = : eC,
<bn_1elfl,z:Z o ylilbel > ||bn_1|\§-y[n—1]
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B2) follows immediately from (BI).
The properties in ([B3]) follows directly from the definition of A. For the left inequality, we have

|AA* =Z|| =  sup  [[AA"(y) —yl,

yeCnr:|lyll,=1

n—1

= s SR 1)l

yeC:lyll,=1 \ ;59

< maxc [il; 1]
0<i<n—1
< sup.
The right one can be proved as follows
Al = sup [AX)
XeC x| X|p=1
n—1
= sup Z |br X e;|?
XeCxmi||X|e=1 \ ;29
n—1
2 2
< sup > lbill3 - 1 X el
XeCxm| X|e=1 \ ;29
n—1
< max |[by|, - sup 1Xeill3
0isn—1 2 xecoxniX =1 ; o
< V/Spo-
The proof is now complete. O

The following lemma suggests that the smallest singular value of E}, j can be lower bounded by the
smallest singular value of E7,.

Lemma 3.3. Recall that H = [hl hr] e C**" and suppose all columns of H are of unit norm.
Under the incoherence condition (23], we have
n
Umm(E;;LEh L) > _17
H1
where Ey, 1, is the matriz defined in (CIH).
Proof. Let a;, = [1 e 2™ ... 672#1.”'(”171)}1— € C™ be the (th column of Ey,. Since Ep , = E;, © H,
it can be easily seen that
faz, © h
E;;LEh,L = [an ®hy - ar X hr}
la; @ hy
(a7, @ hi)(ar, @ h1) -~ (af, ® hi)(ar, @)
(a7, @ hy)(ar, @ hy) -+ (a7 @h7)(ar, @h,)
[(a},a-,) - (hihi) - (a}ar)- (hih;)
_(a;‘an) -(hyhy) .- (a;‘an) : (h:hr)
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* * * *
ar ar; - a;ar hihy --- hih,

* * * *
a;a; - aja h*hy --- hlh,

= (ELEL)o (H"H),
Recall that a selection matrix P € R" X" is the unique matrix such that
Pz = vec (diag(z)) for all z € C",
and it has the remarkable property that PT(A ® B)P = A o B [57, Corollary 2]. Thus we have

Omin(Ep, Enp) = nf |8"((EpEL)o (H"H)) S|

I8ll2=1
= At 8" PT (B L) © (HH)) PB|
2
= e, |8*PT(E; © H*)(E, ® H)Pg|
2
= inf |(Er® H)PB|3
HBIIFlH( L )PB|5
= 4t (B @ H) vec (diag(8)) &
L
= inf | vec (H diag(B)E]) |3
I81l>=1
HHdlag B EZHF
 8lla=
> hn(Br) - inf || H diag(B)}
=02, (E -”ﬁlﬂnf ZHﬁ - el

—0'2. . 1 2

which completes the proof.

O

A straightforward application of Lemma 3.3 yields the following result, which can be regarded as a variant

of [7, Lemma 1].

Lemma 3.4. Suppose H(X") obeys the incoherence condition Z8) with parameter py. Let H(XF®) =

Uusvr:

be the singular value decomposition of H(X?), where U € C™*" 8§ € R™" and V € C"*". If we rewrite

U as

Uo
v=| : |,
Un1—1

where the Cth block is Uy =U(ls : (L + 1)s —1,:) for £ =0,--- ,ny — 1, then

||Ug||F < T nd max ||eTV|| 'ulT
0<£< 0<j<na—
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Proof. We only need to prove the left inequality in (4] as the right one can be similarly established.
Recall that H(X?%) = Ey, 1, diag(dy, - - - ,dT)E;'%. Since U € C*™*" and Ej, 1, span the same subspace and
U is orthogonal, there exists an orthonormal matrix @ € C™*" such that U = Ej 1(E; ; En.r)"/?Q.
Therefore, 1

(L+1)s—1
2 T * —1/2]?
[Uellp = Z e; En,L(Ep L EnL) )
j=Vs
(+1)s—1 ) 9
> el Bl | (BB
j=ts
(l+1)s—1

1 2
= > el Busll,

n :
Jj={Ls

T
= LS et
k=1

IN

IN

n

_ar
— T

n

where the second inequality is due to Lemma O
The following corollary is a direct consequence of Lemma [3.4] and will be frequently used in the sequel.

Corollary 3.5. Suppose H(Xh) obeys the incoherence condition [2.8)) with parameter uy. Then,

1 r 1 2 r
max — Z HU@H,% <" ond max — Z HeTVH < (3.5)
0<i<n—1 w; — n 0<i<n—1 w; — J 2 n
4j=1i ltj=i
0<e<n,—1 0<e<n,—1
0<j<na—1 0<j<na—1

The matrix Bernstein inequality, stated below, will be used frequently in our analysis.

Lemma 3.6 ([55, 15]). Let {X,}}_, be a set independent random matrices of dimension ny x ng, which
satisfy E [ X,] = 0 and || X,|| < B. Define

o? = max{ E lngXZ}
=1
<c (\/02 log(ny + n2) + Blog(n + 7’L2)) (3.6)

E

)

> x; Xg‘|

(=1

Then the event

n

S x

=1

holds with probability at least 1 — (n1 + na) ™, where ¢,c1 > 0 are absolute constants.

3.2 Deterministic optimality condition

As is typical in the analysis of low rank matrix recovery, in order to show that Z% is the unique optimal
solution to the convex program (2:4)), we need to construct a dual certificate which satisfies a set of sufficient
conditions. These conditions can be viewed as a variant of the KKT condition for the optimality of Z¥.
Recall that the singular value decomposition (SVD) of H(X"%) is H(X") = USV*. The tangent space T of
the nuclear norm at H(X*?) can be defined as

T:{UA* +BV* . AEC”QXT,BE(CMMXT}.
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The projections Pr(Z) onto the tangent space can be defined as

Pr(Z) =UU"Z+ ZVV*-UU*ZVV™. (3.7)
and the corresponding projector onto the orthogonal complement of T is given by Pr.(Z) = Z — Pr(Z).
Theorem 3.7. Suppose ||[AA*|| > 1 and

1
|1PrGA* AG*Pr — PrGG* Pr|| < 7 (3.8)
If there exists a dual certificate A € C*™1*"2 gych that
1
* _ < .
PrEV = Al < 15— (3.9
1
Pre (M) < 3, (3.10)
G*(A) € Range(A"), (3.11)

then Z* is the unique solution to (2.4).

Proof. The structure of the proof is overall similar to those in [I5] [I6] 14]. Consider any feasible solution
Z% + M, where the perturbation M € C*"1*"2 satisfies

AG* (M) = 0, (3.12)
(T — GG*)(M) = 0. (3.13)

The first condition (I2) implies that G*(M) is in the null space of A, while the second condition (BI3)
guarantees that M has the vectorized Hankel structure. Note that for any matrix M, there exists an snq X no
matrix S € T+ such that

(M, S) =|[Pr. (M), and [|S| <1.
In the meantime, we have UV* + S € 0 HZ“H* Thus,

A:=||28 + M|, - || 27,
>(UV*+8,M)
= (UV", M) + [P (M),
> [Pro (M), ~ [(UV" = A, M)| ~ (A, M)]. (3.14)

The condition ([BI1]) directly implies that there exists a vector p € C" such that
g*(A) = A*(p).
Therefore, combining (311]) and BI3), we obtain
(A, M)| = [(A, GG"(M)| = [(G7(A), G"(M))] = [(A*(p),¢"(M))| = (p, AG"(M)) = 0.
Moreover, the second term of (BI4]) can be upper bounded as follows:

(UV" = A, M)| <[(Pr(UV" = A), M)| +[(Pr. (UV" = A), M)|

<|[Pr@OV™ = A)lg - IPr(M)[¢ + [[Pr (A)[| - [ Pr (M)],
1 1

< — - - 1

< 15— [PrODc+ 5 - [Pr (MO
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where the last step is due to (B9) and (3I0). Consequently,

AZ|[[Pro(M)]l, = (UV™ = A, M)| = [(A, M)

1 1
> . (M), — ——. M
=5 1P (M)l = 5= - [1Pr(M)]le

1 1
> . N - .
> 5 IPre (M)l = g - [Pr(M)e

1 1
> (2o —— .
_(2 6510 5#0) [ Pre (M)|¢
1
:ZHPTL(M)HF,

where the fourth line is due to Lemma [61]in Section @ It follows that A > 0 unless ||Pr.(M)| = 0.
Note that A = 0 requires Pp. (M) = 0, which in turn requires M = Pp(M). In this case, we have

[Pr(M)|[f = (Pr(M), M)

= (Pr(M),GG"(M))
= (M,PrGG*Pr(M) — PrGA* AG*Pr(M)) + (M, PrGA* AG*Pr(M))
= (M, PrGG*"Pr(M) — PrGA* AG*Pr(M)) + (M, PrGA* AG*(M))
(

)
)
M, PrGG*Pr(M) — PrGA* AG*Pr(M))
z

<||PrGA* AG*Pr — PrGG*Pr| - [|Pr(M)||
1
<5 IPrD)E,
which implies that P7(M) = 0. Thus Z* is the unique minimizer. O

3.3 Constructing the dual certificate

It is intuitively clear that we may construct a dual certificate A € C*"1*"2 gbheying the conditions (3],
BI0) and BII) by solving the following constrained least squares problem:

rr}&n |Pr(UV* — A)||2 s.t. G*(A) € Range(A").

Here only the conditions ([B9) and (@II) are taken into account because once ||[Pr(UV™* — A)||¢ is small,
the projection of A onto T can be simultaneously small.

Applying the projected gradient method to solve the above optimization problem, we obtain the following
update rule:

Y=Y 4 (GA*AG* +T — GG ) Pr(UV* —YF 1),

However, due to the statistical dependence among the iterations, the convergence analysis of the vanilla
gradient iteration is difficult. Therefore, the golfing scheme [28] proposes to break the statistical independence
by dividing all the linear measurements into a few disjoint partitions and use a fresh partition in each iteration.

Assume we divide the linear measurements in (L8] into ko partitions, denoted {Qk}z‘;l, and let m = z=.
Define

Ax(X) = {(bie], X))}, €T (3.15)
and
ApAp(X) =Y (bie] X )be] = bib] Xee] € C. (3.16)
i€Qy, 1€Q
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Then the golfing scheme for the construction of A satisfying the conditions in Theorem B.7] can be formally
expressed as

YO —0c (Csnlxng7
yh=yklg (%gA;;Akg* +T— gg*) PrUV*—Y* V), fork=1,--- ko, (3.17)
A:=Yho,

Evidently the property of A relies on the partitions {Qk}];zo:l- In order to construct the desirable A, we
require {Qk}zozl to satisfy a set of conditions list in the following lemma, in which we have

n—1 2
HZH(_LF _ } : Hg (w)e ”2 and ”Z”g,oo _ 0<1_T1<3X 1 Hg ( ufe ||2 for any 7 € Csmxnz, (3.18)
1=0 i sesne Vi

The proof of this lemma will be presented in Section @l

Lemma 3.8. Let ko € {1,--- ,n} and set m = g-. Ifn 2 ko - max{pirlog(sn),log(ko)}, then there exists a
partition {Qk}zozl such that the following properties hold :

n N N 1
max |[Prg (T ZELMLAL) G Pr| < 7. (3.20)
n . N nlog(sn nlog(sn
max [6(2- 2R440) 6 (2)] 5 ( PIOBIT) | 7+ OB ||Z|g,oo>, (3.21)

1<k<ko GF"™ n

1 1 1
max PTg (I— %E[AZAk]) g*(Z)H < \/,ulT Og(sn) (\/Tl Oifsn) HZH(_LF + %(STL) ||Z||g,oo> ,

(3.22)

T nlog(sn) nlog(sn)
S — —||Z —||Z . 3.23
<4 ( B 2 e+ B 2y, ) 329)

max ||PrGg (I— %E[AZAk]) g*(Z)H

1<k<ko

Here Z € C*™*" is fized. Recalling the definition of the operator A Ay in BIG) , the expectation is taken
with respect to {b;}icq, -

3.4 Validating the dual certificate and completing the proof

In this section we show that the dual certificate A constructed from the iteration [BI7) satisfies the conditions
in Theorem 371 The result follows from several lemmas that will be proved in Section [l In these lemmas,
{Qk}ﬁ‘;l is a partition of {1,--- ,n} satisfying the conditions in Lemma [B.8 and {Ak}Z‘;l are the associated
linear operators defined in ([B.I5]). Note that we assume (B4 holds in the remainder of this paper, which
follows from Assumption and Lemma [3.4

Lemma 3.9. Assume n 2 kosuo - pirlog(sn). Under the condition (II1.18) of LemmalZ38, the event

max
1<k<ko

PrG (T - L A5A) GPr < % (3.24)

occurs with probability at least 1 — (sn)~ ' for a universal constant ¢; > 0.

The following corollary is the special case of Lemma [3.9 when kg = 1 and n = m.
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Corollary 3.10. Assume n 2 spg - pirlog(sn). The event

PrGA* AG*Pr — PrGG*Pr|| < (3.25)

N =

occurs with probability at least 1 — (sn)~ for a universal constant ¢; > 0.

Lemma 3.11. Under the condition (I11.19) of Lemmal38, for any 1 < k < k¢ and fired Z € C*™*"2 the
event

dnkospg log(sn)

|(Loaag: - g6+ (2)]| < (/oo loson) 7 o oy 2rstolog(on)

121l 00 (3.26)

occurs with probability at least 1 — (sn)~“ for a universal constant ¢; > 0.

Lemma 3.12. Under the condition (II1.20) of LemmalZ8, for any 1 < k < kg and fized Z € C*™*"2 the
event

n o, . pirlog(sn 4Ankgspo log(sn 2nspo log(sn
HPTQ (I— EAkAk) g (Z)H N \/ 1 log(sn) (\/ 4 Ton (sm) 1Zllg,F + OT() 1Z1lg oo

GF"™ n
(3.27)

occurs with probability at least 1 — (sn)~ for a universal constant ¢; > 0.

Lemma 3.13. Under the condition (II1.21) of LemmalZ8, for any 1 < k < ko and fized Z € C*™*"2 the
event

|Pra (z- 2 aran) g (2) 2718#07}:%(%)

1Zlig F +

< mr dnkgspo log(sn)
G,00 ~on m

||Z||g,oo> (3.28)

occurs with probability at least 1 —ns=* for a numerical constant ca > 2.
Lemma 3.14. Recalling that U and V' satisfy B3.4), we have

pirlog(sn) par
n

UV S and  |UV*|g o, < (3.29)

Equipped with these lemmas, we are in position to validate the conditions in Theorem Bl Note that
[ AA*|| > 1 holds due to (2] in Lemma B2 and [B]) is proved in Corollary BI0l As for BT, it follows
immediately from the construction of A. Thus, it remains to validate [B3]) and (EI0).

Validating [39) A simple calculation yields that
EF:=Pr (UV*-Y")
=Pr (UV* = Y"1 — (2G4MG" + T~ GG") Pr(E*))
o
= Pr(E*") = Pr (—-GALAG" +T — 09" ) Pr(B*)
= Pr (66" - 2GALAG") Pr(EF), (3.30)
m
where the second line is due to (BI7). By the construction of A, we can obtain
IPr (@V* = A)le = || B
_ * ﬁ * * ko—1
= |Pr (99" - Z.4;,AuG") Pr(E)|

F
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< |[Pr (99" - ﬁgAzoAkog*) Pr| - [1B%

(a) 1
2 L, < o |18
1 N T
= ko HUV ”F < ko
1
~ 16sug’

where step (a) is due to Lemma B0 and the last inequality holds when kg = [log,(167sug)].

Validating (3I0) First recall that E* := P (UV* — Y*). According to BIT), we have
ko n
o i * * o * k—1
A=Y (20446 +T 60 ) (B,

k=1

Then it follows that

[Pro(A)]| =

ko
Pro <Z (%gAzAkg* +1-66") (Ek1)> H
k]:)l
>
k=1

Prs < > (%gAzAkg* - gg*) (E’C*)) H

< i |(2g43.407 — ag7) (B*1)|. (3.31)
k=1

where the second line follows from the fact that EF—1 e T.
For any 1 < k < kg, Lemma BTl implies that

dnkospo log(sn)

2nspo log(sn h1
p THE lgoo-  (3:32)

H( GAL G — gg*) (Ekfl)H < HEk 1||gF

Recalling from the equality (30), we have
k—1 __ * n * * k—2
B = Pr (66" = 2G4 AiaG") Pr(ES2).

Applying Lemma B.12] and Lemma B.13] yields that

1B g = HPTQ (I— %Az,lAk_l) Q*PT(E’“_2)H

)

oo ) oim

w17 log(sn) \/4nkosu0 log(sn) || k_o 2nspolog(sn) || o
s o) (ko o) iy 2ustobelon) sy ) (aa

and

1B g oo = [|Pr6 (T ZAi1Air) 6 Pr(BH2)|

,O0

= HPTQ (I - %AZ—lAk—l) g*(Ekd)Hg,oo
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n m

< r ( Ankospo log(sn) ||Ek_2||g|: 2nspp log(sn) HEk 2Hg ) (3.34)
S —_— Fr— o |- .

After substituting (B:33) and [B34)) into ([B32]), we have

_ Ankospg log(sn) _ 2nspg log(sn

* * * k-1 05Ho 108 k-1 o log( k—1

|(Zoaiag: —ggr) (o) 5 | RRoto 0B n) gy 20000 OB) oy
o O T g T R
~ m n m n

. dnkospolog(sn) | ko 2nspig log(sn) | p_o
(i lnlon) ey o loton) gy

4k08M0u17‘10g (sn) 28M0M1T10g(3")
m

< 4nkosu010g sn) HEk_zHgF 2nsp10 log(sn) HEk 2Hg )
b m ©

1

2

(@) dnkosp log sn) 2nspg log(sn) log sn)
2 [ tloson) s st ioton) gy )

1 dnkgspo log(sn 2nsug log(sn
<(3) (e o °T||E0ug,m),

m

where step (a) holds provided m > kgspop17log?(sn).
Finally, noting that E° = UV* the application of Lemma B.14] gives

[Pr (A ||<ZH( GAAG" — 667 ) (B

bt Ankospolog(sn) | o 2nspplog(sn) | o
< (3) (el oy Breleon) oy

A

[NCRR O ”Mw

Akospoprr log?(sn) n 2spopr log(sn)
m m

<

when m > kospopirlog?(sn), where the first inequality follows from (B31).

Thus we have shown that the dual certificate A constructed from the iteration (BI7) satisfies the condi-
tions in TheoremB 7 with probability at least 1—co(sn) ™ —ns~ 2 provided that n = mky > pop-srlog*(sn).
Corollary BI0 implies (B.8)) holds with probability at least 1 — (sn)~ if n 2 pouq - srlog(sn). Taking an
upper bound on the number of measurements completes the proof of Theorem 2.1

4 Proof of Lemma 3.8

In this section, we will use probabilistic argument to show that the events BI9) - 323) occur with high
probability if we construct {Qk}zozl in a random manner and thus conclude that there at least exists a

partition satisfying (B19) - (23).
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Let {¢;}7=,) be n independent random variables, each of which takes value in {1,---,ko} uniformly at
random. For any k € {1,---,ko}, we construct {Qk}zozl as follows:

Q. ={i€[n]:e =k}

Clearly, {Qx}50, form a partition of [n]. For any fixed k € {1,--- ,ko}, we also have

1
P{ier}z]P’{ei:k}:k— foralli=0,---,n—1.
0

Therefore |Q| can be viewed as the sum of Bernoulli random variables, i.e.,

n—1 n—1
Q=D 1{ie =Y 4, (4.1)
i=0 i=0
where {51-};:01 are i.i.d. Bernoulli random variables with parameter p = % = 2. The application of the

Hoeffding inequality yields that F < [Q] < 377” holds with probability at least 1—2 exp(—cm) for a universal
constant ¢ > 0. Then we can take the uniform bound to obtain

3

P{% < < 377” for all k} > 1 — 2kg exp(—cm) >

N

where the last inequality is due to m = & 2 log(ko).

]CON

Our next goal is to show that the events [B20) - (323) occur with high probability. We will first apply
the matrix Bernstein inequality ([B.0) to obtain the desired upper bounds for fixed k, and then take the
uniform bound analysis to complete the proof.

4.1 Proof of (3.20)
For any Z € C*"**"> by the definition of Aj.A; in (B10), we have

E [ApAc] G*Pr(Z) =E Z (bie! ,G*Pr(Z)) bie!

1E€EQ

=Y E|[bib]] G*Pr(Z)eie]

i€Qy,

=G"Pr(Z) Z el-e;-r,

1E€EQ

where the third line follows from the isotropy property (2X) of {b;}.
As a result, one has the following equality

HPTQ (z _ %]E [A;;Ak}) G Pr

= sup ||Prg (I — %E [-A;:Ak]) G Pr(W)

[Wilg=1

F

1
= sup |=PrGG*Pr(W) > eie] — PrGG*Pr(W)
[Wile=1 || P e

F

n—1
= sup Z (% - 1) PrG (Q*PT(W)eie;r)
i=0

[Wilg=1

n—1 &
§<5_1>Xi

F

)
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where §; is the Bernoulli random variable defined in (@) and AX; is the operator defined as
X,(W) = PrG (G"Pr(W)e;e] )

for any W € Cs"1*"2_ [t is easy to verify that X; is self-adjoint and positive semi-definite.

n—1 .
=i (1)

In order to apply the matrix Bernstein inequality (3.6) to bound , one needs to

B[y (5 1) %]

, a simple calculation yields that

and

bound H (% — 1) X;

For the upper bound of H (% — 1) X;

|G-
p

1
< — |1
P

1
=— sup H’PTQ(Q*PT(W)eieiT)HF

P w|e=1
1 2
<= sup W
F
P wie=1
_ 2mr (4.2)
np '
where the third line follows from Corollary [6.5
2
To bound ’E [Z?—ol (% - 1) Xf] , we have
n—1 2 n—1
i 1
> E (——1) Xf] <> a7
i=0 p P =0
1 n—1
< Z | . :
> pogr%%il”)(l” ;Xl
27 n—1
< sup |[S xw)
o wie=1 || S
F =0
2u1r i
— sup ZPTQ (G*Pr(W)e;e])
np o wie=1 ||
F =0 F
2uqr
== sup [[PrGG Pr(W)]|e
np |wi=1
2uqr
= L2 1Prgg Py
np
<2
np

where the second line is due to the positive semi-definite property of X;, the third line follows from (Z2),
and the last line follows from the fact that |G|| =1, ||G*|| < 1 and Pr is the projection operator.
The application of the matrix Bernstein inequality implies that
parlog(sn) | parlog(sn)
np np

PrG (z - %E [AZA;J) g*PTH <

- parlog(sn)
S\
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<

RNy

holds with probability at least 1 — (sn)~¢ for a universal constant ¢ > 0, where the second and third lines
are due to p 2 %g(s"). Finally, we take the uniform bound to obtain that

Prg (I — %E [AZAk]) Q*PTH < i} >1—ko(sn)—c>1—(sn)—(c—1),

P<{ max
1<k<ko

where the last inequality follows from the fact that ky < sn.

4.2 Proof of ([3.21)
Following the definition of A} Ay in (BI6) and the isotropy property of {b;} in (23], we have

o(r-atass)oi] - o 5 ot v

1€Qy

. ’ 5 (2-1)6(@ @)

=0

n—1
> x.
=0

where d; is defined in (L)) and X; := (% - 1) G (G*(Z)e;e]) € C™*"2 are independent random matrices

with zero mean.
Firstly, || X;|| can be bounded as follows:

X1 < 9 (9" (Z)ece])|
— G0 @ (@)
< @il - 16" (e,

“(Z)eill,

p Vw
1
S - ||Z||g,oo B
p
where the second line is due to ([Z3]), the third line follows from the fact that |A ® B < ||A| - ||B||, and

the last line directly follows from the definition of [|-|g ., in (EIS).
Secondly, we have

n—1
EY XZ-X;*]
=0

%
2% K——lf
e

1
p

(5- 1)] (6 (" (Z)eie])) (G (¢ (Zpere]))

(Gi®(G"(2)e:) (Gi® (G"(Z)es))”

(Z)e) (Gi ® (G (Z)es))”
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< S l@en e (@ (2e) @ (@)e))|

1=0

’B

n—1

1 . . 2
< =) GG -G"(Z)eill,
p 1=0
n—1
1 1 . 9
<-) — 97 (Z)eill;
D - Wy
1=0
1 2
=—-||Z .
5 1Z1lg.¢

Since HIE [Z" ! XX ] can be bounded by the same quantity, the application of the matrix Bernstein
inequality (B.6) implies that

o (z- 1z 14a) o (2)| - ZX 5( R | 7 LT )

holds with probability at least 1 — (sn)~¢ for a numerical constant ¢ > 0.
By the uniform bound we conclude that the event [ZI)) occurs with probability at least 1 — (sn)~ (¢,

4.3 Proof of (3.22)
By the definition of [|||g ¢ in (B.I8) and the isotropy property of {b;} in (2.3), it follows that

‘ ni (% - 1) PrG (G*(Z)eie])

9 2

Prg (1-2Ei440) 6(2)

g,F i=0 GF
n—1 1 n—1 S5 2
— Z — |lg* <Z (i - 1) PrG (g*(Z)eieiT)> e;
j=o Wi izo \P 2
n—1 1 n—1 2
:Zw— (Z <——1>g PrG (G*(Z)e eI)) e
J=0 2

then it can be easily seen that

For the upper bound of |/2;||,, a direct calculation yields that

2
Prg (z -8 [AZAkJ) G*(2)

1
[|2ill, < » |Prg (g*(z)eie;r)ngf
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(Vwig*(2) ieI)Hg,F

1

13

1 1r10g(8n) 16" (Z)eill,
P n VWi
1

P

A

A

uarlog(sn)
—||Z
n || ”ggm7

where the third line follows from Lemma [6.9 and the last line is due to the definition of ||-[|g . in (B.I8).
In addition,

n—1 n—1
E z] < Sk [ia2]
1=0 1=0
1”7 73 T 2
<22 |IPro (@ (Deie) g e
1=0

< Linrlog(n) 5= 6" (Z)eil
~p n i=0 Wi
_ 1uyrlog(sn)

2
I Z)

where the third inequality is due to Lemma [6.9] and the same bound can be obtained for

Therefore, by the matrix Bernstein inequality (3.6]), we can show that

pirlog(sn log(sn log
S ( )< )7 o 2L )||Z||goo>

E [T =)

n

holds with probability at least 1—(sn)~¢ for a universal constant ¢ > 0. Taking the uniform bound completes
the proof.

4.4 Proof of ([3.23)

The definition of -] ., in BI8) allows us to express HPTQ (I— SE [Af Al g*(z)) Hg as

g,00

Prg <z _ %IE (AL g*<Z>)

> (% - 1) PrG (G"(Z)ese])

=0

G,00

2

max
0<j<n—1

2

Define z{ to be the s-dimensional vector

2] = ﬁ— 1 * * e.el)e. i, 7 n n
Z--—(p 1)W (G (Dewel) €5, (ing) € [n] % [n].
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Then one can easily see that

1 . . N n—1 ;
[Pro(z- e tmato@)] = g, |3s)

For any fixed j € [n],

zf H can be bounded as follows:
2

|-

J
i

L1 ywiy,, x
S T PG (@ 2D e

11 VW * * T
= — u Z i€4 B
T p VT IIﬂng_lKg Pro (G (Z)ecei) e, B)

11 N ) . ,
PV Bl [(Prg (6" (2)eiei) ,G(Bej))]
1 1 3#17“

1G%(Z)eill, sup IBll;
G 181,=1

3 Hg*<Z>ei||2
np £/ W;
3pr
VA 4.3
)12l (43)

IN

where the fourth line follows from Lemma [6.0l and the last line is due to the definition of [|-[|g o, in B.13).
Moreover, we have

<ZEU

2

(G"(Z)eie]) e;
e e

1 (3ur 2 2
=- |z
p< - ) 1Zlig

where the third inequality follows from ([@3]). The same bound can be obtained for

2

S E ()2l

s

well.
The matrix Bernstein inequality ([B.6]) taken collectively with the uniform bound yields that

n—1

1 * * _ J
[Pro(z- e liat o @) = omme 54|
1T log(sn) log(sn)
S — ——||Z + VA |
n( o 1Zlgr o 121,

holds with probability at least 1 — ns™ 2 for a universal constant co > 2.
Finally, we take the uniform bound over all k € {1,--- ,ko} again to complete the proof.

5 Proofs of Lemmas to [3.14]

This section presents the proofs of Lemmas B9 to B.I4, which have been used to verify (39) and BI0).
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5.1 Proof of Lemma
Note that

HPTQ (I— %AZAk) Q*PTH < HPTQ (z— %E [A;Ak]) Q*PTH n % |Prg (A7 A — E [ALAL]) G°Pr| .

According to (B20) in Lemma B8 the first term is upper bounded by %. We will bound the second term

via the matrix Bernstein inequality (3.4]).
For any Z € C*™*"2 by the definition of Aj. Ay in BI6) , we have

PrG AL AG Pr(Z)= PrG (Z (bie! . G*Pr(Z)) bie;r>

i€Qy,

= 3" (bie] ,G*Pr(2)) PrG (bie])

1€Qy

=Y (PrG (bie]),Z) PrG (bie] ).

1€Qy,
If we define z; := vec (PTQ (bieiT)) € C*™m2x1 then it follows that

PrGALAG Pr|l = sup  |[PrGAAG Pr(W)l|e

[Wlle=1
= sup Z <73Tg (bieiT) ,W> PrG (bl-eiT)
Wlle=1 1€EQy, F
= sup Z z;" vec(W)z;
[[vec(W)l,=1 iE€Qy, 2
= sup Z z;z;" vec(W)
veeW)llo=1 ||;cq, )
=) ziz||,
i€y,

where it is obvious that z;z; are independent and positive semi-definite random matrices. Hence,

1Prg (AiAx — B [ALA]) §°Pr|| =

Z (ziz; —E [zlzf])H .

i€y,

Firstly, ||ziz;‘ —E [zi2]] H can be bounded as follows:

E [2:2]]|}
< max {|z:z]]| ,E [|z:iz] ]| ] }

2 2
< max{HZi”z E [”zsz} } )

|zizf — E [zi2]]|| < max {||z:2]],

where the second line is due to the Jensen inequality. By the definition of z;, we have ||zl|\§ = ||’PTQ (bie?) Hi
Then applying (G.6) in Corollary [6.3] implies that

2 2 2pars o
| < max { |1z}, E [zl ] } < 20

Hzizf —E [zi2]]
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Secondly,

S E ()] - (B [zizm?H

i€y,

Z E [(zizz’f)ﬂ
1€Qy

ieQy,

Z E [(ziz;“ -E [ziz;‘])2]

1€Q H

<

< x|
< max||z;z]|

- 204175110 ' 5m7
- n 4dn

Here the last line follows from a direct calculation:

Z E [(zi2])]

1€Qy

E [Vec (PrG(bie])) vec (’PTg(bie;-r))* Vec(W)}
1E€EQ

= sup
[[vec(W)ll,=1

2

= sup || Y E[(Prg(bie]), W) vec (Prg(bie])) |

HVVHle PEQ,

2

= sup Z E [(PTg(bz-eiT), W) PTg(bz'e;rﬂ

IWlle=1 || o

F

= swp || > E[(b;G"Pr(W)e:) Prg(bie])]

IWle=1 | /2o,

F

= sup || Y E[PrG (bb;G"Pr(Wese])]

(W =1 PEQ,

F

= sup Z PrG (G Pr(W)e;e])

IWle=1 ||/

F
om

< PRE
~ 4n
where in the last inequality we have utilized ([B:20) in the following way,

1 n

> o * *

12 [Pro (z- ZE[440) 6Pr |

n * * *
> — |PrGE [A;Ac] G*Pr|| — ||1PrGG* Pr

— 1.
F

> > PrG (GPr(W)eie])

1E€EQ

n
— sup
M |Wi|e=1

Since we can obtain the same bound for HZiGQk E {(zf zi—E [z;‘ zi} )2 ] H , applying the matrix Bernstein

C

inequality (3.6) implies that with probability at least 1 — (sn)~¢,

% HPTQ (Aj A, —E [AZAkD g*PTH = % Z (zizf —E [zlzl*])H
1€Qy
< no (\/5_m 2prspo og(sn) + 2p17spo log(sn)>
m 4n n n
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1 Smpuqrsug log(sn
= (\/ 2! M20 g(sn) +2M1rsu010g(sn)>

S

\/5m,u11"s,u0 log(sn)
2

I=3=

3

S

where the fourth line and the last line hold when m > pyrsuglog(sn).
Finally, combining the two terms together completes the proof.

5.2 Proof of Lemma [B3.11]
Notice that

|g(z-2440) 6" (2)| < |9 (T- 2B [44]) 6"(2)| + = |9 (Aidr — E [4i4]) 6*(2)]

nlog(sn)
S 1Zllg F 121l 0o

+EHQ(A,€A;€— [AkAk])g( | (5.1)

L log(sn)

where the second line follows from (B2I]). In order to prove (326, it suffices to bound the last term.
Recalling the definition of A} A in (810) and using the isotropy property of {b;} in (25]), we can rewrite
the last term as

> G ((bibf —1)G* (Z)ese])

1€Qy

> x,

i€Qy,

= |G (A~ E [47A]) 67(2)|

where X; = G ((bib} — I)G*(Z)e;e]) € C*™*"2. It can be easily seen that X; are independent random
matrices with zero mean.
The upper bound of || X;|| can be established as follows:

1Xill = |9 ((6:b; — 1)G* (Z)ese]) |
=[|G; ® ((bb] — I)G*(Z)e;)||
< |G - (bib; — 1)G* (Z)e]
1 .
< g max {10l 1} 16" (Z)eil,
S SHo ||Z||g7oo 5

where the second line follows from (Z3]), the third line is due to |A @ BJ| < ||A] - || B]|, and the last line
follows from the definition of |-[|g ., in B.I5).

To bound ||E [3 X7 X;]||, we first define z; = (b;b; — I)G*(Z)e; € C*. Then a simple calculation
yields that

i€y,

E[Hziué} E [e] (G"(2))" (bib] — 1)°G"(Z)el]
< (2))"E [(bib; — 1] §*(Z)e:
G*(2) )*( [|\b|\2bb* 2bb*+IDg(Z)el-
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= el (6(2)" (E[Ibil3 bib; — 1] ) 9 (2)es
<e] (G*(2))" (suoE [bib}] — I) G*(Z)e;
< spo - | (Z)eil (5:2)

where the last two inequalities follow from the incoherence property (2.8) and the isotropy property (23 of
{b;}. Furthermore, it follows that

> Xl-*Xi]

i€Qy,

E

’: ZE[(GZ-@zi)*(Gi@Z”]H

i€y,

1€Qy

> IG"(2)eill; (GT G)

1€Q
<spo- Y |GG 1G*(2)eill3

i€y,

x 012
oy 3 19 Zreill

~ | > @raoz =2

i€y,

< Spo -

" G*(Z)ei
< oo 30 18 Dl
i=1 i

2
= SHo - HZHg,p

where the fourth line follows from (52)), and HE [Eieﬂk
Therefore, by the matrix Bernstein inequality (3.6,

> x,

iEQk
(Vw0 10alsm) 1 Z g, + spolos(sn) | Z g, )

nkospg log(sn)
=/ HE0SHo 08T 7
2086 715 ¢ +

X;X7] H can be similarly bounded.

26 (A A~ E [414]) 6(2) | =

n
m

A

n
m
nspo log(sn)
— 1Z1lg, 00

holds with probability at least 1 — (sn)~¢ for a universal constant ¢ > 0. Inserting this bound into (5.II) we
conclude that

no, N nkospo log(sn nlog(sn nspo log(sn nlog(sn
]\Q(I—EAkAk)g(Z>]\§<\/ oot Log( )+\/ el ))||Z|g7F+< tologon) | mloel >>||Z||g,oo

m

Ankospg log(sn) 2nspg log(sn)
ISRY — 1ZllgF+ — 1Zlg 0

holds with probability exceeding 1 — (sn)~°.
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5.3 Proof of Lemma

Notice that

|Pro (z- Zain) g @), <[Pro (z- ZE[4A0) (2],
o \/,ulrlog(sn)
~ n

n * * *
P26 (A B LAA]) 6°(2) g

nlog(sn) nlog(sn)
Z —|Z
W B | Z)g g+ BT 25

+ = ||PrG (Aj A —E [41A]) 6°(2) | g .

(5.3)

where the second line follows from ([22]). We will adopt the matrix Bernstein inequality (8] to bound the

second term.

Recalling the definition of Aj. Ay in (B10) and letting z; := (b;b] — I) G*(Z)e; € C°, we have

= |[PrG (A A — B [AiAe]) 6" (D)l|g e= - |PrG (Z ((bib] —E [bz-bzbg*(meieZ))
1€Qy G,F

== > Prg ((bib; — )G*(Z)eie])

m 1€Q G,F
- Z ’PTg(zieiT)

m ||

1€Q GF

n |31 ?
= — — ||G* < ’PTQ(zieiT)> e

m =0 w g;% J )

n nil 1 Z G*Pri(z eT)e :
- — - T i€, ) ’

M\ =0 i liea, ’ 2

where the second equality is due to the isotropy property of {b;} in ([235). Furthermore, denoting by

y; € C*"*! the vector

Yi:

the second term can be expressed as

2 |[Prg (At e — B [41A) 6°(2) g p =

LvWn—1

\/%Q*PTQ(ZieiT)eo

750 Prg(ziel e

1 g*PTg(Zie;r)en—l_

Clearly, y; are independent random vectors with zero mean.

A direct calculation yields that

n—1 1

>

Jj=0

il = J

wj

GPrG(zie] e; |
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Zyi
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= [Prg(ziel) Hg F

- PG (VEseD) g

ulrlog sn)
— Izl
1 1r10g sn) . G
=\ |(bib; g (2)eill,
1 ulrlog sn) .
1o:b; — I - [|G"(Z)ell,
/ulrlog sn)
|ZHgoo7

where the fourth line follows from Lemma .91 and the last line is due to the definition of [|-[|g , in EIS).
Additionally, we have

< S [l

1€Q 1€Q
2
= > E[[PrgzeD)llgr |
i€Q
1 purlog(sn) 2
< N A S )
<Y TR R a3
1€Q
p1rlog(sn) 1 2
< L = A S A - * )
~ SHo " Z " 1G7(Z)eil|;
1€
~ Sio - parlog(sn) 7112
S 1 Zllgk.

where the third line is due to Lemma and the fourth line follows from
E[lz3] = E [I5ib; - D " (Z)eil]
=E [e] (G°(2))" (bib; — I)’G"(Z)ei]
—el (@ (2)" (B [(Ibil3bib; ) | ~ 1) G*(Z)e:
< spio 197 (Z)es]; - (5.5)

The same upper bound can be obtained for ||IE [Zieﬂk y;“yz} H
Applying the matrix Bernstein inequality yields that

s,uoulrlog sn) ulrlog sn)
Zyz \(— 1 Zllgg+ 1\ ——— - suolog(sn) - | Z]|g

n
_ m
1€Qy
uyrlog(sn) nkospg log(sn) nspolog(sn)
- O8N | g+ DB 7

n

holds with probability at least 1 — (sn)~¢ for a universal constant ¢ > 0. Noting (5.3) and (5.4), it follows
immediately that

1 1 1
[Pro (- 2aia) o' (z)| < ariosten) (% R | 2]+ B oo)

n
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n

uirlog(sn) dnkospg log(sn) 2nspo log(sn)
<y W 12l + 222008 71

w17 log(sn) nkospg log(sn) nspo log(sn)
+ \/ <\/ - 1ZlgF+ — 1Zlg oo

n m
holds with probability greater than 1 — (sn)°.

5.4 Proof of Lemma

By the triangle inequality, we have

HPTQ (z - %A;Ak) g*(Z)H

g7(X)

T nlog(sn) nlog(sn)
< — —|Z —|Z
S ( ——ZlgF+——12llg

+ 2 [PrG (A — E [ALA) 6 (2)g oy (5.6)

where the second line is due to (B23). In the following proof, we will upper bound the second term by the
matrix Bernstein inequality (3.6) and the uniform bound argument.

If we define z; = (b;b; — I)G*(Z)e; € C* and y] = JLw_jg*PTg (zie]) ej € C*, the second term can be
rewritten as

Z|[Prg (AiAx —E [AA]) 7 (2)g oy = = | 3 PrG ((bib] — DG (Z)ese])

1€Qy G,00
=— Y PrG(zie])
1€Qy, G,00
n
= G* (PrG(zie])) e
m O<7<n 14/W z;lk ( ) ’ 5
= — sup yl , 5.7
mo<j<n-—1 zEZQk 5 ( )
where the first equation follows from (BI6) and the isotropy property of {b;} in [2.35]).
For any fixed j € [n], ||y?|| can be bounded as follows:
2
!yz = = 19°PeG (el sl
sup ’<Q*PTg(zie;r)ej,ﬁ>}
VB 7 118lly=1
L VW T
<7’Tg(zz 1).G(Be]))]
"V a1 VO ’
1 3uyr
< T n ll2ill, (5.8)
1 3uyr

= [(bib; — )G (Z)ei]|,
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< b 1 3ur
\/_

SSHO'

1bib; — I| - |7 (Z)eill,

Z”g,ooa

where the fourth line follows from Lemma and the last line is due to the incoherence property of {b;} in
([2.6) and the definition of ||-[|g o, in BIF).

Moreover,

. [z vy | <

1E€Q

2|5

Z 1 rmr 2
~ w; ( n ) =il
1€Qy
< 1 pir\2 . 9
<Y (MY o 16 (Zell
, w; \ n
1€Qy

pary 2 2
S (T) SHo - HZ”g,F,

where the second line is due to (L8] and the third line follows from ([&3]). It also holds that E [Eieﬂk (yf )*yf ] <
2 2

(455) spo - 121l -
Applying the matrix Bernstein inequality and taking the uniform bound implies that

no(mr 1 VA 1 mry )
> vl| 5= (B Vsnuologlsn) 1 Zlg,r + smolog(sn) = 1 Zlg, o

1€Qy

A

— sup
™ o<j<n-—1

2

T nkosuo log(sn) nsuo log(sn)
— ——||Z ——|Z
! ( L8 | 711 + DO LB 7

holds with probability at least 1 — ns™°2 for a numerical constant ¢o > 2. Noting (5.6) and (1) we can
conclude that

|Pra (z- 2 aa) o), < Hr ( PIOBE) | 7 4. TOEom) |Z|g,oo>

G,00 n

Hir nkospo log(sn) nsuo log(sn)
—\Z —|Z
! ( LO8E) | 71 4 DHOIBEN) 7

Hir dnkospo log(sn) 2nspp log(sn)
< — ——\Z —|Z
S < - 1Zljg,F+ - 121G 00

C2

holds with probability exceeding 1 — ns™

5.5 Proof of Lemma [3.74]

According to [B4)), a simple algebra yields that
r

max_ [[UV[E < max Uil < 55
0<i<ni—1 0<i<n n

Then the application of Corollary [6.8 implies that

* |12 NlrlOg(S”)
[UV*ge S ———-

n
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The upper bound of [UV*||g ., can be established as follows. Note that
. _ 1G"(UV el
IOV llg o0 = | max | = :

For any fixed i € [n], we have

- Uy 2
/Wi /Wi |\§ﬁl2p:1|<g ( )e 6>|

1
UVv*,G(Be]
VWi Hﬁsﬁlzpzl € (Be))|

1
sup (UV* G; @ B)]
VWi |ig|l,=1

1
=— sup <UV*, E ejel ®,3>
wi Hﬁllzzl k=i

0<j<n—1
0<k<ns—1

:i sup <UV*, Z (ej®ﬁ)6;—>

Wi IBll,=1 jrk=i
0<j<ny—1
0<k<na—1
o 1 ) * T
= — sup <(6J ®6) U, ekV>
Wi ||B,=1 k=i
0<j<ni—1
0<k<ns—1
1 T
<L Y leon ULV,
PBl=1 =
0<j<n; -1
0<k<ns—1
1 2 1 2
< swp | — Y lg;@B)Uly | — > lefvl,
IBll,=1 | Wi k=i Wi k=i
0<j<ni—1 0<j<ni—1
0<k<ns—1 0<k<no—1
1 2 1 2
= s |— 38Ul [— Y [elv];
IBll,=1 | Wi k=i Wi k=i
0<j<n—1 0<j<ny—1
0<k<ns—1 0<k<ns—1
1 2 1 2
<= X W= X vl
b k=i b jtk=i
0<j<n,—1 0<j<ni—1
0<k<no—1 0<k<no—1
< B
n

where the fourth line is due to the definition of G; in (II8) and the last line follows from ([B.H). Therefore,
UV lg oo < 5
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6 Auxiliary Results

In this section, we present some necessary results which have been used in the previous proofs. The following
lemma is used in the proof of Theorem .71

Lemma 6.1. Suppose |AA*|| > 1 and |[PrGA*AG*Pr — PrGG*Pr| < 3. For any M € C*™*"™ which
obeys

AG* (M) =0 and (Z-GG*)(M)=0,
we have
[Pr (M)l < 4spo ||[Pre (M| -
Proof. Tt follows (B12) and (BI3) that

0= (GA"AG* + (T — GG*))(M)||¢
> [(GA*AG* + (T — GG*))Pr(M) |l — [(GA*AG" + (T — GG*))Pr (M)]¢ .
For the first term,
[(GA*AG" + (T — GG"))Pr(M)|} = |GA* AG*Pr(M)||f + |[(Z — GG*)Pr(M)|]?

= (GA*AG*Pr(M),GA* AG*Pr(M)) + (Pr(M), (T — GG*)Pr(M))
= (AG*Pr(M), (AA*)AG* Pr(M)) + (Pr(M),(Z — GG*)Pr(M))
> (Pr(M),GA* AG*Pr(M)) + (Pr(M),(Z — GG*)Pr(M))
= |Pr(M)||Z + (Pr(M), Pr(GA* AG* — GG*)Pr(M))

[Pr(M)||F = |Pr(GA*AG* — GG*)Prl| - [|Pr(M)|F

1
5Pz

Y

Y

where the fourth step is due to (82) in Lemma B2
For the second term,
GA"AG" + (T = GG7))Pr+ (M) |[g < [(GA"AG ) Pro (M)||g + [I(Z — GG )Pr (M)]l¢
<IGI - TATA[L - NIG7 - IPre (M) + 12 = GG7I| - [P+ (M)l
< (14 sp0) [Pro (M)l
< 2sp10 [[Pro (M)

where the third line is due to ||G]| =1, ||G*]] <1 and B3] in Lemma B2
Combining these two terms together completes the proof. O

The following lemmas play an important role in the proofs of Lemmas to 314
Lemma 6.2. Recall that U and V obey (I11.4). For any fized z € C*, there holds

0<r?<a7§( HU g( ze HF <= ||2 erv (6.1)
0<’L<'n, 1Hg ze VHF <= H2 /m“ (6.2)
Jmax |[Prg(zel); < 2]l ‘”’”- (6.3)
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Proof.

To show (6.I]), note that for any 0 < i <n —1,

G(ze) =G @z

where the second equality is due to the definition of G; in (ILI8). It follows that

[U*G(ze])|;

(U*G(ze]),U*G(ze€]))
1 <

: Z
w;
Y k=i
0<j<ni—1
0<k<ns—1

2

b k=i
0<j<ny—1
0<k<ns—1

2>

wy . .

Jjt+k=i
0<j<ni—1
0<k<no—1

DY
Jjt+k=i
0<j<ni—1
0<k<ns—1
par

)

Y Ule@z2)ef,

k=i pt+q=i
0<j<ni—1 0<p<ni—1
0<k<ny—1 0<g<nz—1

<U>~< (ej ® Z) U” (Ej ® Z)>

* 2
U (e; @ 2)]|,

2
*
17 =1,

IN

2 2
121l - 1U; ]I

2
<|l=ll3-

where the last step follows from (33]).

As for ([6.2]), note that

IG(ze)V |7

<g(ze;—r)V,g(ze;r)V>

wil< Z (e;®@2)ef V, Z

(e, ® z)e;rV>

k=i ptg=i
0<j<n,—1 0<p<ni—1
0<k<na—1 0<g<na—1
1
=— E E ((e;@2)e V., (e, @ 2)e, V)
Y j+k=i  ptg=i

Ogjgnlfl nggnlfl
0<k<n2—10<g<n2—1
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=— Z Z ((ef ®@2") (e;®2) eV, e V)

Jt+k=i ptg=i
0<j<n1—10<p<ni—1
0<k<ng—10<g<ns—1

1

=— > Y e (z"2)elV,elV)
Jtk=i pFa=i
0<j<n;—10<p<ni—1
OSkSng—loqunzfl

=— E (z*zeV,e,V)
jtk=i
0<j<n—1
0<k<na—1

2
z Z
jt+k=i

0<j<ni—1

0<k<ns—1
2 1T
<llzlly =

n

where the last step is also due to ([B3)).

For the inequality (63), by the definition of Py in (B1), we have

P26 (ze])[lf = (P26 (e]) | PTQ (ze ))
= (Prg (ze]) ,d(ze]))
= (UU g( )+g(ze )VV* —UU"G (ze] ) VV*,G (z€]))
= HU Dl + 19 (zel) V| — |[U°G (ze]) VI
<|u~ ||F+Hg (ze] )VHF
<2z ||2“;’”,
which completes the proof. O

After replacing z with b; in Lemma [62] we obtain the following corollary based on the incoherence
property (Z0) of b;, where b; is the ith column of B*.

Corollary 6.3. Under the condition [B.4), there holds

‘g fop1 ST
ogr?gafleU (be]) HF %, (6.4)
fopa ST
Jmax (gD V| < B (6.5)
2p0p11 87

max HPTQ be HF
0<i<n—1 n

Lemma 6.4. Under the condition B.4), for any fivzed matric W € CS™1 %"z,

2
16" Pr(Weill, < [W g -/ =2 (6.7)

Proof. The result follows from a direct calculation:

IG*Pr(W)ei|, = H;ﬁll’ﬂ {G"Pr(W)e;, B)]
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= sup ‘<Q*’PT(W), ﬁe;—r>‘

I18ll;=1
= sup ‘<W,73Tg(ﬁe;r)>‘

I8ll,=1
< |Wlle - sup [[Prg(Be])|;

I8ll,=1
2
< Wle /2T,
where the last line follows from (@3] in Lemma [62 O

By combining Lemmas and [6.4] the following corollary can be established, which is used in the proof
of (3:20).

Corollary 6.5. For any fived matric W € C*"1*"2ynder the condition ([34), there holds

0<i<n—

2 2
e Pr0 @ Prwecel) [ < Wi ()

Proof. Applying Lemma yields that

* 2 * 2u1r
Jmax [|[PrG (G Pr(Weiel)[p < G"Pr(W)e; - =2
2uqr 2
<IwiE- (220)
n
where the last line is due to Lemma [6.4 O
Lemma 6.6. For any two fized vectors B,y € C?,
w; 3par
— |(PrG(Be]).G(ve]))| < 18Il [1v1l
W n
holds for any (i,7) € [n] X [n].
Proof. Recall that
1 1
G(Be])=G; 2B = ere] |®@B and G(rel)=G, o~ = ese) | @.
VWi k+zt:i ' ’ ’ Vi pJ;j o
0<k<n;—1 0<p<n;—1
0<t<nz—1 0<g<nz—1

By the definition of Py in (B1), we have

T (Pro(BeD). 6re])| <\ [ WU (618).6 0] + | [Z (G B VY. 6 )
J J

J

T %|<UU*(G1-®6)VV*,GJ-®7>|.

J

It suffices to bound each of the three terms separately. For the first term, we have

w; w; 1 1
—(UU* (G;®PB),G; @) = ,/—|{ UU* ere] | @1, eel | @
Vi ) Vi Z =enel D e

ptqg=j
0<k<n;—1 0<p<n;—1
0<t<na—1 0<g<ny—1
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i 1 .
Z_j wuﬂ< >, UU'(ecwBel, > (6p®7)el>

k+t=i p+qg=j
0<k<ni—1 0<p<ni—1
0<t<ng—1 0<q<na—1

1 T T
=— Z Z <UU* (ex @ Be;, (ep ® 7)eq>
k+t=i pHqg=j
0<k<ni—10<p<ni—1
0<t<n2—10<q<na—1

1 . .
= § (U*(ei—q@PB),U (ep ®@7))
p+q=7,9<1t
0<p<ni—1
0<g<n2—1

1
- Y Ui @By U (e @),

p+q=3,9<i
0<p<ni—1
0<g<nz—1

1 ) x
= w. Z ”UifqﬁHz ' HUP’YH?

T pta=j,q<i
0<p<ni—1
0<g<n2—1

1
— Y. Uiglle - 101l 1815 - 171

7 ptq=j.q<i
0<p<ni—1
0<g<n2—1

1 2 1 2

— > MU = D NGBl Il

w;j < w;j <
p+q=7,9<1t p+q=7,9<1t
0<p<ni—1 0<p<ni—1
0<g<nz—1 0<g<nz—1

IN
|

IN

IN

Har
18l - I -

IN

The second term can be bounded in a similar way. For the last term, we have

\/?KUU* (Gi@B)VV",G;@7)| =, [=-[(UU" (Gi® B).(G; )V V")

J J

- Z Z (UU* (ex® B) e}, (e, ®7) e, VV™)
k+t=i p+9=j

0<k<ni—10<p<ni—1

0<t<nz—10<qg<nz—1

T T
LYY (enun@es . qvve)
k+t=i p+q=j
0<k<n;—10<p<ni—1
0<t<nz—10<qg<nz—1
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——| Y Y @) Wis)evvre)

k+t=i pt+q=j
0<k<n1—10<p<n;—1
0<t<ng—1 0<g<mno—1

1
<— > > WUUB| - [e] Ve
Wi k=i pre=j
0<k<ni—10<p<ni—1
0<t<ns—1 0<g<ns—1
1 * * 3|2 1 T * 2
<= X > WUUBE [ — > Y [e]VViel
I kri—i pra=j o kt=i p+g=j
0<k<n;—10<p<n;—1 0<k<n;—10<p<n;—1
0<t<ny—1 0<q<na—1 0<t<na—1 0<g<na—1
L * *|2 1 T % 2
<18l |— X Y GUE | Y Y egvve
I ktt=i  ptg=j T ktt=i  ptg=j
0<k<n;—10<p<ni—1 0<k<ni—10<p<ni—1
0<t<no—1 0<g<na—1 0<t<ns—1 0<g<na—1
1 n1—1 5 1 n2—1 9
<lgly |- X X IGUHE o= X X [elVViel
7 ptg=j k=0 I ptg=j t=0
0<p<n;—1 0<p<n;—1
0<g<nz—1 0<g<n—1
1 * %2 T * 2
=18l [— > IvTU; > legvvel,
p+q=j p+q=j
0<p<n;—1 0<p<n;—1
0<g<na—1 0<g<n2—1
1 2 1 T 2
<IBl VL IUIIVE | = > WGl |— > JleIv];
w - w -
pP+q=j pP+q=j
0<p<ni—1 0<p<ni—1
0<g<nz—1 0<g<nz—1

par
< B2 .
< == 18Il - 1171

where the last step is due to (B.3]).
Combining the three bounds together completes the proof.

The following lemma is established in [I5] and the proof will be omitted here.

Lemma 6.7. Suppose a matriz F € C"*"2 satisfies

2
max . He;rFH2 < B.

0<i<n, —
We have
n—1
1 2
> — [(F,G)[* < Blog(n).
i=0 "

We will apply this lemma to upper bound ||Z||g,F for Z € Cs"*"2_ Note that Z can be written as

20,0 s Z0,n2—1

an—l,O zn1—1,n2—l
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where z; ; € C* is the (4, j)th block of Z.

Corollary 6.8. For any matriz Z € C¥™"*"2 gatisfying

’n,zfl

2
o, 2 Vsl < B,
Jj=

we have
2
1Zllg F < Blog(n).
Proof. Define the matrix

lzooll, - llzoma-1ll,

Z = : - : € Rmxn2,

lzni—10lly - l2Zni-1,n0-1ll5

The definition of G* implies that the ith column of G*(Z) is given by

G (Z)e; = Z Zj.ks
Vi j+k=i

0<j<ni—1
0<k<ng—1
It follows that
n—1 1
2 * 2
1ZIIGF =D —g"(Z)eill;
- w;
1=0
2
-1
JOREEIEE'S
= _— z k
- 7
=0 Wi Wi J+k=t
0<j<ni—1
0<k<ns—1 9
2
n—1 1 1
<SS —1—= D =il
< 3.k ll2
) 0
im0 b k=i
0<j<ni—1
0<k<ng—1
2
-1
Yl L Y (Zee)
= — ek,ej
W; w;
i=0 ' Y k=i
0<j<ny —1
0<k<ns—1
2
n—1
_Zi 1 3 <26.e;>
= - : , €5
im0 V| VWS
0<j<ny —1
0<k<ns—1
n—1 1 _ 2
= E - ZvG’L )
- w;
1=0
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(6.11)



where the last line follows from the definition of G; in ([L.IS).

)

Since the condition ([I0) implies that jmax HeiTZ H < B, applying Lemma [6.7] completes the proof.
StsSny— 2

O

The following lemma can be established based on Corollary [6.8 It has been used in the proofs of (3:22)
and (3.217).

Lemma 6.9. For any fized z € C*,

2 le“log(sn)

HPTQ wize] HQFS Izl - n

Proof. Recalling the definition of Pr in [B.1), we have
PrG(Vwize]) = UU*G (Vwize] ) + G (Vwize] ) VV* —UU*G (Jwize! ) VV*.

It suffices to bound the three terms separately. For the first term, recall that U € C5"**" can be rewritten
as

where U, € C**" is the ¢-th block. Since
|UUG ( w;ze] HF =w; |UU" (G; @ z)||§
<wi Ul - U - 1Gi @ 2
MlT
<w NG - 11215

u1r
< o HZ||2,

where the third line follows from (34]), then the application of Corollary [6.8] yields that

1
|UU*G (Vw;ze] )Hg S 7M1T og(sm) [E1e

The same bound can be obtained for G ( w;ze; ) VV*.
For the last term, we have

[UU*G (Vwize]) VV*||c < wi |[ULlIE - U] - [|G(zeD)|” - [V Ve

par 2
S wi—— |G 1% 11215

I

ur
<P
= [E1e
where the second line is due to [B4]). Applying Corollary [6.8 again yields that

[UU°G (Vimzel) Vv < 0B gz

The proof is completed after combining the three bounds together. O
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7 Conclusion

A convex approach called Vectorized Hankel Lift is proposed for blind super-resolution. It is based on
the observation that the corresponding vectorized Hankel matrix is low rank if the Fourier samples of the
unknown PSFs lie in a low dimensional subspace. Theoretical guarantee has been established for Vectorized
Hankel Lift, showing that exact resolution can be achieved provided the number of samples is nearly optimal.
We leave the robust analysis of the method to the future work. In particular, we would like to see whether
the technique that bridges convex and nonconvex programs in [I7] may yield an optimal error bound for the
blind supoer-resolution problem.

For low rank matrix recovery and spectrally sparse signal recovery, many simple yet efficient nonconvex
iterative algorithms have been developed and analysed based on inherent low rank structures of the problems
[59, 58 Bl [7, 6]. Thus, it is also interesting to develop nonconvex optimization methods for blind super-
resolution based on the low rank structure of the vectorized Hankel matrix. In fact, preliminary numerical
results suggest that a variant of the gradient method in [6] is also able to reconstruct the target matrix arsing
in the blind super-resolution problem from a few number of the spectrum samples. A detailed discussion
towards this line of research will be reported separately.

For the single snapshot MUSIC and the MMV MUSIC, the super-resolution effect has been studied in
[4111341136]. Since the spatial smoothing MUSIC is designed to improve the performance of the MMV MUSIC,
it is also interesting to investigate the super-resolution effect of this variant. The equivalence between it and
MUSIC through Vectorized Hankle Lift (i.e., Lemma 2:2) may provide a new perspective to approach this
problem.
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