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GABOR PHASE RETRIEVAL VIA SEMIDEFINITE
PROGRAMMING

PHILIPPE JAMING AND MARTIN RATHMAIR

ABSTRACT. We consider the problem of reconstructing a function f €
L?(R) given phase-less samples of its Gabor transform, which is defined
by

Ofw) =2 [ Fe™ 0, (o) €
R

More precisely, given sampling positions Q@ C R? the task is to re-
construct f (up to global phase) from measurements {|Gf(w)| : w €
Q}. This non-linear inverse problem is known to suffer from severe
ill-posedness. As for any other phase retrieval problem, constructive re-
covery is a notoriously delicate affair due to the lack of convexity. One of
the fundamental insights in this line of research is that the connectivity
of the measurements is both necessary and sufficient for reconstruction
of phase information to be theoretically possible.

In this article we propose a reconstruction algorithm which is based
on solving two convex problems and, as such, amenable to numerical
analysis. We show, empirically as well as analytically, that the scheme
accurately reconstructs from noisy data within the connected regime.
Moreover, to emphasize the practicability of the algorithm we argue that
both convex problems can actually be reformulated as semi-definite pro-
grams for which efficient solvers are readily available.

The approach is based on ideas from complex analysis, Gabor frame
theory as well as matrix completion.

Keywords. phase retrieval, phase-less sampling, semi-definite pro-
gramming, matrix completion
AMS subject classifications. 65R10, 42A38, 30H20, 46N10, 15A83

1. INTRODUCTION

Phase retrieval problems are an important and common class of problems
in the physical sciences with applications ranging from diffraction imaging
[36] over audio [19] to quantum mechanics [32]. In mathematical terms,
phase retrieval is concerned with the reconstruction from phaseless linear
measurements. More formally, given T': X — X’ a linear operator between
two complex function spaces X and X', consider the map

A:fes |TfA feX
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where |T'f| denotes the pointwise modulus of T'f, i.e. |Tf|(w) = |Tf(w)].
Solving the phase retrieval problem amounts to solving the inverse problem
associated with the forward operator A. Clearly, Af = Ah if h = cf
with |¢] = 1. To remove this obvious source of ambiguity one does not
distinguish between functions which coincide up to a multiplicative factor
of unit modulus,

f~h <= 3FceC, =1 h=cf.

In a nutshell, the reconstruction task is to come up with the left inverse £
of A, that is, a map satisfying

VieX: L(TfP) ~f.

It is important to note that it is by no means clear that the left inverse
exists. For many instances of phase retrieval problems it is already difficult
to decide the question of uniqueness, i.e., whether A is injective on X/ ~ or
not. Typically, there are three fundamental aspects studied within the scope
of phase retrieval: uniqueness, stability and actual reconstruction. In terms
of the left inverse, these categories correspond to existence of £, continuity
of £ and construction of £, respectively.

Ideally, given a concrete phase retrieval problem one would like to have
a good understanding of all three aspects. Uniqueness and stability address
the issue of well-posedness. Algorithmic methods to reconstruct are of fun-
damental importance for practical applications. In addition — as for any
other numerical method — performance guarantees and a-priori estimates
for the error are highly desirable, as is the capability of the method to deal
with noisy input data.

Generally speaking, the algorithmic solution of phase retrieval problems
is a notoriously delicate matter. Different variations of algorithms based
on alternating projections have been around for decades, such as the meth-
ods by Gerchberg-Saxton [18] and by Fienup [17] to name just two. These
schemes have the advantage of being uncomplicated to implement. However,
the absence of convexity makes them difficult to analyse, which is a major
drawback when it comes to establishing convergence guarantees. A rather
recent trend is based on the idea of lifting the problem into a higher dimen-
sional space and solving a convex reformulation (or relaxation) there. For a
number of algorithms of this type, results have been established which guar-
antee the accuracy of the method in a sufficiently randomized setting. We
mention the 'PhaseLift’” algorithm (Candes, Strohmer and Voroninski [7])
and the 'PhaseCut’ algorithm (Waldspurger, d’Aspremont and Mallat [38])
as two of the earliest contributions into this direction. For a comprehen-
sive discussion of numerical aspects of phase retrieval as well as a detailed
overview of the literature we refer to the recent survey [16].

1.1. Aim of this paper & related results. In this paper we consider a
particular instance of a phase retrieval problem, namely where the linear op-
erator is the short-time Fourier transform with Gaussian window. Precisely,
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this means that T' = G, the Gabor transform defined by
Gf(w,y) =2/ [ )G, f e LA(R), (ay) € 0
R

with Q C R2. Evaluations of the Gabor transform correspond to correlation
between f and time-frequency shifts of a Gaussian

gf(xa y) = <f77T(A)<)0>L2(]R)7 A= (.’E, y)
where ¢ = 21/4¢=™* and 7()\) denotes a time-frequency shift, i.e.,

(m(Ng)(t) = ™V g(t - @).

The squared modulus of the Gabor transform is called the (Gabor) spectro-
gram and denoted by Sf = |G f|?. The set {2 represents the locations where
phaseless information is given. If Q = R? (in fact, Q open suffices) it is well
known that any f € L?(R)/ ~ is uniquely determined by {Sf(w),w € Q}.
Contrary to that, the uniqueness question for discrete sets €2 is already
quite subtle. While sampling on a lattice (irrespective of its density!) is
not enough [3}23], the union of three suitable perturbations of a sufficiently
dense lattice yields uniqueness [25].

Phase retrieval is inherently unstable in infinite dimensions [1}|5] which ag-
gravates matters even more. In the above setting this means that the left
inverse of f +— Sf (presuming that it exists) cannot be a well-behaved
smooth function. Sources of instabilities are functions f = fi + fo consist-
ing of two (or more) components: we say that f; and fy are components if
their respective Gabor transforms are essentially supported on disjoint do-
mains (in particular, Gf1G fo &~ 0). In this case we can flip the sign in front
of either component and get similar phaseless observations:

G(fr = )P = |GAI> — 2Re(GF1Gf2) + |G fol?
~|GfiIP +2Re(GAGS) +1GfI* = |GFI.

On a positive note, functions of aforementioned type are the only source of
instability; that is, if the spectrogram is connected, then phase information
is stably determined by the phase-less observation [26,27].

In terms of reconstruction from phaseless Gabor measurements, to the
best of our knowledge there is only one result into this direction at this mo-
ment in time. For signals residing in the shift-invariant space generated by
a Gaussian, Grohs and Liehr [24] establish an explicit inversion formula and
prove that its discretization leads to a stable reconstruction method under
suitable connectedness conditions.

Escudero et al. [15] consider the problem of locating the positions of the
zeros of the Bargmann transform, which is closely related to our problem
as Gabor and Bargmann transform coincide up to normalization (and due
to the fact that the Bargmann transform is an entire function, and thus
essentially determined by its roots).

Finite-dimensional variants of the STFT phase retrieval problem have also
been investigated extensively [2}/4}/14}28,33].
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As outlined above absence of uniqueness and uniform stability is a real
issue for the problem at hand. Furthermore, any practical implementation is
restricted to process a finite amount of data (in particular, € finite) while the
problem itself is infinite dimensional. Thus, it is inevitable to compromise
on the original objective of actually constructing the left inverse £ of

A:f Sf= |G/

It is therefore the aim of this article to identify a map £ : R® — L?(R)
which serves as an approximate left inverse of A.

1.2. Contribution. In this paper we propose an algorithmic solution to
compute an approximate left inverse £. More specifically, the algorithm
takes spectrogram samples as input, i.e.,

Sfw)=1Gf(W), we

with Q C R? finite, and aims to reconstruct f up to a multiplicative constant
of unit modulus. Our method is based on solving two convex programs (CP)
both of which can actually be formulated as semidefinite programs (SDP).
For the reader who is not so familiar with convex optimization, the prototype
of a SDP has the form

min <X,A0>F
s.t. <X,Ak>F:bk, k:L...,M
X =0

with (Ag)M, a family of Hermitian matrices, (A, B)p = tr(BH A) is the
Frobenius inner product and (bk)fg\/[: 1 € R. We refer to the survey article by
Vandenberghe and Boyd [37] on semidefinite programming and highlight the
following snippet from the abstract of the aforementioned article to partly
explain the popularity of SDP.

” Although semidefinite programs are much more general than
linear programs, they are not much harder to solve.”

Further, the case where the constraints are inequalities (X, Ag)rp > by
also fits in this framework. We point out that it often makes sense to
soften the constraints by replacing (X, Ax)p = by by (X, Ax)p — bi| < €
with € a positive tolerance parameter, for example when the system is over-
determined or in the presence of noise. A SDP of the above type can be
easily set up and solved using the CVXPY package in Python.

The reconstruction scheme is accompanied by numerical analysis. Our
results guarantee that the proposed method is accurate within the stable
regime (that is, if the spectrogram exhibits sufficient connectivity) and in
the presence of noise, presuming that sufficient data is provided (i.e., 2
is rich enough). Thus, our algorithm joins the rank of provably convergent
semi-definite programming-based methods for phase retrieval problems such
as the famous "PhaseLift’ and 'PhaseCut’ algorithms. We point out that —
in contrast to the aforementioned contributions — our results hold in a purely
deterministic context.
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1.3. Main ideas. Before providing some explanation of our approach we
introduce the number

1
a:=—=0.7071....

V2
The square lattice with mesh size a will be denoted by A = aZ2. It is
important to keep in mind that in practice A needs to be finite so we deal
with finite dimensional objects. In this introductory part this aspect will
however be neglected for the sake of simplicity of the argument as will be
the potential influence of noise.

Reduction to discrete phase recovery problem. Given f € L?(R) we introduce
a sequence v = (vy)xep € C by virtue of

v =Gf(\), \€EA.

Even though the index set A C R? has a two-dimensional appearance we
think of it as a one-dimensional vector. As it is well-known from Gabor
frame theory, the infinite vector v carries all the relevant information of the
function f to be reconstructed |12}31}34,35]. More explicitly, the relation-
ship between v and f can be described in terms of an expansion formula
involiving the so-called dual window v € L?(R):

(1) f= > o

A=(a,b)eA

Thus, it suffices to recover the vector v up to a global phase factor.

Lifting. The term ’lifting’ refers to the idea of embedding the vector space
C? into the matrix space CA*A. We consider the infinite matrix v ® T €
CAXA | which is defined by

(@D =0t = GFNGFN), AN €A

as an alternative representation of the vector v. The matrix entry (v®7)y x
contains the information of relative phase change between the locations A
and ). Note that v®7 determines v uniquely up to a multiplicative constant
of unit modulus — span {v} is the solitary nontrivial eigenspace of the matrix
v ®U. Thus, this approach neatly fits into the scope of phase retrieval. The
lifting trick is well-known within the phase retrieval community and has
proven to be quite useful, for instance to turn a given phase retrieval problem
(which is non-convex by nature) into a convex problem by considering a
relaxation in the matrix space.

Matriz estimator. We are left with the problem of determining the entries
of the matrix v ® ¥ given spectrogram data (Sf(w))uecq. In the best case
(that is, if Q@ O A) we can directly observe the diagonal entries of the matrix
as
(v@T)ax = Sf(N),

while no off-diagonal entries are provided. To go beyond the diagonal we
construct a predictor function V' based on holomorphically extending the
spectrogram. In Section we prove that there exist L : R? x R? — C? and
Q : R? x R? — C such that

(2) Gf(p+u)Gf(p) = F(L(p,u))-e?P  puec R
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f € L*R) Sfe[0,00)%
dual window | | estimator & completion

(CAXA

Mm <---
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NS < : v QU
(Eeadlng e1genvec‘501r®

FIGURE 1. Schematic decomposition into the respective sub-
steps in the construction of the approximate left inverse £ of

A.

where F : C? — C is the unique entire extension of Sf (that is, FF € O(C?)
and F' ]W = Sf). Assuming that F' is known, it follows from that

VLX) = F(L(V, A= X)) - QXA

correctly predicts the entries of the matrix v ® . In practice it is not
viable to identify F' exactly. To obtain a feasible variant of the idea we
will pick a finite-dimensional Ansatz space {F4, A = 0} whose members
are parameterized by positive definite matrices of a fixed size. Further, we
formulate a semi-definite program over {A > 0}, the convex cone of positive
definite matrices such that its solution A, gives rise to an entire function
F'4, which serves as an approximation for F. The resulting predictor is then

VLX) = Fa, (LN, A= X)) - QA=Y

Analyzing the accuracy of the estimator reveals that V(\, \) is a reliable
approximation for (v ® v)y y if

AN)eP={(A\XN)eAXA, A=\ <1},

with 7 > 0 a suitable threshold parameter, whereas accuracy cannot be
guaranteed when |[A— )| > r. Hence, V can only be used to predict relatively
few matrix entries.

Matriz completion. That matrix completion techniques can be quite useful
in the context of solving phase retrieval problems is well documented [6].
For the problem at hand, to infer the remaining entries of the matrix v ® ©
we exploit the structural knowledge we have on that matrix: v ® v has rank
one and is positive semi-definite. We attack the matrix completion problem
by solving the convex relaxation

Find Y = 0 s.t. [Yan — V(A N)| <7, for all (A, X) € P,

with 7 > 0 a suitable threshold. Quite conveniently, the relaxation can be
formulated in terms of a SDP. We pick up a result due to Demanet and
Jugnon [13] (and establish a slight modification) to show that the convex
relaxation is guaranteed to yield an accurate result provided that the data
exhibit sufficient connectivity. The precise quantitative concept to measure
connectivity is the spectral gap of the (vertex-weighted) graph Laplacian
associated to f (see Definition [2.4)).



GABOR PHASE RETRIEVAL VIA SEMIDEFINITE PROGRAMMING 7

1.4. Outline. The remainder of this article is organized as follows. Sec-
tion [2] contains the precise definition of the reconstruction scheme as well
as statements concerning the accuracy of the algorithm, which constitute
the main results of this article. In Section [3] we present some numerical
experiments in order to verify the capabilities of the proposed algorithmic
solution empirically. Section [4 forms a collection of required preliminary
material. In Section [l we discuss an inexact version of the dual window
reconstruction formula . Section [6]is concerned with a detailed analysis
of the estimator V. Finally, Section [7| contains the proof of the first main
theorem, Theorem [2.8|

2. ALGORITHM AND RESULTS

2.1. The reconstruction scheme. This section is concerned with present-
ing the algorithmic solution of the phase retrieval problem at hand. As the
method is quite involved we need to introduce a few objects and quantities
first.

Throughout a = % The signal to be reconstructed is represented by f €

L?*(R). T C aZ? denotes a finite subset of the lattice. Furthermore, we de-
note the cone of positive definite matrices by 20, (I') = {4 € C'*I': A = 0}.

Definition 2.1 (Ansatz function). Let J = (% }). Given \,u € R?, let

A+M)2

Bru(z) = CO )™ IO omr(=258) s e 2,

where C(A, ) == exp {fﬂ)\ - ,LL|2 + mi( A A2 — M1M2)}- To every A € C'*T
we associate the entire Ansatz function Fa defined by
FA(Z) = Z AA,M . (I))\#(Z), z € (C2.
A pel
The prediction process involves evaluating a certain entire function of two
complex variables.
Definition 2.2 (Evaluation operator). Let
R2xR? —(C?
L: 1(1—i
(P, u) =pt (i)
[RZxR? - C
| (pyw) = —Zul? — mi(2p1 + u1)uy
Given G € O(C?), the evaluation of G is then defined by
E[G(p,w) == G(L(p,u)) - 70,

We shall denote the canonical dual window of the Gabor frame (7(\)®) ycaz2
by . Further, we point out that an explicit formula for 1 is available, see
equation [£.3]

With this we are ready to formulate the reconstruction scheme which is
handed noisy spectrogram samples o, ~ Sf(w),w €  with Q C R? finite
and aims to reconstruct f up to a global phase factor.
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Algorithm 1: Reconstruction procedure

Parameters: r,¢,¢/ > 0 and A, T C aZ? finite
Input: o € R?
Output: f, € L*(R)
Step 1: Solve the CP
min max A
(3) Aed (')  Xel ’
st. |[Fa(\) —on| <e, XeQ,

and denote its solution by A,.
Step 2: Set P == {(\,N) € Ax A: |[A—)N| <r} and define
coefficients

T)\/j)\ = 5[FA*]()\, N — )\), ()\, )\,) eP.
Solve the CP
(4) find Y € AL (A), s.t. Y, —Tp| <&, peP.

Step 3: Extract v € CM an eigenvector corresponding to the largest
eigenvalue of Y, and set

for=/tr(Y) Doy - w(A)e.

A€A

Remark 2.3 (CPs are SDPs). Both, the CP in step 1 as well as the CP in
step 2 can actually be recast into a SDP.

Indeed, to see this for the CP in step 1 we refer to Lemma[6.7, where we
explicitly construct for any given point z = (z,y) € R, a hermitian matriz
W, € A, (I") with the property

FA<2) = <A, Wz>F7 Ae Ql+(F).

Furthermore, we add a single element ‘o0’ to the index set I' and denote
I' =T U{occ}. With this, we introduce a slack variable p € R by considering

A:(f :)em+(f).

It is not difficult to see that A is a solution of if and only if A is a
solution of the SDP

~ 0110
R
Jmin = min (4 (7)),
~ Wy 10
st (A (T ) ), - o

<A>D’Y>SO) VEF

<eg, A€

where the diagonal matriz D is given by
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For the corresponding statement with regards to the CP in step 2, we refer to
Lemmal[4.1], where we explicitly construct, given an arbitrary point p € AXA,
a pair of hermitian matrices E; and E, with the property that for each
A€ Ql-‘r (A)7

(A,E})p =Re(Ap), and (A E))p =1Im(4,).

Therefore, every solution of the SDP

i Y,0
vy Y 0r
/
s.t. |<Y,E;>F—R6Tp|§%a peP
/
(V.E)r—ImT,| <5, peP

is also a solution of the CP (4)). Finally, we point out that off-the-shelf
solvers (in particular, the CVXPY package which was used to produce the ex-
periments carried out in Section@ deal with these aspects automatically and
internally. For example, to solve the CP we stmply declared maxycr Ax x
as the objective function to be minimized.

2.2. Reconstruction of Gabor coefficients. The intermediate objective
of the algorithm is concerned with the reconstruction of the coefficients
{Gf(N),\ € A}. Before we present the result which guarantees the accuracy
of this first component of the method we again have to settle some termi-
nology.

First we attach a graph to the provided spectrogram samples in order to
specify the relevant quantity of connectivity.

Definition 2.4 (Signal associated graph and spectral gap). Given a triple
consisting of f € L2(R), a finite set A C aZ? and r > 0, the signal associated
graph G = (V, E, «) is the vertex weighted graph with vertex set V- = A, edge
set E defined by

(u,v) e B & 0<|u—v|<T,

and vertex weights a, = Sf(v), v € V. Let 0 = A\ < Ay < ... denote the
eigenvalues of the Laplacianﬂ of G. The spectral gap is defined as

/\Q(f, A, 7“) = )\2.

Remark 2.5 (Spectral gap and connectivity). We recall in Lemma
that G is connected if and only if there is an actual spectral gap, i.e. if Aa is
strictly positive. This suggests to conceive the spectral gap Ao as a concept to
quantify the connectivity of G: the larger the spectral gap of the Laplacian,
the more connected is G.

A formal approval of this intuition has been established by Cheeger [8] in the
context of Riemannian geometry by relating the spectral gap to a geometric
invariant coined the Cheeger constant. Subsequently, respective results have
also been encountered in the world of graph theory [10].

Lwe recall the definition of the Laplacian of a vertex weighted graph in Section
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In the remainder we will stick to index sets A, I, €2 of a rather simple form.
Namely, we assume that these sets arise as the intersection between a cen-
tered rectangle with a square lattice. Precisely, given numbers T, S, R, s > 0
we set

(5) A= ([-T,T] x [-8, 5]) N aZ?,
(6) Q= (-T—-R,T+R]x|[-S—R,S+ R]) NsZ?
(7) I'=([-T —2R,T +2R] x [-S — 2R, S + 2R]) N aZ?.

The parameters need to be chosen reasonably for the reconstruction method
to succeed. For this purpose we introduce the following technical notion.

Definition 2.6. Let f € L?(R). Given parameters T, S, R,r,s,e,& > 0 let
A, T, Q be defined as in , @ and , respectively.

We say that the parameters are well calibrated if all of the following relations
hold true:

2 2

(8) e < i % min ”gf”?%/\) Xa(f, A, )
— 11.33 x 10° |A‘2 ) 1922 )

(9) e = (3.1 x 10%)/ze 52",
(10) S S Lv

2

In (£>
1 -1

(11) R > max {2.1 +0.9/In <6) z +28 }

Remark 2.7 (Number of required samples). The parameters T,S,r are
considered to be fixred numbers. Typicallyr € [0,2], and expressions involving
rin - may just be regarded to be constants. The parameter e plays the
role of the desired error margin. From a qualitative perspective (neglecting
numerical constants) we get that the required number of samples in the “well-
calibrated regime” is roughly (asymptotically for € close to 0)

Q| = [sZ2 N ((-T = R,T+ RN [-S — R, S + R))

(T'+ R)(S+R)
2

~
—~

S

=1n () <T+ In (1)> - <s+ In (1))
3¢ € €
Hence, |Q] = O(In? 1) ase —0.

The first main result states that the proposed method recovers the samples
(Gf(N\))ren accurately under appropriate assumptions and reads as follows.

Theorem 2.8. Let f € L*(R) be such that ||Sf| =~ < 1E| Suppose that
T,S,R,r,s,¢,¢ are well calibrated. Let o € R be such that

3
o — Sfllee) < 3

2the assumption that ||Sf||re < 1 is purely there for aesthetic reasons in order to keep
bounds and implicit constants as simple as possible
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Then it holds that both convex problems in Algorithm [1| are feasible. More-
over, the top eigenvector v € CM satisfies that

tr(Y)v — e®(GF(N))ren

2
< 1rreosir (14 a0py L9 NEw Ve,
o >\2(fa A,’I")

The proof of Theorem [2.8) can be found in Section [7]

Remark 2.9 (On the choice of r). According to Theorem the accuracy
of the prediction is driven by the quantity

1Gf 1A
Cs " , — 0.84r2 1420 (A)
' b(f T) © " )\Q(fa AvT)

The statement is empty if X\o(f, A,7) =0, i.e., if the associated graph is not
connected. For a generic f € L*(R), we have that Gf does not vanish on
the finite set A. Thus — provided that r > a — in general (for generic f) we
have that the graph is indeed connected.

Furthermore, the performance of the reconstruction method may crucially
depend on the choice of r. Given f, the optimaﬂ choice is

12 i
(12) min

r =r(f) = argmin,. o Csap(f, 7).
It is important to note that r.(f) can be computed if samples (Sf(X))ren are
given: the Laplacian (and therefore also the spectral gap Aao(f, A, r)) depends
solely on (Sf(N))aea and moreover as r — Xo(f, A, r) is piecewise constant,
it suffices to check a finite number of candidates r (cf. Figure @for the three
smallest choices).

FiGURE 2. Three different choices for the parameter r. For
the values r = a = % (left), r = 1 (center) and r = /2
(right) the blue vertex in the middle has 4,8 and 12 neigh-

bors, respectively.

Remark 2.10 (Comparison with existing stability results). Next we put the
above result into perspective with earlier stability results for the Gabor phase
retrieval problem. More specifically, with the outcomes of [26,|27], where
it has been shown that on a domain Q C R? on which |Gf| is connected,
phase information is stably encoded in the phase-less data |G f|. Even though
inequality is of discrete type, qualitatively it is very much reminiscent of

3in the sense that the upper bound provided by Theoremis then the tightest possible
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F1GURE 3. We compare two different functions: one having
a spectrogram which is connected (left) and the other one
consisting of two connected components (right). The white
points indicate the finite lattice A C aZ2. The graph in the
center shows the dependence of Cyqp(f, ) on the parameter
r for each of the functions. These computations suggest that
the performance of the algorithm will benefit from choosing
the parameter r to be relatively large (r = /5/2) in the
disconnected case, while it is favorable to pick » = 1 in the
connected case.

the aforementioned results: While the results on the continuous level quantify
connectivity in terms of the Poincaré constant (which is known to coincide
with the spectral gap of the Laplacian if objects are correctly defined), we
here employ the spectral gap of the corresponding graph Laplacian. To state
the obvious, the substantial advantage of the novel results of this article is
that we have a mean to actually recover phase information.

2.3. Reconstruction from incomplete Gabor coefficients. Given A C
aZ? we formally define an operator Ry : C* — L?(R) by

(13) Rale) =Y exm(Ny,  ¢=(e)rea

AEA
where 1 denotes the dual window of the Gabor frame (7(A)¢)rcazz. If
A = aZ? and ¢ = (Gf(\))rea the sum in converges unconditionally in
L?(R) and exactly reconstructs f, that is, f = Ra(c), cf. Section

In practice, one only has a finite number of possibly noisy samples at one’s
disposal. It is the purpose of the next result to control the reconstruction
error in this inexact setting. As before, given T, S > 0 let us denote

A= ([-T,T] x [-8, 5]) N aZ?.

Given the fact that only a limited amount of samples is available (par-
ticularly, A C [-T,T] x R) one cannot expect that f is to be accurately
reconstructed outside the interval [—T,T]. Moreover, given that there is no
information about large frequencies (> S) it is to be expected that the re-
construction is accurate only if the function to be reconstructed is relatively
smooth.
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Before we state the result we introduce two quantities. Given f € L*(R)
we use

1/2
() = sup | g = 2% sup ([ |0 ar)
zeR zeR R

to capture the maximal local L2-energy of f. Given S > 0, let

1/2
ks(f) = sup (/ G f(z,w)|? dw) = sup ||~7:{f€_7r(._w)2}HL?([fS,S]C)-
|w|>S Tz€ER

The quantity kg(f) may be understood as a measure of smoothness of f: If

ks(f) is negligibly small, then all Gaussian localizations {fe_”('_z)Q, z € R}
are close to bandlimited (with bandwidth 2S5), and vice versa.

The second main result reads as follows.

Theorem 2.11. Let T, S € aN, let 0 < 7 < T. For all f € L*(R) and for
all c € CY it holds that

If = Ra(r2(—rr) <
0.82 (Hgf ~clleew + VT +1-ks(f) + V7 + Te v ‘W(f)) )

For the proof of Theorem [2.11| we refer to Section There are three
different terms contributing to the upper bound on the reconstruction error.

— The first term is simply the noise on the provided samples.

— Recall that A C [-T,T] x [-S,S]. This means that the reconstruction
method only draws on Gabor samples located in the strip R x [—S, 5]
while neglecting information from samples outside the strip. Morally, if
there is only little contribution from samples outside the strip (that is, if
ks(f) is small) then neglecting these samples does not affect the accuracy
too much.

— The decisive factor in the third term is the exponential e~ 2(T=7) Since we
want to accurately reconstruct on the interval (—7, 7) we require that 7' >
7; clearly, the reconstruction accuracy will benefit from being fed more
information (i.e., increasing T'). The estimate shows that the improvement
on the corresponding error term is exponential with respect to the offset
T—r.

2.4. Reconstruction from spectrogram samples. The content of the
main result is to clarify under which conditions and in which sense fy, the
output of Algorithm [I]is a useful estimate for f.

Theorem 2.12. LetT,S € aN and let 0 < 7 < T. Furthermore, suppose the
assumptions of Theorem[2.8. Then it holds that f., the output of Algorithm
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satisfies that

: 6
(14) lgg]lr{l Hf* —e€ fHL2(—T,T)

2
< 18]177e084% . | 1 4 20r % Ve
N )\Z(faAar)

+ (2T + 2)ks(f) + 2V S(1 + l)e_g(T_T)] .

The result is essentially a direct consequence of Theorem [2.8/and Theorem
and the proof will be provided right away at this stage.

Proof. Let ¢ € C* be defined by

ex = /tr(Y)uy, A€A.

As per Theorem [2.§ there exists g € R such that

: 2 G £117:
(15)  Je— e (GF(N))aenl < 177284 1+207’m - Ve

We continue by estimating
. b2 i _ b
IHHEIHIRI ||f* € f”L( T, T) glelﬂrgl ”RA(C) € f||L2(fT,T)
< ||RA(C) - ezaofHLQ(—T,T)
= ”,R’A(e_leoc) - f”L2(—’T,T)‘

As per Theorem [2.11] we have that the right hand side is bounded from
above by

18 (16f — e ™cll o) + VT + 1+ s5(f) + (7 + e 3T ().
We claim that

(16) n(f) < 2vV'S + ks(f).
With this and with we then get that

2
) i0 0.84r2 Hngp(A)
i 17 = ¢ liary 181776507 | 14 20| SR |- 02

FWTTT 4 (4 DeF0) ms(f) +2v/5(r + 1>e—§<T—T>1

Notice that
VT + 14 (r+1)e 207 <27 42,
which implies the desired estimate .

To establish let v € R arbitrary. Since Gf(v,-) = F{fe ™~} it
follows from Plancherel’s formula that

(17) 1fe ™2, = G f(x, )22 < 25 + rs(f)%,
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where we used that ||Gf| L~ < 1 by assumption. Since

o (—u)?  —27u? 1
/ e 2w (t—u) e 2T = —e ™ 7
R 2

we then get for any x € R (by applying to v = x + u) that

/ |f(t)|2e—7r(t—z)2 dt = 2/ |f(7f)’2 </ e—27r(t—r—u)2—27ru2 du> dt
R R R

_ 2/ (/ |f(t)|2e—27r(t—x—u)2 dt) e—27ru2 du
R R
< (25 + rs(f)?) - 2/ =2
R

=v2(2S + Ks(f)?)

As x was arbitrary, taking square roots implies (16]), and we are done. [

3. NUMERICAL SIMULATIONS

First of all, the purpose of the present section is to demonstrate empiri-
cally the aptitude of the proposed reconstruction algorithm. Furthermore,
we aim to develop some sense for the choice of parameters of the scheme.

We consider the reconstruction of certain random signals. The precise
random model is the following: Given a > 0 and Z C aZ? finite, we pick a
vector (cy)aez € C= at random, with each component chosen independently
and according to the uniform distribution on the complex unit disk D C C.
The resulting function is then given by

F=>en-m(Ne.
AEE

The algorithm takes noisy spectrogram measures as input. Given a noise
level v > 0, the noisy sampled data fed into the algorithm are given by

O-A:Sf(A)+77>\> A€,

where (n))acq are independently and identically distributed random vari-
ables according to uniform distribution on the interval [—v, v].

ffffffffffffffffffff

[1]

FIGURE 4. In order to make sure that the reconstructed co-
efficients (Gf(A)xep carry all the relevant information of f
in an interval around zero, = is chosen in such a way that
in the vertical direction it does not exceed the zone occupied
by A. This means if = = aZ? N ([-T',T"] x [-5',5']) and
A =aZ?N([-T,T] x [-S,S]), then S > 5.
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F1GURE 5. The top plot shows |G f| for a randomly generated
f. The white points indicate the set €, i.e., the position of
the samples fed into the scheme. The red rectangle indicates
the zone in which samples of Gf will be reconstructed: all
points of aZ?\ A are on the red dashed line or outside of the
rectangle. The two plots below compare real and imaginary
part of f and its reconstruction f,, respectively. In order
to make these two functions comparable f is multiplied by
an appropriate constant phase factor first. The table at the
bottom summarizes a couple of relevant specifications of the
experiment carried out.

The main difference between the two experiments (Figureis the interval
on which f is reconstructed. On the left, reconstruction is fairly accurate
on [—3, 3], while on the right hand side, we obtain a good approximation for
the larger interval [—4.5,4.5]. This comes at the price of having to solve a
problem of higher complexity. The bottleneck of the reconstruction scheme
lies in identifying A, the parametrizing matrix of the (approximate) entire
extension of the spectrogram Sf (step 1 of Algorithm . In this step, one
needs to solve a SDP where the variable is a matrix of dimension |I'| x |T'|.
Hence, a moderate enlargement of the set A results in substantial extra
computational expenses. Comparing the two present examples we register
roughly a quadruplication of computation time.

Remark 3.1 (Infeasibility issues). The experimental results displayed in this
section are very much a product of a trial and error process regarding the
selection of suitable parameters. For several instances the algorithm would
terminate early as either of the convex problems handed to the solver is found
to be infeasible. From a practical viewpoint it would be highly desirable to
have a variant of the scheme which is robust w.r.t. such infeasibility issues.
For example, a viable pathway could be to incorporate the constraints into
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the objective function instead of using hard constraints. As the focal point
of this paper lies on the numerical analysis of the scheme we do not aim to
further expand on this topic at this stage.

4. TERMINOLOGY AND PREREQUISITES

4.1. General notation. Throughout we will understand R¢ as a subspace
of C%. Given a vector p € C? its euclidean length is denoted by |p| and we
use the notation p?> =p-p = Zgzl pz. Real and imaginary parts are taken
componentwise, i.e.,

Re(p) = (Re(p1),. .-, Re(pd))T, Im(p) = (Im(p1), ... ,Im(pd))T.

Given a function F : R — C, we use the tensor notation

TulF(p) = F(p +u)F(p), p,ucRL

Given a matrix A we denote

| Allmax = HI??ZX |Ak,Z"

If A is a finite index set with N = |A| its cardinality, we can identify CA*A
with CNV*N | the vector space of N x N square matrices. Linear algebra con-
cepts such as matrix products, matrix-vector multiplication, trace, positive
(semi)-definiteness, eigenvalues and eigenvectors are well-defined in CA*4
and will be denoted by the common notation. Moreover, we introduce the
Frobenius inner product on CA*A by

<X,Y>F = Z X)\,)\/Y)\’)\l = tr(YHX)
AN EA

Recall that (X, YY) is real-valued (resp. non-negative) if X, Y are hermitian
(resp. positive definite). Given vectors a,b € C*, we use tensor notation
a ® b to denote the outer vector product, that is,

(a®b),\’)\/ = axby, )\,)\, € A.
The following simple lemma will be handy:

Lemma 4.1. Let k,¢ € {1,...,N}. and let ey, e; denote the k-th and (-th
canonical basis vector in CN. Then, for every X € CN*N hermitian,

1
Re(Xk,g) = <X, §(€k XRep+e K ek)>F,
and

1
Im(Xkl) = (X, Z(ef Ker —ep e€)>F'

Proof. Using that X is hermitian implies that
1 1 1, .
Re(Xie) = 5 (Xie + Xe) = 5 (X + Xog) = 5 (e Xeg + ¢p Xey)

= %(tr([ee @ ex] X) + tr([er ® e/ X))

The second identity is similar. O
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For F € O(C) an entire function we will employ the notation F* to
denote the function defined by F*(z) = F(z). Note that F* € O(C). Given
G € O(C%), we define the maximum modulus function by

Mg(r) .= sup |G(2)], r=>0.

z€C?
| Im z|=r

The Fourier transform of f € L'(R%) is defined via the integral

Fiw) = f(@) /f e 2Tt s,

and extended to L?(R?) in the usual way. We denote the shift and the
modulation operator by T and M, respectively. That is

Tof(t) = f(t—2), Mof(t)=e*"f(t), feL*R?).
Time-frequency shifts are denoted by 7 (z)f = M,T, f, where z = (z,w).
The Jacobi ¥3 function which is defined by
193Zq qu 21/4:27 qe(()?l)vzec
keZ

will be useful on a number of occasions. All values of this function used
here have been computed using the EllipticThetal3,z,q] function on
www.wolframalpha.com, in particular, we will use

03(0,e7™) = 1.08643... , ¥3(0,e ™/?) = 1.41949...

and 93(0,e~™/%)2 = 4.00005... One application is estimating the sum of
equidistant shifts of Gaussians.

Lemma 4.2. Let b > 0. For allt € R it holds that
Z e H R < Vbid3(0,e70™).
keZ
Proof. We denote g(x) = e~ 5% and note that §(w) = Vbe t™* . Applying
Poisson summation formula allows us to rewrite
T(t—k)? _ Z ng — Z Mft/g\(k') — \/BZ e_QWitke_bﬂk2.
kezZ keZ keZ keZ
The triangle inequality then gives
Z 6—%(t—k)2 < \/EZ e—bnk2 _ \/5193(076—6#)7
keZ keZ
as claimed. O

4.2. Time frequency analysis. The central object of this paper is the
following.

Definition 4.3 (Short-time Fourier transform). The short-time Fourier
transform (STFT) of f € L?>(R%) with window function g € L*(R%) is defined
by
ng($7 w) = <f> Mwng>L2(Rd)‘
Moreover, if
g=9:= 9d/4e—m?
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the Gaussian, we use the notation Gf = V,f and call Gf the Gabor trans-
form. The squared modulus of the Gabor transform is called the spectrogram
and will be denoted by Sf, that is, Sf(x,w) = |G f(x,w)|?.

We devote the remainder of this section to collect a couple of properties
and statements involving the STFT and refer to Grochenig’s textbook [20]
for more details.

Note that, from Cauchy-Schwarz, we get ||S ||z < ||f[2.. Given A = (a,b),

Glr (M f(z,w) = e 2™ Gf(z — a,w — b),

in particular, |G[r(A\)f](p)| = |Gf(p — A)|. The Gabor transform of the
Gaussian ¢ is given by

(18) g(p(x,w) — e*%($2+w2+2ixw)
so that, for z = (z,w),
(19) Glr(Ng)(@,w) = e~milrra)=b) =7l

Later on, we will require the formula
(20)  F (Vof V) (5,t) = Vaf(~t,)Vyg(—L5),  frg,h,y € LA(RY).

which may be found in [29] and in [21].
The Bargmann transform denoted by B is defined as

Bf(z) :21/4/ f(t)ethz—m?_gZQ dt.
R

It is an isometry from L?(R) to the Fock space of entire functions,
F2={f :C - Centire s.t. ||f|2 := / 1 (2) PP dz < o0},
C
Bargmann and Gabor transforms are intimitely related by virtue of the
identity
(21) Gf(z,—y) = e"™Bf(2)e 3, 2=z +iyeC.
The Hermite functions are defined by
k
o _1\k w2 i —2mt?
hi(t) = cp(—1)%e (dt) (e ), keN,
where ¢ > 0 is chosen in such a way that ||hg|/z2 = 1. Then, (hy)gen forms

an orthonormal basis of L?(R). The Bargmann transform maps the Hermite
functions to monomials of the corresponding degree, that is,

Tk
(22) Bhy(z) = R k € N.

Equation implies that Fourier transform of the spectrogram has Gauss-
ian decay. The following lemma reveals that this is still the case after ap-
plying a Gaussian cut-off to the spectrogram.

Lemma 4.4. Let f € L*(R), then it holds for all T € R? that
|F(Sf e E YO < 8IS fll ey e 5, £ R
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Proof. Since we can always consider m(—7)f instead of f we may assume
w.l.o.g. that 7 = 0. First we write f in the Hermite basis f = >~ o(f, hw)hu

so that
2
2

Z<f, hk>Bhk6_%|Z|2

k>0

k
SO Gy e B
k>0 ’

with . With ¢ = % < 1, let us denote v = > ;5 q"(f, hi)hy and

rewrite

(23) Sfz)e EE = |30y, hk>ﬁzke—%zl2

k=0

0 k
= > (f iy Ty e B/
k=0 :

0o ok ] 2
= Z qk<f> hk>\/;(z/q)ke—2|2/q

k=0

Thus, we get with ¢ = (=&, &) that the Fourier transform of the product
is equal to

F(Sf-e 50 (©) = *87(a€) = ¢ - Vo (a€) - Vorpla€),
where we made use of to derive the last equality. Since V,p is a Gauss-
ian (see (|18)) it follows that

(24) F(SF - FP) O] < Ve - e T

It remains to establish a pointwise bound for V.. Note that it follows from
(23) (replace z by gz and take roots on both sides) that

1G(2)| = G f(gz)|e” TP

Since the Gabor transform is unitary we can use this to estimate for p € R?

S§f(z) = |[Bf(z)e 2

2

2

2

2
= 5v(2/q)-

V@) = [ m )] = K97, Glr ) 22|
< [,169) 1690z ~ p)ldz < S Spee [ | e ROPH 0z,
R? R2
Since the integral expression
— — 75 (l2* +lz—pl?)
p(p) = /RQ e s dz
only depends on |p| we can assume that p = (|p|,0)? and compute

o(p) = < / e—fs<x2+<z—|p>2) . ( / - E? dw) — 9o nl?,
R R

In particular, we get that

_ 27
Vv (q€)| < 9||S || poee STIEF
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which together with (24) implies the claim. O

We will need the following localization property of Gabor transforms:

Lemma 4.5. It holds for allr > 0, 2 € R? and f € L*(R) that

A /€7r7"2 _

1
191 < —— 519 f 2,

Proof. We may assume w.l.o.g. that z = 0. Using the mean value property
for the Bargmann transform we get that

G7(0)=Bf0) = — [ By
{lzl<r}
1

2

// Gf(x, —y)es @+ e~y qray,
B;-(0)

Cauchy-Schwarz implies that

1 2
GFO) < =516 2es. 0y - Ve 1.

and we are done. O

4.3. Gaussian Gabor frames. This paragraph is concerned with discreti-
zation properties of the STFT. We refer to textbooks of Grochenig [20] and
Christensen [9] for a comprehensive account of this topic including the col-
lection of statements below.

A family of vectors (f;)ier € H with H a Hilbert space is called a frame
if there exist constants 0 < A < B such that

All£IB < SIS fivnl® < Bllfl3,  feH.

i€l
The maximal A and the minimal B to satisfy the above condition are called
frame constants. Given a frame (f;);cs the frame operator defined by

S:H—H,Sf=>(f fiynf
el
is well-defined, bounded, invertible, self-adjoint and positive. Moreover, the

family (S~!fi)ics forms a frame with frame constants B~!, A~!. The frame
(S71f)ier is called the dual frame.

We consider function systems of the form ® = (7(A)¢)aea, ,, with ¢ the

Gaussian, ¢(z) = 21/46_”2, Aoy = aZ x UZ a lattice, a,b > 0 discretization
parameters. In this case, ® forms a frame for L?(R) if and only if ab < 1. By
the definition of the Gabor transform the frame inequality can be written
in the following way

Alf 122wy < O IGFNP < Bl fI72wy: € LA(R).

AEA
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The canonical dual of the frame ® has Gabor structure as well and is given
by (m(A)Y)ren,, With ¥ = S71p and the reconstruction identity

(25)  f=2_(fmNe) e@mTW)y = GfNT(A)y,  f e LA (R),

AEA AEA

holds true, where the sum converges unconditionally in L?(R).

For the case of integer redundancy — which means that the parameters of
the underlying lattice aZ x bZ satisfy that (ab)~! € {2,3,4,...} — Janssen
computed several Gabor frame related quantities explicitly [30, section 6].
In the sequel, we will only consider the case

1 1

a—b—a—ﬁ, A—Aa—\/§

which falls in this setting. In principle, other configurations could also be

used in our approach. However, the above is somehow the canonical choice

in the sense that A, is the sparsest possible square lattice within the setting

of Janssen’s results.

For the present situation, Janssens’s results imply the following. The

lower and upper frame bound of (w(A)¢)xcp are given by

Z2

2
A=2 (Z(—U’%W) - gﬁg(g,e*w =1.66...

keZ

2
B=2 (Z e—rk"’) = 205(0,e )2 =2.36. ..

keZ

respectively. The dual window is given by the formula

1
W0 = 5 art o) 2 Pl = V)

with the coefficients given by

(26) Sl ekt
k =
o0 (_1)n(n+ %)e—w(n+%)2

n=—oo

We will require several explicit bounds on the dual window function.

Lemma 4.6. The canonical dual v satisfies the bounds

_xltl
[¥llp2m) <0.6 and [Pp(t)|<e V2, teR

Remark 4.7. Recall that ||Gi|| 1 g2y is the norm of ¢ in the so-called Fe-
ichtinger algebra Sy which is also the modulation space M. The fact that
|G|l (r2y < +oo follows from |22, Theorem 1.2]. We here compute an
explicit bound.

Proof. Since the operator norm of the inverse of the frame operator S—! is
bounded from above by the reciprocal of the lower frame bound, we get

_ 1 1
19l 2wy = 1S ol 2wy < ZH‘P”LQ(R) =1< 0.6.
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For the pointwise bound we first estimate for x € R

Us(z, —1+2267r C052k$)>1—22 —mk?
k=1
=23 ™ =2 93(0,e™) = 0.913. ..
kEZ
With this we get that the first factor in the formula for 1) is bounded by
1
< 0.55

27.93 (\/iﬂt, 6_7r)
Next, we deal with the sum in the denominator of ¢x. Note that if (ay,)nen is
a non-increasing sequence of positive numbers, then >0 (—1)"ay, > ag—aj.
Since n — (n + %)6_”(’”%)2 is monotonically decreasing for n > 0 we get a
lower bound for the denominator in :

= 1 = 1

K= Z (=D)"(n+ -)e —m(nt+3)? _ 9 Z e—7r(n+%)2
n=-—00 2
*% 3 *%"
e e
>2 — ———— | > 0.45.
- < 2 2 )
Let us denote the numerator of ¢; by
o0
o= (—1)F > (—1)mem(m+3)Clkl+m+3),
m=0

A similar argument as above implies that
o0
0< (=Y (—1)me—mm+ ) Clkl+m+3) < o=n(kl+3),
m=0

With this we get that

t)] <0.55- C t — \fk < - 4 e—ﬂ|k|e—7r(t—\/§k) )

The product of the constants in front of the sum is bounded above by 0.67.
Clearly, the sum is even with respect to t. Therefore, we can replace ¢ by |¢|
and further estimate

uild]

3 okl o~ (t—V2R)? _ 3 exp{ (Ik! \\j\i (t] = \/ﬁk‘)Q)}

keZ kEZ

Se_ﬂxyil.g:zexp{—w(k:—%+(‘t‘_\/§k)2>}
sy (1
— > (%),

2
where p(z) = 222 — 2 = 2 (m - %) — 1. The function ;¢ e ™% coin-

cides up to a translation with

1) = 8 3 e 2o

kEZ
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Using Poisson summation formula we get that

—2milx fﬂﬂz Ze ze iﬂ (0 -5\ —
Z = 3(0,e72) =1.48...
KEZ EEZ \/i

Since 1.49 - 0.67 < 1 we arrive at the desired bound.
It remains to prove the L!'-bound of Gi. First note that, as

Glr (V]| = e31

we get [|G[m(N)@lllpirey = 19¢llL1(rey = 2. It follows from [30, formulas
(6.10) and (6.11)] that

1

- 0 = 2\[71'%15
Ps(Vant e ) Eoo” “
Thus, we have that
1 V2k
¢<t) = o =, Clc(P t— \fk sy 'Y@'Ykﬂ< )SO
I3(V/2rt, e ,2 2v ééé 23/2¢

and applying G gives

=5 QZZWMQ[ (;ﬁ;)w

LeZ ke

Making use of the above estimates we get that

x 2
e 2 2e7 T
|’g¢HL1(R2 T E E 9~ m(klHE+3) — —s <1+ _7r>
2- 045 e 0.45 l1-—e¢

which is < 1.23, and we are done. O

Finally, we will also need two simple lemmas. The first one deals with
Bessel-bounds for the systems {7(A)}rep and {m(A)p}aea-

Lemma 4.8. For all ¢ = (c\)xen € 2(A) it holds that

Yo ar(Ne > ar(A\y

AEA A€A

< 4.25|[c[|lg2(p) and
L2(R)

< 31||CHZ2(A)
L2(R)

Proof. As we will not use the first inequality, we will only give full detail for
the second one. We define the quantity

2
B :=2V2 (Z WHLoo([ka,(kH)a))) :

kEZ
With the help of Lemma [£.6] we get that the expression inside the brackets
is bounded by

= | (k+1 - il 1 2
> e—ﬁ|(+)a|+ze—@l aIZQZefakzl — =2.52...,

k=—o0 k=0 k=0 e 2
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which implies that B’ < 18.04. It follows from [9, Proposition 11.5.2] that
B’ is an upper frame bound for (7(A\)1))sea. Moreover, |9, Theorem 3.2.3]

implies that
1> exm(Nelamy < VB llellew),
AEA
which finishes the proof of the second inequality.
To prove the first inequality, recall that the upper frame bound for the
original frame (m(\)@)recp is given by

B = 203(0,e™™)? < 1.542,
so that we can proceed as above. O

Finally, we also have:

Lemma 4.9. Let s > 0 and let g(z) := e=27¢*  Then it holds that (T (T'seg)eez
forms a Bessel sequence with
2 193(0,e7 7

ST < 2O e ),

LeT
Proof. By [9, Proposition 3.5.4], it suffices to show that for all k € Z it holds
that ,

193(0 e T )

3" (g Tug)| < 208

LeZ
Since for all a,b € R we have that

1
<Tag7Tbg> = <gva—a.g> = / 6—27rt26_27r(t—b+a)2 dt = 56—71-(1)—0,)27
R

we indeed get that

79 0 —7s?
> WTag: Terg)| Z e (k-0 =3 Z e~ — 3(’;)
L€z er ez
as claimed. -

4.4. Oversampling formula. We denote the space of functions of band-
width (at most) b > 0 by PW,(R?), that is,

A b b
PWy(RY) = {f € L2(RY) : supp(f) €[5, 5]}
The cardinal sine is defined by

sin(mx)
== x#0
sinc(z) =< ™ 7
1, xz=0.
For several variables the sinc function is defined by tensorization, i.e.,
sinc(z) = sinc(zy) - ... - sinc(xq), == (21,...,2q) € R%

The famous sampling theorem attributed to Shannon, Whittaker and Kotel-
nikov asserts that a bandlimited function can be reconstructed given samples
on the lattice lZ"l by virtue of the formula

Zf( )smc( (x—i)), fEPWb(Rd).

kezd
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The series converges rather slowly due to the slow decay of the sinc, which
can be a disadvantage especially for numerical purposes. By oversampling
the function one can get an improvement on the convergence.

Lemma 4.10. Let b > 0 and 0 < h < 1/b. Moreover, let n € L*(R?) be a
non-negative function such that

supp(n) € [-1,1]* and /Rdn(ﬁ)d&=

Then it holds for all f € PW,(R?) that

flz) = <1+hb) S F(hk)7 (g(hk — x)) sine (2¢(hk — )

kezd

where ¢ = $(3 +b) and ¢ = 1(§ —b).

We prove this lemma, both for the sake of completeness, and since some
of its ingredients are useful in the proof of the next lemma.

[—ﬁ, ﬁ]d we have that

d Z f(hk)€727rihk£'
kEZ

Suppose that Y € C(R?) is such that 1 (¢) = 1 for £ € [—%, 3]d and ¥(§) =0
for £ ¢ [— 5, 57]%, then it further holds that

@27)  fO)=F&) () =h" D] f(hk)e (e, ¢ e R

kezd

Proof. Since supp( f ) % 3]
§)

(-
f(€

where we used that f is supported in [—g, %]d.

Next, we specify ¢. With 7, = q%m(m/q) we define
VO = Xcq)© = | =€)t
—c,c

and observe that

— ¢ € C(R%) and non-negative,

— since supp(ny) € [—¢,¢]¢ and since ¢ + ¢ < % we have that

1 1
supp(¥) € [=¢, 4" + [~e, " = [~(a+c), g+ " S [= 5, 57 1%

in particular it holds that ¢ (&) = 0 for £ ¢ [—5, 5-]%.
~ since ¢ = & + ¢ it holds for all £ € [—35, £]¢ that
[_Ca C] + 5 2 [_Qa Q] 2 SUPP(Wq)7

which implies that
WO=[ mt-9d= [ gmd= [ =1
—c,c]? [—c,cld+& R4

for all £ € [-5, 5],

— the Fourier transform of v is given by

12(3;) = @(m)mgx (x) = n(qx) - (20)dsinc(2(::1:).
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We have therefore verified the conditions from above, and applying the in-
verse Fourier transform to gives that

f@)=h? S f(hk) </¢ 2“”’”“)5d§)—hd2fhk (hk — )

kezd kezd
(2ch)? Z f(hk)n (q(hk — x)) sinc (2¢(hk — x)) .
kezd
The statement follows now from 2ch = (1 + hb). O

We will also need an approximate sampling result for almost bandlimited
functions.

Lemma 4.11. Let s > 0, let F € L*(R?) and suppose that there ewist
K,C >0 such that |F(§)| < Ke ClE? ¢ € R2. Then it holds that

K __c
||F||L°°(R2) <73 ||F||goo(szz) + 233 - Ee 1652
Proof. With b = 2%, we introduce the function
Fy = ]:_l(ﬁ : X[_b b]z),

which is the projection of F' onto PW;(R?). Furthermore, let h = 3 = s
and n = X[—1,112 * X[-1,1]2- Notice that n € C’(RQ) is non-negative and
272 272

/ n(z)dz = 1. We apply Lemma [4.10[ to F}: By taking into account that
R2

1/1 3 1/1 1

it follows — since 1 4+ hb = % — that

= () 13- (%),

keZ?

Since 7j(¢) = sinc?(¢) and s = 2% we can further rewrite the above identity

as
Fy(z) = 16 k§2 Fy, (sk) - sinc <$ ;;k) - sinc (W)

- Z Fb(Sk)p(I‘ - Sk)7
kez?

where p(z) := 1% -sinc? (f) sinc ( ) We apply the triangle inequality and
get

[E|zoe < [[Fbllzoe + [[F' — Fp|l oo
We make use of the assumption on the Fourier decay and get that the
approximation error is bounded by

IF = Bl < IFE-Fllp = [, IFEId
R2\[-3,35]?
K _op?

o
<K e CleP? d¢ < K/ e Crlompdr = e 1,
R2\[- 4. 3)° : ¢
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Thus, we can bound

1Follzee < || D F(sk)p(- = sk)llze + 1| D [F(sk) — Fy(sk)]p(- — sk)||z

kez? kez?
K _on?
< (IF ez + e %) 1 S Tutloll
kez?
It remains to bound the last term involving p. To do this note that the
univariate sinc satisfies the pointwise bound |sinc(z)| < 1i'|2x|. As a conse-
quence,
9 1.23 1.23 (4.4 - 5)°
() ' <

<= < :
16 s 37 (ds + |21])3(4s + |22)?
(14_%) (14_%) ( S |$1’) ( s |x2|)

This implies that

2
1
o (Z ol - 3’“)') S (44-5)" - sup (k% T sk\)3> |

keZ?

By periodicity the function inside the brackets attains its maximum in the
interval = € [0, s]. For such = we have that

1 1 > 1
< +2 ——
2 (4s+ |x —sk])3 — 4383 kz:; (3+k)3s3

kEeZ
1 o
— -3 -3 -3
= 3 (4 +2k§_4jk ><0.1-s .

With this we obtain that

Z Tsk‘p’

kez?

<4.4%.0.01 < 73.

LOO
Finally, collecting the estimates leads to
K _o?
Il < T3 Pllemguzz + Tom e %,
which implies the claim. O

4.5. Controlling holomorphic functions in terms of their boundary
values. We begin with recalling a classical result from complex analysis.

Theorem 4.12 (Hadamard’s three line theorem). Suppose that f is bounded
on the strip {x + iy : 0 < y < b} and holomorphic in the interior. Let
my(t) == sup,cg |f(x + it)|. Then it holds for all t € [0,b] that

my(t) < mg(0)' 75 - my(b)r.

Recall that for F' holomorphic on C? (or only on a tube {|Im(y)| < b})
we have defined

Mp(t) = sup {|F(2)| : z € C%, |Im(2)| = t}.

When d = 1, i.e. F is a function of one complex variable, Mp(t) =
max(mp(t), mp(—t)) and Hadamard’s three line theorem is easily seen to be
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also valid with Mg replacing mp. We will require a version of this fact for
several complex variables for which we did not find a convenient reference:

Lemma 4.13. Suppose that F(2) is bounded on {z+iy € C?: |Im(y)| < b}
and holomorphic in the interior. It holds for allt € [0,b] that

Mp(t) < Mp(0)'~5 Mp(b)5.

Remark 4.14. We are going to use this inequality in the following way: the
function F we will consider belongs to some class of holomorphic functions
for which an upper bound of Mp(t) is known. Then if Mp(0) is small,
Mp(0) < e, we obtain that Mp(t) < MF(b)%sl_% which shows propagation
of smallness away from RY.

Proof. The statement is trivial if ¢ € {0, b} is one of the endpoints. Let us fix
t € (0,b) and pick an arbitrary ¢ € C? with the property that [Im (¢)| = .
It suffices to show that

[SIES

[F(Q)] < Mp(0)'75 - Mp(b)?.
Consider the function f defined by

I
f(z)=F ( mt(C)z+Re(C)> , z€C
which is bounded on the strip {z : 0 < Im(z) < b}, holomorphic in the
interior and satisfies f(it) = F'(¢). Moreover, if z = x + 40 is real-valued we
have that |f(z)] < M(0) and if z = x + ib lies on the top boundary of the
strip then

:Z)7

m (Imt(oz 4 Re (g))

which implies that |f(z + ib)| < Mp(b). Thus, applying Theorem on f
gives that

Sl
SIS

[F(O)] = | f(it)| < Mp(0)'"5 - Mp(b)?,

as announced. O

4.6. Vertex weighted graphs. As opposed to the standard notion of a
weighted graph where the edges are furnished with weights, the case where
vertices are weighted seems to be scarcely considered. One exception in
the literature is the paper by Chung and Langlands [11]. We follow the
introductory part of their paper to get familiar with the concept of vertex-
weighted graphs.

We begin with an undirected graph G = (V, E') which we assume to have
no self-loops. If vertices u,v are neighbors (that is, if (u,v) € E) we will
simply write u ~ v. Let us further assume that to each vertex v € V' there
is an associated weight denoted by a, > 0. The Laplacian of the vertex-
weighted graph G = (V, E, «) will be denoted by £ and is defined by the

matrix

Yoo ¥z, U=0
L8 (u,v) ={ —\/angty, u~wv

0, otherwise.
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To G one then associates an unweighted graph G’ = (V, E’) with E’ defined
by

(u,v) € E' if and only if (u,v) € E and ayo, > 0.
We will say that the vertex weighted-graph G = (V, E, «) is connected if the
unweighted graph G’ = (V, E’) is connected in the usual sense.

Lemma 4.15. Let G = (V,E,q) be a vertez-weighted graph, let LE be its
Laplacian, and let N = |V|. Then it holds that L is positive semi-definite
with eigenvalues 0 = A1 < Ay < ... < Ay. Furthermore, it holds that

N
D > aiag|gi — gr|?

Ay = min =1 ki
geC” > algil
2597950 i=1 i

In particular, G is connected if and only if Ay > 0.

Proof. The proof is mainly a reproduction of arguments from [11]. We as-
sume w.l.o.g. that V = {1,..., N}. Further, define a matrix B on V x E
by
\/OTZ" GZ(Z,]),ZSJ
B(j,e) = —/ou, e=(i,j),i>]
0 otherwise.

We claim that BB* = L. For entries in the diagonal we have that
% 2
(BBYj;= 3. vai'+ 3 (=vai)’ =Lf;
i~ i< i~ji>]
For off-diagonal entries (BB*); 1, = >_.cg B(J, e)B(k, e) note that by defini-
tion
ec€ E: B(j,e)B(k,e) #0 = e=(k,j).
As a consequence, when j # k

— ar. i~k
’ 0, otherwise.
and it follows that indeed BB* = £&, which implies that £& > 0. In par-
ticular, £& has an orthonormal basis of eigenvectors and the corresponding
eigenvalues are all non-negative, 0 < A\; < Xo < ... < An.

Next consider the vector ¢ = (\/aq,...,/an)? and notice that, for k €
{1,..., N} we have that

(ﬁGw)k = /O <Z ai> - Z VOGO /O = 0.
i~k i~k
So 1 is an eigenvector for the eigenvalue Ay = 0.
To prove the last part, let us assume that all the weights «; are strictly

positive for now. Let us denote W = diag(c;) and, let L be defined by virtue
of
Dkmi Oky J =10
LiJ' = —aj, 7, Nj
0 otherwise.
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For f € CN and i € {1,..., N} it holds that
(Lf)i=Q_an)fi =Y ajfi=> ar(fi— fr)-

ki i ki

Furthermore, it is easy to see that L = W~1/2£EW1/2,
By expressing the spectral gap in terms of the Rayleigh coefficient, and
by substituting ¢ = W2 f we get that

recN  (f, ) g (Wy,g)
<f7¢>:0 Zj gja; =0

We further rewrite the numerator

N
(Wg,Lg) = > aigi- <Z ok (gi — 9%))
i=1

ki
N N
= > ailgi — gkl + YD ciargr(gi — gr)
i=1 ki i=1 knvi
|
= B} Zzaiak\gi - gk\Q
i=1 ki

N
1 — _
+3 SN o (|g¢!2 — 2Re (igk) + |gk]* + 29kG; — Q\gk|2)
=1 kei

Let us denote the double sum in the last line by S. Since we know that the
whole expression is non-negative, and thus in particular real-valued we get
that

5+5 1
S="——=5> > cingl’ —|ol*).
2 2 “ .
i=1 k~i
Since each edge e = (i, k) appears precisely twice, and with opposite orien-
tation in the sum, it follows that S = 0. With this we get that indeed

N

1

32 > ajarlgy — gl
i1k

Y = miy T
Zj gja; =0 jgl aj‘gj|
J1 & )
= mln{2;;ajak|gj_gk| :
=1kn~j

N N
g e CN with Zaj|gj\2 =1 and Zgjozj = 0}
j=1 i=1

The general case, where some of the weights are allowed to vanish then fol-
lows from a continuity argument.

Let G be connected so that ajag > 0 when j ~ k and assume towards a
contradiction that Ay = 0. Then it follows that a minimizer g of the above



32 GABOR PHASE RETRIEVAL VIA SEMIDEFINITE PROGRAMMING

problem satisfies

Yo arlgg > =0, je{l,...,N}
ke

and must thus be a multiple of (1,..., l)T. This contradicts the constraint
>_j gja; = 0. Hence connectedness of G implies Ay > 0.

On the other hand, if G is disconnected, then there exists a non-trivial
component ) C A C V and one can construct an admissible g by setting
gi=1forie Aand g; = —b for j € V'\ A where b satisfies

Zaizb Z (e7%

i€A 1€V\A

which achieves that the ratio vanishes and therefore, that Ay = 0. O

4.7. Rank one matrix completion. Matrix completion is concerned with
determining a matrix X given only some of its entries. Clearly, this requires
some prior knowledge on the structure of the matrix to be recovered. We
consider here the case where X > 0 is positive semi-definite and has rank
(at most) one. That is, X is of the form

X =x®x=xx,

with x € C? the generating vector. Note that X (i,i) = |z;? so we as-
sume that we know the diagonal of X. Let E C {1,...,d}>\ D (D =
{(1,1),...,(d,d)}) denote the index set of the off-diagonal information on
the matrix that is available. The problem we are interested in is the follow-
ing:

Given {Xj ¢, (k,¢) € EU D}, find X (or x up to a phase factor).

The purpose of this section is to present (a slight modification of) a result
due to Demanet and Jugnon [13], which relates the matrix recovery problem
to a vertex weighted graph associated with the restriction of X to D U E,
and reveals that any positive semidefinite matrix Y > 0 with

kag ~ Xk’g, (k,g) ekl

is already a good approximation for X provided that the respective graph
has good connectivity as quantified by its spectral gap.

Theorem 4.16. Let V ={1,...,d}, D ={(1,1),...,(d,d)} and E C (V x
V)\ D so that (V, E) is an undirected graph with no self loops.

For x € C?\ {0}, let a = (|a3|2)%y, let (V, E,a) be the resulting vertex
weighted graph and let Ao denote the spectral gap of (V,E,«), which we
assume to be > 0.

Let B =3 (5 pev? \ﬁgﬂ, and let € > 0 such that

2 (.2
(28) 5<min{|x’ 2] )\2}.

42 12B
Further, let Y € C¥™4, Y = 0 that satisfies
(29) ‘Yk’g - xk@\ <eg, (k,g) e DUEFE.
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Then it holds that

3|z[2B

Y —z0z|p <222
Y —z @zl </

NG

Furthermore, Y has a unique top eigenpair (n,v) and

min |y/tr(Y)o — x| < <1 + 2\/6\/§> Ve,

Note that the hypothesis of this theorem do not require to know z, only
to know z;Zy for (k,¢) € DUE. The theorem states that if we find a matrix
Y € C¥™4 Y > 0 whose (k, /) entries with (k,£) € D U E approximate well
the data, then the top eigenvector provides a good approximation of z, up
to a rescaling factor.

The result as well as its proof is a variation of Theorem 4 in [13]. The
modification consists in how we measure certain error terms. While we use
£°°-norm in assumption , the original statement employs ¢'-norm at this
point.

Proof. Throughout we denote X = zz*. We introduce a matrix L € C%*¢

by
ijk ’ij? (k. ¢) € D
Ly = § —x47y, (k,0) e E
0 otherwise.

Let ¢r € R be such that z3, = |21|e’®*, k € V and let A = diag(e™1, ..., e%4),
Note that ALEA* = L, that L = 0 with same eigenvalues as the Laplacian
LS, which we denote by 0 = A} < Ao < ... < Ag. Let vg,...,vq be the
corresponding orthonormal basis of eigenvectors of L, so that

d

L= Z ALV ® TUp.
k=1

We define for k = 1,...,d numbers ¢ := (Y, vy ® Tg)p > 0 and notice that,
(Y,L)p = X%_ Aper, and as (vg)7_; is an o.n.b., that

d

d
ch = <Y,ka ®UTC>F = <Y,I>F = tr(Y).
k=1 k=1

For all £ we have that
(Lx)p = Z ]mj\Q T — Zxkfgmg =0,
jk i~k

i.e. Lr = 0. Since by assumption Ay > 0 we conclude that z = e¥|z|v; for
suitable 6 € R.

The idea of the proof is now to show that (ck)ﬁzl is ’front-heavy’ in the
sense that ¢; = tr(Y') and ¢, ..., cq = 0, and deduce from this that ¥ ~ X.
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On the one hand we have with that

d
S ek =Y, L)p = =X, L)p < Y |Yie—xTg| - |Lpyl
k=1 (k,0)eV?
= > |Yie—aTll - | Liel < >
(k,£)eDUE (k,£)ev?
= £ Z |£§[’ = €B.
(k,0)ev?2

Since A\ =0 and 0 < Ay < A3 < ... this implies that

d d
Z x S Zk:Q )\kck Be

A2 /\2

Therefore, we have that

Recall that, since Y = 0, (Y, Y)p = tr(Y?) < tr(Y)2. With this,
1Y = X|[F = 1IY — |zfv @ w1llf = (Y, Y)p = 2Jzfer + |af*
2|z|’B
—c
A2
It follows from that tr(Y — X)? < d%e2. Hence, we further have that

2lz12B 3|z|2B
IV - x|3 < (a2 4 A28 o < BB
A2 A2

where the final inequality follows from (28).

< tr(Y)? = 2tr(X)ep + tr(X)? < (tr(Y) — tr(X))? +

To prove the second statement we will make use of [13, Lemma 2], which

implies that the top eigenpair is unique and that
. 2
(30) min ||z|v — 2| < i”Y—iL’ZL‘ “Il2
0eR |z
2

provided that ||V —za*||2 < % By part one and assumption (28], we have
that
3lz*B_ _ |a|*
— < —_,

A9 - 4
and therefore, that holds. In particular, there exists # € R such that

IY — 223 < [IY — za2”|f <
6Be
||z]v — x| <2 c
With this we get that

Vir(Y)v — ez

+ ‘\m|v - ewx‘

< ‘\/tr(T)v— 2o
< |V/or(¥) = b +

6B6
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Since the first term on the right hand side can be bounded by

) =P ey = )| _ de
Vo) =l = s < S

we further get — by making use of — that

B B
‘\/tr v ety < B o [65F <1+2\/6 A)ﬁ,
2

2] Yy
and we are done. O

Finally, we translate the above result into the context of our de-lifting
task.

Corollary 4.17. Let f € L?(R), let A C aZ? finite and let r > 0. Let L
denote the Laplacian of the signal associated graph, let B = Z(W})GAQ |Lo vl
and let D = {(v,v), v € A}. Further, suppose the following two assump-
tions:

i) € > 0 is such that

. 1 )‘Z(f)Aa T) 2
e < mm{‘A’Q, 55 } NG fllzzn)

i) Y € CMA Y = 0 satisfies
Yuw = Gf(w)Gf(v)| <&, (u,v) e DUE.
Then, Y has a unique top eigenvector v € CN and it holds that

2
ming\’ tr(Y)vy — eiegf()\)‘z < (1 +2V6 Ag(f,BA,r)> E.

5. AN ERROR ESTIMATE FOR THE RECONSTRUCTION FROM INCOMPLETE
AND NOISY GABOR COEFFICIENTS

5.1. The error estimate. Recall that given 7,5 > 0 we denote A =
([~T,T] x [-S, S]) NaZ?, and that Ry : C* — L2(R) is defined by

)= exm(A)p

AEA

where 1) is the canonical dual of (7(\)p)xeqz2-
In Section we establish the following estimate.

Proposition 5.1. Let T,S € aN, let 0 <7 < T and let
A = ([-T,T] x [-8, S]°) N aZ?.
For all f € L*(R) and for all ¢ € C it holds that

f = Ral)p2(—rr) < 3-1<||gf —clleey + 19 fllezan

Fvri-e s f TxSOéHLQ(R)>-

As a consequence we obtain Theorem [2.11
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Proof of Theorem [2.11 We just need to show that

(31) 1Gfllezary < 22VT + 1+ ks(f),

which together with Proposition [5.1] implies the result. Let K,L € N be
given by T = aK and S = aL. Note that by applying Lemma with
r = § we get that, for all X € A/,

IGFN] < L79G fl 2B, (2))-

As a consequence,

K
Gy = D D 1Gf(ak,ab)?

k=—K (eZ
|| >L+1

K
<179 Y0 > G128, (ka0
k=—K (€7
|0)>L+1
For fixed k, for every |[¢| > L + 1 we have that
B(ak,al) C [ka —r,ka+ 7] x [-S5,S]°

while for ¢/ # ¢

B, (ak,al) N B.(ak,al’) = (.

Therefore, for all k£ the inner sum is bounded according to

Z Hng%Q(BT(ak,aﬁ)) < 27“’%5(.](.)2 =a- ’%S(f)27
LeZ
l¢|>L+1
and we get that
1GFle2ary < 179 V2K +1-Varg(f)b
which implies . O

We now turn to the proof of Theorem

5.2. Proof of Proposition We will denote I = (—7, 7). Recalling the
reconstruction formula involving the dual window 1, we decompose

F=26f() -a(\e

AEA
=Y GO 7N+ Y GFN) TN+ Y g,
AEA AEN’ keZ

T
|k[>

where g 1= > ez G f(ak,al) My Tyr1p. Notice that each of the series con-
verges unconditionally since it is a sub-series of an unconditionally conver-
gent one. With this, we can write

f=Ra(©) = RAUGF(N) —cren) + D GFA) 7N+ D g,
e IkI;\e@ZTH



GABOR PHASE RETRIEVAL VIA SEMIDEFINITE PROGRAMMING 37

which implies that
1f = Rale)llz2(ry < [Ra((GFN) = ex)nea)ll 2y

+{[D°GFN) - m(A) + ) okl
AEN’ LQ(I) kEZ
|k|>v2T+1

We estimate each term on the right hand side separately.
It follows from Lemma [£.8] that the first term is bounded by

IRAGFN) — exhrea)ll oy = | S (GFON) — exm(Ae

AEA

L*(R)

M=

(32) <31 (Z Gf(A) — CA|2)

AEA
For the second term, Lemma [£.8| directly gives

(33) > GfN) T\

AeN

< 3.1G fllez(an-
L2(I)
Let k € Z be arbitrary but fixed, and let v, := G f(ka, fa) so that

gk = M Teath = m - Tiat),
LEZ

1
where m is the —-periodic Fourier-series defined by
a

m(t) — Z ,yﬁeQWiaZt.
LET

In particular, covering I with [a|I|] translates of [0, 1/a], we obtain
lgkll72cry < Imll7a | Thatoll Foo )
< Tal Il L2 go,1 a1 Teat oo 1)
[alZ]]

i el I Tkat 7 1y
tez
(34) <27+ 1) Y el - 1 That 70 1y

LeL
where we have used Parseval’s relation for the L?-norm of m and the fact
that Mafﬂ < |1\+%:2T+ﬂ.
We will now estimate the ¢?-sum over ~,. To that end note that,
Yo = (f. MuTrap)z = (f, e T Mygip) 12

= ¢ T pof, Muap) 12 = € 03 - T o f, Mo ?) 12

= e TMUF (o2 - T ), F(Miao?)) 12
Now, since f((p%) = 2ég02, we obtain f(Mga(p%) = 2%Tga(p2 thus

e = 25T F(O3T gaf), Teap®) 12
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Since ¢*(z) = 2z2¢-2m2” it follows from Lemma m that

5 U 0,6_% 1
ZWEP < 223(2)H]:(@%T—kaf)“iz

(35) = 28950, )| f - Thaw? ||%

1
< 1.69 - sup || f - To?||72.
z€R

7 |¢t|

On the other hand, by Lemma 4.6| we have that |¢(¢)| < e v2. Thus, if
alk| >T > 7
T

T; oy < exp{———=(alk| —7)}.

| Trat |l oo (1) < exp{ \/5( k| —7)}
Putting this inequality together with into , we obtain
(86)  llgrllzzen < 2 +1) - E T VT8 sup | - Tuo? o

zeR

Further, we have that

oo
Z e vallM=T) _ 978 Z e 3k =2¢va .
k=V2T+1

kez 1—e%
|k|>v2T+1
=0.52....¢ 2T
Thus, summing , we get the upper bound
T (T— 1
BT Y Meklew S Vr e ETT supl|f - Tt
kez v€R
|k|>Vv2T+1

By adding up the three error terms , and we obtain the result.

6. DETERMINING RELATIVE PHASE CHANGES

Suppose we are given (possibly noisy) samples of the spectrogram, that
is (Sf(N\))aeq with © C R? a set of sampling positions. The objective of the
present section is to find a way to evaluate the tensor

TulGfl(p) = Gf(p+u)Gf(p)

If w = 0, we again find the spectrogram, that is, 7o[Gf](p) = Sf(p). How-
ever, the relevant case is to go beyond u = 0 as this is where the information
of relative phase changes between points p and p + u is stored.

We dedicate Section [6.1] to shed some light on why & is defined the way
it is and to outline the further strategy. In Section [6.2] we analyze certain
aspects regarding the continuity of & w.r.t. the argument G. In Section [6.3]
we discuss implications for the task of estimating relative phase changes.
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6.1. Motivation and strategy. The purpose of this paragraph is to clarify
the role of the evaluation operator £. First we show that the spectrogram
extends to an entire function of two variables.

Lemma 6.1. For f € L?>(R) let I be defined by
F(2) = B — i) (BI (1 i)™, 2= (2) e

Then F is the entire extension of the spectrogram of f. That is to say,
F € O(C?) and Flg. =Sf.
In the sequel, we will simply write Sf instead of F'.

Proof. That F is entire is obvious as it is a product of entire functions. From
the relation between Gabor and Bargmann transform , it follows that
for all (z,y) € R?

(38) Gf(x,y) =e ™WBf(x — Z'y)e—%(w%y?)’
(39) Gt g) = V(B o+ ighe ),
Thus, multiplying the two functions gives that
Sf(xz,y) = Bf(x — iy)(Bf)*(x + iy)e "@ v,
This implies that F |]R2 = Sf, and we are done. 0

The next result describes how evaluations of the function S f relate to the
Gabor transform.

Lemma 6.2. Let f € L?(R) and let Sf be the holomorphic extension of the
spectrogram of f as given in Lemma . For all p,u € R? it holds that

TulGf1(p) = EISf1(p, ).

Proof. Let L and ) be defined as in Definition With p = (‘Zj) JU = (Z)

we introduce ¢ := L(p,u) € C2. Notice that
G —iCo=(x—iy)+ (a—ib), (G +ile=x+iy
and that
G+ 2= (G —i6) (G +iG) = |p + (z + iy)(a — ib).
We use the identities and to evaluate
SF(Cr,Co) = BF(CGr — i) (BF)*(C1 + iCa)e ™ +E)
=Bf((z+a)—i(y+b)(Bf)*(z — iy)e "l +@+iy)(a=ib))
= Gf(p+u)Gf(p)- P
This implies the claim. U

Recall that the objective is to determine (or estimate) values of T, [G f](z).
Assume for a moment we were given Sf, the holomorphic extension of the
spectrogram, on all of C2. In this case, one simply has to plug in Sf into &€
according to the preceding result.

In our situation however, the provided information is significantly weaker.
First, we do not have direct access to Sf outside of R?. While in theory, it
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is enough to know Sf on R? (or any open subset thereof) to determine it
on all of C2, to perform this extension in practice is already a challenging
task. To make things worse, we do not have access to Sf on all of R?, but
only to samples (Sf(\))aeq with Q C R? finite. An additional difficulty is
that those samples are corrupted by noise, but let us neglect this aspect for
the moment.

As it turns out, Sf not only extends holomorphically to C2, but this
extension has also moderate growth with respect to the distance of a point
z € C? to R%. The following example demonstrates the importance of such
growth in a one-dimensional setting.

Example 6.1. Let us define a family of entire functions F. € O(C), € > 0
by virtue of

F.(2) = se_i?z, z e C.
Then, each F. is e-close to the zero function on R C C, that is |F. —
0l oo (r) = €. However, if z = a + ib with b > 0 we have that

|Fo(z) — 0] = ee?,

which blows up if € — 0. If we consider F. to be an estimator for the
holomorphic extension of the zero function, we find that while approximation
of the given data improves for € — 0 the performance of the estimator
degenerates.

Instead, we may look for F' € O(C) such that M is finite on [0,2b]. If F
is € close to 0 on R, i.e., Mp(0) < € it follows from Hadamard’s three line
theorem that

|F(a+ib) — O| < Mp(b) < \/MF(O)MF(Qb) < \/g \/MF(Qb).

This suggests that for F to be a reliable estimator it is the combination
of both, i) an approxzimation of the zero function well on R and i) it has
moderate growth behaviour as quantified by Mp.

We can now outline the approach we take for the problem at hand. First
we are going to construct a set of Ansatz functions A C O(C?) obeying the
following conditions

— we want A to be a convex set as we want to formulate a convex problem.
Furthermore, to make such a problem practically feasible, A must by pa-
rameterized by finite dimensional objects; in our case the cone of positive
semi-definite matrices of a certain size will play the role of the parameter
space.

— we need to make sure that A has sufficient expressive capabilities; that is,
that it contains at least one function F' which meets both requirements.
Namely, i) approximating Sf well on Q C R? and ii) possessing beneficial
growth behaviour of the type discussed above.

— we need to set up the convex problem in a way to guarantee that its
solution does satisfy both of these requirements.
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Once we have identified F' € A with moderate growth and which approxi-
mates the samples well, say

sup[SF(N) ~ FOV| < e
AEQ

we want to use E[F](p,u) (an object which we can access) to estimate

E[Sfl(p,u) = TulGf](p) (an object which we want to access but cannot).

As & is linear, the resulting estimation error is given by [E[Sf — F|(p,u)|.

An application of Hadamard’s three line theorem (Lemma would then

imply that

(40) E18f = Fl(p,w)| < Cp,w)lISF = FII )2 )

with C'(p,u) also depending on the growth behaviour of Sf — F. Unfortu-
nately, we have no direct way to make sure that F' is close to Sf on all of
R?, since we only have access to the values of the latter on a finite subset
Q2 € R%. In the subsequent part, Section we will employ sampling and
cut-off arguments in order to establish an approximate version of . That
is, an estimate of the form

€GP, w)| < Cp,w) (IG],L ) + ()

with the error term €(€2) rapidly decaying as 2 becomes richer.

6.2. Approximate continuity of the functional £. Throughout this
section we shall employ the notation v(z) = 67§Z2, z € C?. Moreover, we
introduce the following subspace of entire functions

O®(C% := {G € O(CY) : Mg(r) < o0,¥r > 0}.

In other words, O°(C?) is the set of holomorphic functions that are in
H>(T,,) for every tube T, = {x+iy € C¢ : |Im(y)| < r}. For G € O>(C?),
we define a Gaussian cut-off at 7 € R? by

G (2) :=G()v(z — 1), z€C%

The term “Gaussian cut-off” of course refers to the restriction of C/JI to R2.
Note that this restriction is in L!(R?) so that its Fourier transform G, makes
sense. We are interested in functions with controlled smoothness of cut-off
G, and introduce

V(C,K) :={G € 0°(C?) : |G| < Ke °I vr e R?}.

The main result of the present section is the following continuity estimate
for the evaluation operator &£.

Proposition 6.3. Let s,C, K > 0 and let Q C sZ>. Suppose that p,u € R?

are such that
1 C
dist <p + Zu, sZ%\ Q) > \/—3_1.
2 27
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Then it holds for all G € V(C, K) that
157, 2

1E[G](p,u)| < 8.6 <||G\|1/2m + (,/MG )+ 1. 8\/;) e 3252>
X —35 U

Mg (lul)e™=

Proof. Let T = p+ su and consider G-(z) = G(2)y(z — 7).

First we rewrite £[G](p,u) in terms of G Let L,Q be defined as in
= —Tu? and set

Definition Note that Re Q(p, u) 5
1 —

Note that (, — 7 = % <(1) _01) u. Thus,

7ru2

u)| = [G(C)le™>

4y EG)p,
= G+ (¢)] - exp {” Re{(C,

)2} — qu}

— 16 (G| exp { -2

Next, we apply Hadamard’s three line theorem (Lemma to be precise)
To that end, note that G, € O>(C?) since G € O>®(C?). As

to G,.

[ Tm ¢, | = |u| , we get that
1/2
2 @)\ Me (Jul).

VM, (0)Ma, (|ul) < (|G-} o)

G-(G)] < Mg, (Jul/2) <

Moreover, as [y(¢ — 7)| = exp {—%(Re(¢) — 7)* + (Im ¢)?} we find that
(42) Mo.(r) = sup [G(C(C—7)| < ei™ - Mg (r).

Next we want to replace the term |G;|[zr2) by its discrete variant

Applying Lemma gives that
|Gl Loo(re) < T3||Gr |0 (sz2) + 233 7€ 160

Suppose that \g € Q¢ := sZ? \ Q. By assumption we have that
| C
|7 — Aol > 7 L
which implies that

|G-(Xo)| = \G()\o)\e_%Mo—TIQ < M(0) - e 1652

In particular, as [|Gz||go(sz2) < [|G7llro () + |G |40 (2c), We have that
233K\ _

+ (M(;(O) + 73330) e 166;2> .

(43)  [Grllpmqus) < 73 (rGTumm
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It remains to combine the estimates:

el )

D0l {0
®

<

5%8
Maul) - 16112 g exp{—32u2}
1/2 i
VM (i) (16 lowion + (Ma(0) + 2o ) et ) e
<8.6 (||G|]1/2 (\/Mg(0)+1.81/g) 6_32052) /M (Ju])e 5

This finishes the proof. O

INE

6.3. Implications. Recall the objective from the beginning of the section.

Given samples (Sf(N\))req we want to estimate relative phase changes

Gfp+w)Gf(p) = E[SSfl(p,u).

The basic idea is — since Sf is not directly available — to identify a suit-
able dummy F € O(C?) in place of Sf, and use £[F] as an estimator for
relative phase changes. This raises several questions. Most importantly,
how to actually identify F' and how accurate is the resulting estimator? The
remainder of this paragraph is aimed at resolving these questions. To do
that we first introduce a finite-dimensional cone of Ansatz functions, then
formulate an associated convex problem (CP) and finally argue that the
solution of this CP gives rise to an accurate estimator.

Throughout, let I' C aZ? denote a finite set. The following lemma clarifies
the relation between F)4 and the Gabor transform.

Lemma 6.4. Let N = |T| and let a = (a))rer € C'. The following proper-
ties hold:

i) @y, is the entire extension of G[m(N)|Gm(p)p]. That is, for all p =
(z,w) € R? C C? it holds that

Py u(p) = Glr(Nel(z,w) - Glm(p)el(z, w).
it) With A=a®a and f =3 \cr axm(A)p, we have that Fy is the entire
extension of Sf. That is, for all p = (z,w) € R? C C? it holds that

Falp) = Sf(x,w).

iii) Suppose A € AL (I') with eigenvalues o, ...,an > 0 and with corre-
sponding orthonormal basis of eigenvectors uy, ..., uny € C'. Let
fk—Zuk N, ke{l,...,N}.
el

Then, F5 is the entire extension of Zszl arS fr.. That is, for all p =
(z,w) € R? C C? it holds that

N
= Z akak($7w)'

k=1
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Proof. First note that the first statement implies the second one. For this,
one simply writes Sf = Gf - Gf and uses linearity of f — Gf. The second

statement then implies the third one by linearity of A — F4 once one writes
N

A= Z ajuy @ ug. Recalling (19), for A = (a,b) we have that
k=1

g[ﬂ'(A)gp] (x, w) _ ewiabe—mxwem(zb—wa)e—g\z—)\|2 )
An elementary computation shows that

A
Z_
2

2 2
A L

2= AR+ J2 =t = 2| S

Hence, with u = (a/,b") we get that
(Glr(N) ] - TTr(Ia]) (2) = b=t mioto ) —samel = T =414

; ; i 2 Ap |2
_ eﬂz(ab—a’b’)ewzz-J()\—p,)ez|)\—p,| 677r|sz“|

which coincides with ®) ,,(2). O

Later on we want to apply Proposition [6.3]to G = F4 — Sf. Before that
we show how in this case the relevant quantities appearing in the right hand
side can be controlled in terms of the parameterizing matrix A.
Lemma 6.5. Let A € A (T"). Moreover, let

8
C= 1—7; and K = 272-r/r\1213<A>\7>\

Then it holds that Fa € V(C, K) and moreover that

Mp,(r) < 64.1e>™ - max Ay, r > 0.
xer 7V
Proof. Committing a slight abuse of notation we denote the restrictions of

Fa, vand ®) , to R? by the same symbols. For the first statement, we need
to show for arbitrary 7 € R? that

FIFa (=) < Ke ¥, ¢ e B2,
Let A, € R? be arbitrary but fixed. We set

AA+Ap+T At p—27
p=pA\p) = + and q:q()\7u):+7
so that, after an elementary computation,
Adpv2 1 2 9 5 o

With this we rewrite
2
D p(2)y(w —7) = O, p)e T Ole omnla=38) ey
—rg? _9..2
= COuwe™ - (My 70y Tyle™577)) (@),

As .7:[6_%”'2](5) = %e_%52, we get that the Fourier transform of the above
function is given by

Fl@ru (= m(0) = gCOume™ (1 70 Mople™37]) ().
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With this, application of the triangle inequality yields
IFIFAYC = DU < [1Allmax Y [F[@xuv(- = 7)](E)]
A pel
< Sl 3 e TO O (63T 0)
A\,pu€aZ?
Note that J2 = —1I, that J 1= -7 and that
{aZ2 x aZ? —  aZ? x aZ?
(A ) = (A A—p)

is injective (but not onto!). Thus, substituting v = A+ and v = A — p and
& = J¢& allows us to estimate the above sum from above by

Nelioe)

L TP SIS 2}
uzZ;Z? eXp{ 1’ 36(“ 27) 9 €3 2.7 )
= e T 2 8j ;- V2
_ug?zzexp{ R A Y }
u€aZ? veEaZ?

As per Lemma [£.2] we have that

2
Z e 321" < (supze 73 (k= t)) < 72093(0, 6772,

u€az? teR ez,

We rewrite the second sum in as

Z e 1V 5 (E=3) HZexp{—kQ—ﬂ(k—Q\@&f}.

veaZ? 1=1keZ
We consider for ¢ € R arbitrary
Sexp{ - Tk = T (b=t} = B Y exp(-on(k - 107)

keZ

<e Tty %193(0, e~ 1),

where we once more made use of Lemma Plugging in ¢ = 2\/552,
¢ € {1,2}, we obtain by combining the above estimates that

| FIEA()y (= 1)](©)]
722

8
—lA max * ——
< S1Allmax -

Recall that a positive definite matrix attains its maximum absolute value in
the diagonal: [|A||max = maxyer Ay x. Finally, as
8 722
9 17

. 193(0, 6_727T)2 . ’193(07 e_% ) 6 1752

-93(0,e772)2 . 95(0, e 17 T)2 < 272,
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we find that

8w

FIPa -2 = D)) < 272 (max A ) e B,

which proves the first statement.

To prove the second statement, let ¢ € C? such that |Im (| = r. We apply
the triangle inequality to obtain

IFAQ] < [ Allmax - D, [@xu(Q)]
A pel
Al 3 e FO G025 (e
Apel
We substitute again v = A — g and u = A 4+ p, and notice that

2
—sz —rIm¢-Jv+7(Im¢)? = —7 (Img + ;jv) + 27(Im ¢)?

1 2
< —7 <Im§ + ij) + 2712,
With this (and recalling that (X, p) — (A, A—p) is injective on aZ? x aZ?),
(45) |FA(<)| < ||A”max . 6271’7“2 . Z e—w(ImC—&-%JU)Q . Z e—W(ReC—%u)2'

vEaZ? u€aZ?

To bound the first sum on the right hand side we proceed similarly as before
and resort to a one dimensional sum:

2 2
> ¢~ (tm¢+5.7v)° < (supz eW(H?%F) = (supz e‘g(t+k)2)

vEAZ2 te€R pc7 te€R k7,
—8m\2
S 8793(07 € ﬂ-) 5

where the last inequality is again a consequence of Lemma[4.2] An analogous
argument shows that the second sum in is upper bounded by the same
quantity. Hence,

IFA(Q)] < || Allmax€®™” - 8293(0,3)* = || Allmaxe®™” - 64.0.. .
Since ¢ with | Im (| = r was arbitrary, we are done. O

A similar estimate holds true for the holomorphic extension of a spectro-
gram.

Lemma 6.6. Let f € L?(R), with Sf (the entire extension of) its spectro-
gram. Then it holds that

7TT’2
Msy(r) < |8 fllpeomey - €™, 7> 0.

Proof. From the definition of Sf in terms of Bf in Lemma [6.1, we obtain
and estimate

Sf(2)| = |Bf (21 — iza)| - |Bf (21 + iz2)| - e~ T(Re(z) +Re(z2))

™ . ™ .
<161 - exp { Tlan = izaf 4 5 foa + izaff 7 Re(2) [ Tm(a)P?) |
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expressing Bf in terms of Gf with 2I). But [|Gf[7 = [|Sf|l 1 g2) and
|21 — iza|® + |21 +iza|? = 2|21] + 2]22)? = 2| Re(2)|? + 2| Im(2)|*.
It follows that
2
[Sf (21, 2)| < IS Fll oo aye®™ T,
which implies the claim. O
Evaluation of F4 can be expressed in terms of a matrix inner product. In
view of Algorithm [I] this fact is relevant in order to see that the CP in step

1 can be rephrased as a SDP as well as for the practical implementation of
step 1.

Lemma 6.7. Let I' C aZ? be finite, let p € R? C C? and let v € C' be
defined by

o =Gl elp) = exp { - (=N ~nla+a)y—b)} AeT.
Then it holds for all A € A, (T') that

Falp)=tr(v@v-A)=(A,voQ0)F.

Proof. Since A — F4(p) is linear it suffices to consider the rank one case
A = a ® a. In this case we have that

Fa(p) = S[> axtNel() = | Y. axGlr (Nl 0)* = | Y axon|”

el xel’ el
— (a-0)(@) = tr(a"v0"a) = tx([p © v]a @ a]),

which implies the claim. O

In the following, let f € L?(R) and let s > 0. Moreover, let Q C sZ? and
I' C aZ? be finite sets. Given p € R?, we use the notation Wy, = v ® v with
v defined as in Lemma

Definition 6.8 (Associated Convex Problem (ACP)). Given a triple (f,T',Q)
as above, and a tolerance parameter € > 0 we define the Admissible Set as

Admc(f,T,Q2) ={A € 2A4(T) : [(A,Wp)r = Sf(p)l <& pcQ}.
The Associated Convex Problem (ACP) is then

46 min max A
(46) AcAdm.(f.0.Q)  AeD

Solving the ACP amounts to finding among all admissible matrices
the one such that the maximum of all diagonal entries is minimal. While
the admissibility condition can be simply reformulated in terms of F'4, that
is,

A€ Adm(f,1,Q) < |Sf— Falle=@) <e,

it is not yet clear why this particular objective function could be helpful.
The next statement vindicates that this is indeed a good choice.
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Proposition 6.9. Let f € L2(R), let ¢ € (0,e™1) and let s > 0 such that

/38 1\ 712
(47) s < T (ln )
36 €
Moreover, let Q C sZ?, let T' C aZ? and let p,u € R? be such that

V19

1
1%+§u€,4@Aﬂ::{X%ER2:dEtCX@Zz\Q>Z—?rs_W.

Suppose that A € Adm.(f,T',Q) and let
[ HSfHLoo(RQ) + 64.1(?25(14)\7)\).
Then it holds that
E[FA)(p, ) = Tu[GF) ()] < 8.6(1 +5.2y/cp)? - Ve - e,

................ — OR
. « S —— .

© 0o e 8 o 0 o o o 0 o 0 s e o0 o

L] ogo ® o o o o o o o o A(S’ Q)
. e o o o o 0 0 0 o o o o o

e 0.0 06 8 6 0 6 o 6 6 0 o0 s0 0

. e e e o 0o 0o o o o o o o o

. e e © o o o o o o o o o o

. e e © o o o o o o o o o o

. ele o o o o s o o o o e o

e o0 .ﬁ. ® o 0 o o 0 o 0 0.0 0 0 o

FIGURE 6. Here 2 = sZ? N'R where R is a square. The
condition ¢ < e~! ensures that A(s,£) contains no point
outside R.

Proof. We want to apply Proposition to G = Fy — Sf. According to
Lemma [4.4] and Lemma respectively we have that

387 ™
Sfev (81’8|’8fHL00(R2)> and Mgs(r) < HSfHLOO(RQ)e2 K

As per Lemma [6.5] we have that
87T 2112
- < ) e
FaeV (17,272 I/I\lealZ(AA’A> and Mp,(r) <64 1(1/1\1212(14)\7/\)6

Note that
Fy e V(Cl,Kl), F; e V(CQ,KQ) = Kh-FKe€ V(min{cl,oz},Kl—i-Kg).
Thus, we get that

38w 38T
- co C -
Gev(&p&me+am%§AM)_v<m,&0,
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and furthermore, we have that

Mg(?”) S MFA(T)—i-MSf(?") S (64.1 I{\lar)‘( A/\,)\ + HSfHLoo) eZTW2 S CO€27rr
S

Note that with C = 38” we have that 27r = ‘/9179. Proposition therefore
implies that

E[G](p; u)|
/81 =
< 8.6 (HGHl/2 @) + (\/MG + 1.8 8 3878:0) e 81 325 ) MG(|U|)€_%H2

81-8\ _ x
§8.6<\/g—|—\/%< + 1.8 T )e 81329) \/*elg%uQ
<86(\[+52\/>e 81332s> \/>el?>727r u?

38w
Finally, Assumption is equivalent to e 51322 < /. Hence,

177, 2

IE[G](p,u)| < 8.6(1+5.2\/co)* e-es ™,
as desired. O

Next, we provide sufficient conditions for the set of admissible matrices
to be non-empty as well as an upper bound for the objective function of a
minimizer.

Proposition 6.10. Let f € L*(R), let ¢ € (0,1), s > 0 and let Q C sZ2.
Moreover let T' C aZ? such that

. 2 53||Sf||Loo) 1
4 dist (Q,aZ*\T) > /=1 :
(48) 1s(,a \)_\/Wn< - +2\/§
Then it holds that Adm.(f,T,Q) # (0 and every solution A of the ACP
satisfies

<1. oo .
rilglz(A)\,)\ < 16[SfllL (R2)

Proof. Let 1 denote the canonical dual of the Gabor frame (7(A)¢)\caz2-
Moreover, let us define a € C!' by

ax = <f77r()‘)¢>a Arel
and set A = a ® a. We prove the statement by showing that
i)A e Adm.(f,T,Q) and ii) I}\lalziA)\,)\ < 1.6(|Sf| oo
€

To prove i) let us consider £ € € arbitrary but fixed. We need to show
that

[Fa(§) =Sf(Q)| <e.
Let R denote the quantity on the right hand side of and note that by
that assumption
aZ*\T C aZ?\ Bg(¢).
With g := Y\ cp axm(A)¢ we have by the reconstruction formula that
Glf —gl= > (f.m(Nw) - Glr(Ngl.

A€aZ?\I'
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We can estimate

GLf =gl < sup [(f,m())]- D IG[r(N](©)]

A€aZ2\T' A€azZ2\I
(49) < sup [(f,m(N)] - Y e ERER
AER? A€aZ2\Br(€)

We use that the Gabor transform is unitary and that |G[w(\)y](p)| =
|G (p — A)| in order to bound

(50)  [(f, m(NP) =[G f, GIr (N Y]) 22|
< /R2 GFWNGY(y — Ml dy <G Fllze - |99l < 1.23[|Gf | o~

where the last inequality follows from Lemma
We proceed with estimating the sum of gaussians. A simple computation
shows that

z e Bl g e R2\ B\/g(g)

™

is subharmonic. For every A € aZ?\ Br(¢) we have that

BsWNB /() =0,

™

since A —¢|>R>12> 35+ \/% . By subharmonicity we have for all such
A that
8

~ ¢ ! / ~Zla—¢? gy — 7/ - Zla—gf?
e 2 < e 2 dr = e 2 dz.
[Ba/2(A)] /B, (0 T JBaj(0)

Since we have that

U BapN) SR*\ B s (6),
A€aZ?\Brg(§)

and since all these disks are pairwise disjoint, we can estimate
S i < 8/ e
A€aZ?\BR(€) TR (©)

- e3P gy = 16 -5 rmar2?
™ JR2\By,_g(0) 7T

Thus, by injecting this and into , we obtain

16 _ —
IG[f —g](§)] <6.3- - G f|| Lo 3 E-0/D7,
With this we can bound

ISf(&) = Fa©)l = 197 = 199(&)I - (1GF(€) +199(E)])
<|GLf =gl - 21GF (] + 1GLf — gl(E)])
< 6.3(2+6.3) S o grzye 2/
< 53||S f| oo (m2ye~F Ao/
which is bounded by e according to the choice of R.
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Part ii) now follows directly from estimate (50): For arbitrary A € T we
have that

Ay = laa? = [(f, (V)9 < 1.282(|S f| =,
which — as 1.23% < 1.6 — implies the claimed inequality. O

7. PROOF OF THEOREM [2.8]

Proof of Theorem[2.8. We break up the proof into various steps and show
that

a) Step 1 is feasible, and any solution A satisfies A € Adm e (f,I,9Q) and
Ay, <1.6.
e A <16
b) For all (A, \') € P it holds that

(51) Ty iy — To GV <& = (3.1-10%)Ee 57,

c) There exists a feasible Y for the CP in step 2 (see (4)).
d) Any such Y has a simple largest eigenvalue, and the corresponding eigen-
vector v obeys (|12)).

To establish a) we first observe that if A € 2, (I") is feasible for step 1,
then by the triangle inequality

g
1Ea = Sflle(0) < I1Fa = ollee () + [lo = Sflle=@) < e+ 3,

ie. A€ Adm.(f,T',Q). It remains to show that there exists A € Adm% (f,T,Q)
which further satisfies the inequality maxycr Ay x < 1.6, as by the triangle
inequality such a matrix is then feasible for step 1.

By Proposition (applied to §) we only need to show that

dist (Q aZ?\ r) > 2ln<

™

2-53>Jr 1
22"

Note that for every € € (0, 1) the right hand side can be bounded according
to

2 106 1 2 2 1
\/=In{— :\/1 106) — —1 —
ﬂn(€)+2\/§ 7Tn( ) 7rn8+2ﬂ
1/2
2 2 1 1
<4/ —1n(106 —/—1 — < 21409¢/In-
_an( )—i—( \/Wn€> +2\/§ + yin -
By construction of the sets and with condition (11)) we have

dist (Q,az2\r) >R>21 +0.91/1né,

and we are done.

We proceed with the proof of statement b). Let (A, \) € P be arbitrary
but fixed, and denote p = A and u = X — \. According to Proposition

e
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(with 1.5¢ instead of €), it holds that

(52) [Tan = TxAlGFIN)| = [E[Fal(p,u) — TulG f1(P)]
< 8.6(1+5.2/c0)% V1be e
with (recalling that A is a solution of the CP in step 1)
(53) co = ||Sf”Loo(R2) + 64'1(%\1‘6&5‘( A)“)\) <1464.1-1.6 <104
provided that the following three conditions hold:
i) 1.5e < e !,
ii) s < V251 <ln 3—28)_ , and
i) p+ 1u € A(s, Q).
As Vgg” = 0.30.. ., condition ii) follows directly from assumption . Since
IS fll oo (m2)y < 1, assumption (8] implies that
P Hngg%(A)
<
~[1.33-105  |A?

D=

2
< (1.33-10°) 72,

which implies i).
To verify iii), recall that |u| <r and that p e A C [-T,T] x [-S, S]. As

sZ2\Q CR?*\ ([T — R, T+ R] x [-S — R, S + R]),
we have with that

i 1 2 r_ 1 V19 4
5 >S>R——> — > ~—
d1st<p+2u,sZ \Q) >R 525> 55
which shows that indeed p+ %u € A(s, ). Finally, combining (52]) and (53]
implies that
Ton — Ta—alGFI(N)] < (3.1-10%) - ze'53 ¥

It follows directly from the estimate that

Y = (GFNGFN)) s ven

meets the constraints of step 2. Thus, statement c¢) holds.
To prove part d) we apply Corollary which states that

< <1+2\/6 /\B> Ve,
2

tr(Y)v — (G f(N\))aea (f, A7)

0w
SR

provided that

, AP A ) 191w
/< ‘ Pl
(55) ¢’ < min {1, 2B X AP

where B = 37, )e [Lup| with £ the Laplacian of the signal associated
graph. By the way the graph is defined, we have that the maximal degree
(i.e., the maximal number of neighbors a vertex can have) is bounded from
above by

|B,(0) NaZ?| = |B s,(0) N Z*| < (2V2r)* = 8%,
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Recall that the Laplacian is given by

S GNP, p=2A
Lop=—-1GFMIGF ()], p~A

0 otw.

1
Since |zy| < §(|x]2 + |y|?) we can estimate

B<Y | S IGFNP + 5 S UGFNP +167(m])

AEA | NeA nEA
N SN
/ 1 1
=3 D IGFN)P+ 3 (Z Igf(A)Q) D1+ 3 YD UGl
AEA N eA AEA HEA AEA peA
N~ T [T
=2 (Z wm?) > 1
A€A ,LLE/)\\
HN

< 16r°(|G £l (4,
which implies that

|A|2)‘2(f¢A7T) > ‘AP)\Q(f,A,’I")
2B = 1922)G1%,,

Together with @D and we get that
¢ =(3.1x 10Mesm /2
) { Hgf\lim) Xa(f, A, r) }

<
SUUTTAR T 192

2 Grlz
— A 2>\2(f,A,r) y [ II@:(A)’
192721 f 2 (a2 A

which implies
Rewriting the right hand side of in terms of € and making use of the
estimate for B, further implies

gréi%&} ‘ tr(Y)v — €i0(gf()\))/\eA’

)\Q(f, A, ’I“)

<1778 14 200 19 1) Ve
o )\2(va77‘) ’

which finishes the proof. U

167"2”gf‘|§2(1\) 1 lm2,
< | 142V6| —————2 | x V3.1-10%ew " e
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