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To the lights who lead me
through the darkest night.






Wherefore | perceive that there is nothing
better, than that a man should rejoice in his
own works; for that is his portion.

Ecclesiastes 3,22

So sah ich denn, dass nichts Besseres ist, als

dass ein Mensch fréhlich sei in seiner Arbeit;
denn das ist sein Teil.

Prediger Salomo 3,22






Abstract

In many scientific areas, such as astronomy, electron microscopy, and crystallo-
graphy, one is faced with the problem to recover an unknown signal from the
magnitudes of its FOURIER transform. Unfortunately, this phase retrieval prob-
lem is complicated by the well-known ambiguousness. In order to find the ori-
ginal signal within the solution set, one hence requires further information about
the unknown signal. The dissertation on hand aims to characterize the complete
solution set of the one-dimensional phase retrieval problem and to investigate
how far additional data or a priori conditions can ensure uniqueness.

For this purpose, we firstly restrict ourselves to the recovery of complex-
valued discrete-time signals with finite support. Using a novel approach, we
here give a complete characterization of all occurring ambiguities. Moreover,
we show that each further solution of the discrete-time phase retrieval problem
can be described by an appropriate convolution representation of the original
signal and by suitable rotations, shifts, and conjugations and reflections of the
appearing factors.

Using our characterization of the solution set, we investigate different a pri-
ori condition in order to reduce the number of ambiguities or even to receive a
unique solution. Firstly, we consider the assumption that the unknown signal
only possesses real and non-negative components. Although this can avoid the
appearance of ambiguities in certain cases, the non-negativity cannot ensure
uniqueness in general. Further, if we have access to additional magnitudes or
phases of the unknown signal in the time domain, we can show that almost all
signals with finite support can be uniquely recovered. An analogous result can
be obtained by exploiting additional interference measurements. Here we study
the interference of the unknown signal with a known or an unknown reference
and with modulations of the signal itself.

Furthermore, we analyse the continuous-time phase retrieval problem. If the
unknown signal possesses a specific structure, we can here transfer most of our
previous findings. Based on this observation, we study the relation between
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the continuous-time and discrete-time problem. For arbitrary continuous-time
signals, we can again avoid undesirable ambiguities by employing appropriate
interference measurements.

Finally, we consider the recovery of an unknown signal from its FRESNEL mag-
nitudes. Here the complete solution set can be characterized similarly to the
FOURIER setting. Moreover, we transfer most of the ideas to enforce uniqueness
by using the close relation between the FOURIER and FRESNEL transform.
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Introduction

If we only know the magnitude of a FOURIER transformed signal, can we recover
the original signal, or exist there further signals with exactly the same Four-
IER intensity? In the unfortunate case that the recovery is ambiguous, how do
the additional solutions look? Are they similar to the original signal, or can
they have completely different shapes? How can we ensure that we always find
the correct signal? These are the crucial questions, which we will investigate
throughout this thesis.

More commonly, the problem to recover an unknown signal only from its
FouRrikr intensity is called the phase retrieval problem since the phase of the
signal in the frequency domain is lost. Recovery problems of this kind have
many applications in physics and engineering. For example, the phase retrieval
problem occurs in crystallography [Milgo, Haug1, KHo1], astronomy [DF87], and
laser optics [SSD*06]. Finding an analytic or a numerical solution is generally
challenging due to the well-known ambiguousness of the problem. In order to
recover the original signal within the solution set, we hence require further a pri-
ori conditions or additional information about the wanted signal.

Since the phase retrieval problem is a current field of research for many dec-
ades, we canlook back at a very rich literature about the analytical and numerical
solvability of the phase retrieval problem for continuous-time and discrete-time
signals with real and complex components in one and higher dimensions. Sim-
ilarly, we find an extensive amount of different approaches to reduce the set
of ambiguities and to recover the unknown signal uniquely. Nevertheless, the
phase retrieval problem is not understood in full generality.

The goal of this thesis is twofold. On the one hand it surveys the existing liter-
ature about the ambiguities occurring in the phase retrieval problem with main
emphases to the one-dimensional case. On the other hand, we develop a new
complete characterization of all solutions in the one-dimensional discrete-time
setting, which gives us new insights about the behavior of the problem. Based
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2 INTRODUCTION

on our observations, we generalize the available results for real-valued signals
to complex-valued signals, where the proofs can often be strongly simplified.
Moreover, we extend the existing theory to reduce the solution set by novel find-
ings. Afterwards, we transfer some of our contributions to the continuous-time
setting and to the FRESNEL case.

Let us briefly take a look at the rich literature about the ambiguousness of the
phase retrieval problem with main focus to the one-dimensional case.

Continuous-time phase retrieval. Starting from a given FOURIER intensity
| F[f]l, in the one-dimensional continuous-time phase retrieval problem, one
wants to find a complex-valued signal or a function f whose FOURIER intensity
coincides with the given data. In order to ensure that the FOURIER intensity F [ f]
is well defined, the original signal f has to be contained in a suitable function
space. Assuming that the unknown signal f is contained in L' N L? and is sup-
ported on a half line, a first characterization of the occurring ambiguities of the
problem has been given by using BLascHKE products [Akus6, Akus7]. Under the
slightly different assumption that the original signal f is square-integrable and
possesses a compact support, a further appropriate characterization of the com-
plete solution set has been stated by employing the HADAMARD’s factorization
theorem for entire functions, see [Wal63, Hof64].

Since the continuous-time phase retrieval problem is not uniquely solvable in
general, one has to state further appropriate a priori conditions on the unknown
signal. One idea to achieve uniqueness of the problem is to assume that the
unknown function is symmetric or monotone on its support [KST95]. Another
approach to avoid ambiguities in the continuous-time phase retrieval is to extend
the set of given FOURIER intensities. For example, if the FOURIER intensity of a
modulation of the original signal with a complex exponential is available, one
can solve the corresponding problem uniquely by comparing the zeros of the
analytic continuation of the given intensities [WFB81]. Using a combination of
oversampling and additional modulations, PoHL et al. have successfully recover
complex signals with compact support [PYB14]. Moreover, the unknown signal
can be uniquely reconstructed by exploiting interference measurements with a
specially constructed reference signal depending on the given FOURIER intensity
[BFGR76].

Discrete-time phase retrieval. Although the phase retrieval problem was
originally defined for the continuous-time setting, for numerical purposes, one
needs to restrict the unknown continuous-time signal to a discrete space model.
Therefore, we firstly restrict ourselves to the recovery of a discrete-time signal
x = (x[n])nez with finite support form its FOURIER intensities | x|. Starting from
the original signal x, here all further solutions of the considered phase retrieval
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INTRODUCTION 3

problem can be constructed by considering the zeros of the z-transform of the
autocorrelation signal, see [BS79, OS89]. Restricting the zeros used to construct
the further solutions in a suitable way, one can easily ensure uniqueness of the
phase retrieval problem as stated in [HLOS8o].

In order to enforce uniqueness of the phase retrieval problem, sometimes
additional information about signal values in the time domain are exploited.
For example, if one of the endpoints of the wanted signal with finite support
is completely known, most real-valued signals are completely determined, see
[XYC87, SCo1, Yagg6, Yagg8]. In [SSD*06, LT08, LTo9g], a numerical algorithm
to reconstruct an unknown complex-valued signal with finite support has been
developed with the additional assumption that the absolute values of all signal
components in time domain are available. Both approaches for complex-valued
signals are more detailed investigated in Chapter IIL

Being interested in additional information about the unknown signal for the
phase retrieval problem that are physically available in the frequency domain,
the idea of FOURIER intensities of suitable interferences has been extensively
studied. Here, for real-valued signals, the interference with a known reference
signal [KHgoa, KHgob] can be employed to reduce the complete solution set to at
most two different signals. Phase retrieval problems where the known reference
is replaced by an unknown signal has been considered in [KHg3] again for the
real setting. Moreover, in [RDN13, RSA*11], this approach is generalized to the
recovery of complex-valued signals. A special case of unknown interference
signals is examined in [CESV13], where the reference is a modulated version of
the original signal itself. We study the phase retrieval problem with additional
interference measurements more closely in Chapter IV.

Another approach based on additional information in the frequency domain
is the signal reconstruction from a signed FOURIER intensity. This means that,
beside the magnitude |x| of the FOURIER transformed signal, the information
whether Xx(w) is contained in [—7/2,7/2] or in [—7, —7/2) U (7/2, 1t) is available.
Exploiting this additional phase information, and fixing the finite support of the
unknown real-valued signal x, one can show that this phase retrieval problem
possesses a unique solution, see [HHLO83].

Similar results can be obtained by replacing the FOURIER transform by the
so-called short-time FOURIER transform [NQL83a, NQL83b], where the original
signal is overlapped with a small analysis window at different positions. Choos-
ing the analysis window appropriately, and supposing that the original signal
satisfies some further conditions, one can recover this signal only from its short-
time FOURIER intensities.

If we assume that the finite support of the unknown signal x is contained in
the fixed set {0, ..., M — 1}, we can consider this discrete-time signal as an M-
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4 INTRODUCTION

dimensional vector. Moreover, the FOURIER intensity | X(w)| at a certain point
wo can here be interpreted as the intensity measurement |(x, v) | with the vector
v = (eo™)M-1 If one generalizes this approach to arbitrary frame vectors vy,
the questions arises how the frame vectors have to be constructed, and how
many frame vectors are needed to ensure a unique recovery of the unknown
vector x from the given intensities |(x, vx)|. These issues have been extensively
studied within the last years, see for instance [BCE06, BBCEog, ABFM14, BCM14,
BHis5] and references therein.

Multidimensional phase retrieval. Although we only consider the phase
retrieval problem in one dimension, we want to make the point that the higher-
dimensional problem has a completely different behavior. Using a similar con-
struction of the occurring ambiguities as in the one-dimensional real setting,
one can observe that the ambiguities of the phase retrieval problem for higher
dimensions depend on the factorization of a multivariate algebraic polynomial
into irreducible polynomials, see [Hay82]. Since the reducible polynomials form
a set of measure zero [HM82] in the space of all polynomials (up to a certain
degree), almost every multidimensional signal can be uniquely recovered from
its FOURIER intensities.

Unfortunately, in some applications such as crystallography of certain objects
[Milgo], the considered multidimensional signal always corresponds to a redu-
cible polynomial, which means that the phase retrieval problem in this case can-
not be uniquely solvable. In order to ensure the irreducibility, one can place a
single reference point at a specific position outside the unknown object, see for
instance [FBD83, DF84]. Other approaches are based on random illuminations
[Fani2] or random masks [FL13]. Here the original multidimensional signal is
only determined by the given intensities with high probability.

FRESNEL phase retrieval. Physically, one can interpret the given FOURIER
magnitudes as intensity measurements of a wave on a plane in the far field. If
we now replace the given FOURIER intensity by measurements on a plane in
the near field, then the new measurements correspond to the magnitudes of the
FRESNEL transform, see [Goog6, LP12]. In other words, one is faced with the
problem to recover an unknown signal from its FRESNEL intensity. A further
phase retrieval problem, which is closely related to the FRESNEL setting, is the
recovery of a signal from its fractional FOURIER intensity, which corresponds to
intensity measurements on a sphere in the near field, see [Nam8o, MK87, PFg4].
Similarly to the FOURIER phase retrieval problem, the recovery of a signal from its
FRESNEL or fractional FOURIER transform is again highly ambiguous. Assuming
that one has access to intensity measurements of different distances, or that the
unknown signal has a specific structure, it has been shown that both problems
can nevertheless be solved uniquely [Jami4] .
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INTRODUCTION 5

Outline. This work is organized as follows: Firstly, we consider the recovery
of a one-dimensional discrete-time signal x from its FOURIER intensity |x|. Here
we always assume that the unknown signal has a finite support. In other words,
only finitely many components of the signal can be non-zero. This a priori con-
dition can be interpreted as an additional sparsity constraint in a certain manner.
More precisely, we wish to find the signal with the smallest support length to
the given FOURIER intensities, where zero components within the signal support
rarely occur. In order to get an impression about the ambiguities of the con-
sidered problem, we consider different special cases. Based on this observations,
we distinguish between trivial and non-trivial ambiguities, cf. [Wan13].

The main statement of Chapter I is the complete mathematical classification
of all solutions in the discrete-time phase retrieval. Instead of generalizing the
results of BRuck and SopiN [BS79] for real-valued signals, we here use a com-
pletely different approach, where we examine the phase retrieval problem in the
frequency domain, and employ a construction stated by FEj£r and Riesz [Feji6].
Together with the observation that the square of the given FOURIER intensity
is nothing but a non-negative trigonometric polynomial, this allows us to show
that there always exist at least one signal whose squared FOURIER intensity coin-
cides with an arbitrarily given non-negative trigonometric polynomial. In other
words, the discrete-time phase retrieval problem always possesses at least one
solution. Moreover, this novel approach yields an explicit product representation
of all occurring ambiguities in the frequency domain. Transferring this obser-
vation to the time domain, we obtain the corresponding convolution represent-
ation. Finally, this enables us to conclude that all ambiguities can be described
by rotations, shifts, reflection and conjugations, and appropriate convolutions.

Looking at the ambiguousness of the discrete-time phase retrieval problem,
how can we ensure that we find the correct signal in the solution set? One
a priori condition, which is exploited in many applications, is that the unknown
signal is real-valued and non-negative. Unfortunately, the non-negativity con-
dition cannot always achieve uniqueness as exemplarily shown in [Fie78, BS79].
In Chapter II, we consider the question: Are the given examples rare exceptions
or the general case? Using our characterization, we will show that neither the
signals that can be uniquely recovered nor the signals without a unique recon-
struction form negligible sets. Consequently, the non-negativity is not suitable
to ensure the uniqueness of the one-dimensional phase retrieval problem.

As mentioned above, Xu, YaN, and CHANG [XYC87] exploited the exact end
point of the otherwise unknown signal to show that almost all signals can be
uniquely recovered. In Chapter III, we capture this idea and obtain a new ap-
proach to this specific recovery problem based on our characterization of all
possible solutions. In this manner, we can generalize the original results for
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6 INTRODUCTION

the real setting to complex-valued signals. Moreover, we give a series of novel
proofs, which show that the known end point of the signal can be replaced by
the assumption that the absolute value of one point or the phases of two points
in the time domain are given beforehand.

In Chapter IV, we investigate the recovery of an unknown signal if the FOUr-
IER intensities of appropriate interferences are available. If the additional Four-
IER intensities arise form the interference of the original signal with an also un-
known reference, one can show that most signals are determined in the real set-
ting by three FOURIER intensities, see [KH93]. In [RDN13], an analogous result
is obtained for complex-valued signals by using four FOURIER intensities. Giv-
ing a new and complete proof for the complex version, we here show that most
complex-valued signals are also determined by only three intensities. Inspired
by [ABFM14, CESV13], we finally consider the interference with a known mod-
ulation of the signal itself. Adapting the existing results to our specific phase
retrieval problem, and using PRONY’s method, we here additionally show that
each signal can always be recovered uniquely up to a global phase.

Based on the phase retrieval of linear spline functions [SSD* 06, LTo8], we
generalize this idea in Chapter V to the recovery of structured signals. Here
most of our previous results for the discrete-time problem can be transferred
straightforwardly. Using the characterization of the occurring ambiguities in
the continuous-time setting [Hof64], we investigate the relation between the
discrete-time and continuous-time problem. Moreover, we state some novel res-
ults about the recovery of an unknown continuous-time signal from interference
measurements with an unknown reference signal or with a modulation of the
unknown signal itself.

Finally, in Chapter VI, we consider the FRESNEL phase retrieval problem. This
means that we try to recover a discrete-time or continuous-time signal from
the magnitudes of its FRESNEL transform. Here we observe that the occurring
ambiguities can be represented similarly to the solutions sets of the FOURIER
phase retrieval problem. This allows us to transfer the previous approches to
ensure unique recovery in the FRESNEL setting.

Credits. Some of the findings presented in this thesis have been obtained in
collaboration with Gerlind PLoNnka-HocH and have been published in [BP15a,
BP15b]. In particular, the characterization of all possible ambiguities in the one-
dimensional discrete-time phase retrieval in Chapter I, the investigation of an
additionally known end point of the signal in Chapter III, and the exploitation
of interference measurements with a known and an unknown reference sig-
nal in Chapter IV have appeared in a slightly different form in the journal of
Fourier Analysis and Applications [BP15a]. Moreover, the approach to reduce the
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continuous-time phase retrieval problem for structured function to a completely
discrete setting have been published in PAMM, Proceedings in Applied Mathem-
atics and Mechanics [BP1sb].
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CHAPTER L.

Characterization of the arising ambiguities

Abstract®—We will begin our investigations about the ambiguities of the phase
retrieval problem with the discrete-time setting. Here, for signals with real com-
ponents, BRuck and Sopin [BS79] have successfully constructed all signals with
a given FOURIER intensity up to a non-negative constant. Considering the phase
retrieval problem in the frequency domain, and using a construction stated by
FEjER and RiEsz [Fej16], we will here give a novel and complete proof to char-
acterize all appearing ambiguities in the phase retrieval of a real-valued and fur-
thermore complex-valued signal. Moreover, we will show that there always exist
signals whose FOURIER intensity coincide with a given non-negative trigonomet-
ric polynomial. In other words, the discrete-time phase retrieval problem always
possesses at least one solution. Retransforming our characterization to the time
domain, we will conclude that all ambiguities can be described by rotations, shifts,
reflection and conjugations, and appropriate convolutions. Finally, the complete
characterization of all ambiguities will enables us to determine the number of
non-trivially different solutions of a certain problem. <

“Most of the observations in this chapter have been published in [BP15a].

1. Formulation of the discrete-time problem

Phase retrieval means that we wish to reconstruct an unknown signal from the
intensity of its FOURIER transform. Depending on whether the signal is discrete-
time or continuous-time, there are several ways to formulate the corresponding
problem mathematically. Firstly, we examine the phase retrieval problem in the
discrete-time setting. This means that we want to recover a discrete-time signal
from its FOURIER intensity.

Mathematically, a complex-valued discrete-time signal x maps an integer n to
a complex number x[n]. Hence, the discrete-time signal x is nothing but the
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10 I. CHARACTERIZATION OF THE ARISING AMBIGUITIES

complex-valued sequence
x = (x[n])yez -

Here we use the notation of [OS89, p. 9 et seq.]. In the following, we assume that
the signal x always has a finite support. In other words, only a finite number of
components x[n] are non-zero.

The Fourier transform of a discrete-time signal x is defined for a real argu-
ment w by the trigonometric series

Fx)(w) = x(w) = Zx[n] e~ion,

nezZ

see for instance [OS89, Section 2.7]. This specific transform is also called the
discrete-time FOURIER transform. Obviously, the discrete-time FOURIER transform
X is a 2n-periodic function. Since we assume that the signal has a finite support,
the series becomes a sum of finitely many exponentials and hence a complex
trigonometric polynomial.

Example 1.1. As a first example, we consider the discrete-time signal

x = g (- 0,55 15i, ~84 + 87i, 34 + 82i,

204 — 1201, —16 + 161, =96, 128, 0, . . )

Here the underline marks the zeroth component x[0] of the sequence. Since the
support of the signal is {0, ..., 6} and hence finite, the discrete-time FOURIER
transform is the complex trigonometric polynomial X given by

(@) = 15 ((55 + 151) + (~84 + 871) €7 + (34 + 82i) €2

+ (204 - 120i) e — (16 — 16i) e 1 — 96 €™ + 128 ™).

The considered signal x and the FOURIER transform x are graphically shown in
Figure 1.1 on the facing page. Here the corresponding absolute value and phase
of the complex-valued signal are presented in Figure 1.1(a) and (b). Moreover, in
Figure 1.1(c), the signal x is plotted as polygonal chain in the complex plane.

Analogously, in Figure 1.1(d), the 2n-periodic FOURIER transform X is plotted
as a curve in the complex plane. The corresponding absolute value and phase are
shown in Figure 1.1(e) and (f). The question behind the phase retrieval problem
is: can we uniquely reconstruct the signal x from the modulus of its FOURIER
transform in Figure 1.1(e) without the phase information in Figure 1.1(f)? o
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With the notations of the discrete-time signal and FOURIER transform, the one-
dimensional discrete-time phase retrieval problem can be written as follows.

Problem 1.2. The discrete-time phase retrieval problem is the problem of recov-
ering a discrete-time signal x with finite support from its FOURIER intensity | x]|.

2. Trivial and nontrivial ambiguities

If we know the FOURIER transform X of a discrete-time signal x with finite sup-
port, then we can apply the inverse discrete-time FOURIER transform defined by

T

x[n] = L ff(a)) " do, (2.1)
27
-7
see for instance [OS89, Section 2.7], to recover the signal x uniquely. However,
knowing only the FOURIER intensity, we have to recover the phase in the fre-
quency domain in order to determine the signal itself uniquely.

Since the FOURIER transform of a discrete-time signal with finite support is a
trigonometric polynomial, the unknown phase in the frequency domain cannot
be completely arbitrary. Nevertheless, the finite support cannot ensure a unique
recovering of the signal. In order to formulate and examine suitable additional
assumptions to enforce uniqueness of the phase retrieval problem, we are inter-
ested in the complete characterization of all occurring ambiguities.

Some of the simplest occurring ambiguities of the phase retrieval problem are
the rotation (multiplication with an unimodular constant)

(eia x[n] ) nez

for a some real a, the time shift

(e ).,

for some integer ng, and the reflection and conjugation

(x[_n])nEZ

of the original discrete-time signal x.
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Proposition 2.1. Let x be a discrete-time signal with finite support and FOURIER
intensity |x|. Then

(i) the rotated signal (' x[n])nez for real a
(ii) the time shifted signal (x[n — ng])nez for integer ny

(iii) the reflected and conjugated signal (x[—n])nez

have the same FOURIER intensity | X|.

Proof. The assertion simply follows from the properties of the discrete-time
FOURIER transform, see for instance [OS89, Section 2.8 et seq.].

(i) Obviously, the FoUuRIER transform of the rotated signal is given by
Sf[(ei“ x[n])nez] (w) = ' X(w).

Since el” is a unimodular constant, the FOURIER intensity of the rotated
signal is also |x|.

(ii) Using the definition of the FOURIER transform, and shifting the summation
index by ny, we have

F[(x[n = nol)pezl(w) = Z x[n—nele "

nez.

— Z x[n] e—ia)(n+n0) — e i@no 5(?\(60)

nez.

Hence, the FOURIER transform of the time shift differs from the FOURIER
transform of the original signal only by a unimodular factor.

(iii) Reversing the order of summation, and using the properties of the con-
jugation, the FOURIER transform of the reflected and conjugated signal is
given by

F[(Tonl), o] (@) = D xTonl e = 3 xlnleion = X(w);

nez. nezZ

so the FOURIER transform is the conjugated FOURIER transform of the ori-
ginal signal, and the FOURIER intensities of both signals are equal. m|
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Example 2.2. We consider again the phase retrieval problem to recover the
discrete-time signal

X = ( .., 0,55 —15i, -84 + 871,34 + 82i,

204 — 1201, —16 + 161, —96, 128, 0, . . )

from its FOURIER intensity. Figure 2.1 on the next page shows the signal x; some
ambiguities caused by rotation xg, time shift xt, and reflection and conjugation
xrc; and the corresponding FOURIER transforms. As shown in Proposition 2.1,
the FOURIER intensities of the signal and the ambiguities are equal.

For the ambiguity xg caused by a rotation, we choose the real parameter « as
n/2. Hence, we have

xg = (e x[n]) =5 (., 0,15+ 55i, 87 — 841, ~82 + 34,

120 + 204i, —16 — 16i, —961, 1281, 0, . . )

The multiplication with the unimodular factor i effects a phase shift in the time
and frequency domain, see Figure 2.1(b) and (f), and a rotation around the origin
in the complex plane, see Figure 2.1(c) and (d).

Next, we consider the ambiguity xt caused by a time shift. As an example, we
shift the signal x to the left-hand side by setting the integer ny to —3. This means
that we define the signal xt as

. _ 1 . . .
xr = (x[n+ 3])nEZ = 25 (- -,0,55 — 151, —84 + 87i, 34 + 82i,

204 —120i, —16 + 161, —96, 128, 0, . . )

The time shift of the signal causes a modulation of the phase in the frequency
domain, see Figure 1.1(f).
Last, the reflection and conjugation xgc of the signal x is given by

.— _ 1 . .
XRe = (x[—n])nez = &5 (- ..0,128,-96,—16 — 161, 204 + 120i

34 — 82i, —84 — 871,55 + 15i, 0, . . )

This ambiguity has the conjugated FOURIER transform of the signal x, see again
Figure 1.1(f). O

Remark 2.3. In order to avoid the ambiguities caused by time shifts, the finite
support of the considered signal x can be normalized to the set {0,...,N — 1},
where N is the length of the support. As an immediate consequence, the reflected
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Figure 2.1.: Ambiguities caused by rotation, time shift, and reflection and
conjugation in the discrete-time phase retrieval problem
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and conjugated signal possesses the reflected support {—-N +1, ..., 0} and has to
be shifted by N — 1 to restore the demanded support. If we take this additional
shift into account, then the trivial ambiguity in Proposition 2.1(iii) caused by
reflection and conjugation has the form

(x[N—l—n])neZ. o

As shown in Proposition 2.1, the rotation, time shift, or reflection and conjug-
ation of a signal are ambiguities that always occur. But these three ambiguities
are of minor interest since they are closely related to the original signal. How-
ever, we are mainly interested in the characterization of ambiguities which com-
pletely differ from the original signal and therefore distinguish between trivial
and non-trivial ambiguities in analogy to [Wan13].

Definition 2.4. A trivial ambiguity of the discrete-time phase retrieval problem
is caused by a rotation, time shift, or reflection and conjugation, or by a combin-
ations of these. All other occurring ambiguities are called non-trivial.

Besides the trivial ambiguities caused by rotation, time shift, or reflection and
conjugation, there is a further set of ambiguities which can be constructed in a
simple manner. The description of these non-trivial ambiguities of the phase re-
trieval problem is based on the convolution of discrete-time signals, cf. [Wani3].
The convolution x; * x, of two discrete-time signals x; and x; is defined by

(v x2)[n] = ) xik] xo[n — k). (2.2)

kez

The Fourier transform of the convolution x; * x; is given by the convolution
theorem as
Flxr* x2] = 31 %2, (2.3)

see for instance [OS89, Section 2.9.6]. If we can factorize the original signal x
into two factors x; and x, with respect to the convolution, then we have the
following ambiguities.

Proposition 2.5. Let x be a discrete-time signal with finite support and FOURIER
intensity | x|. Further, let x; and x, be two discrete-time signals with finite support
such that

X = X1 * Xg.

Robert BEINERT
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Then, for real a and integer ny, the signal

(e“xl=n]),_, * (x:ln-mndl) _,

has the same FOURIER intensity |x|.

Proof. The assertion follows directly by applying the convolution theorem, see
for instance [OS89, Section 2.9.6], and Proposition 2.1. More detailed, we define
the signal y as

y-= (eia xl[_n])nGZ ¥ (x2 [n B nO])nEZ'

Since the FOURIER transform of a convolution is the product of the FOURIER trans-
formed factors, the convolution theorem of the discrete-time FOURIER transform

yields .
y= g[(ela xl[_n])nez * (xz [n - no])

- g[(eiam)nez] 'SK[(XZ[n - nO])neZ]'

Now, taking the absolute value, and using that the occurring trivial ambiguities
have the same FOURIER intensity as the original signal (Proposition 2.1), we have

[l = |7 [(e“xal=n]), || || (eln~nol), ]|

= %l |x] = |x].

neZ]

Hence, the signal y and the original signal x have the same FOURIER intensity,
which finishes the proof. O

Example 2.6. We continue the consideration of the phase retrieval problem in
Example 2.2 to recover the signal

x = g5 (.., 0,55 — 150, ~84 + 871, 34 + 82i,

204 — 1201, —16 + 161, —96,128, 0, . . )

from its FOURIER intensity. Since the signal x can be written as a convolution
X * x9 with the factors

xi = %5 (... 0,7+ 4i,-16, -8 + 161, 32,0, . .. )
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and

Xy = i(...,0,5—51,1,—2—21,4,0,...),

we can apply Proposition 2.5 in order to construct a further ambiguity of the
problem. More precisely, we consider the signal y defined as

y = (xl[—n])nGZ * (x2 [n— 3])n€Z.

Here the first signal

(xl[—n])nez = 2 (....0,32,-8 - 161, -16,7 = 4i,0,... )y
is the reflection, conjugation, and ‘rotation’ by & = 0 of the signal x;; and the
second signal

(xz[n—3])nez =1(...,0,0,0,0,5-5i,i,-2 - 2i,4,0,...).

is the time shift of x; by ny = 3. Convolving both signals, we have

1 . . .
y =15 (- --» 0,160 — 160i, ~120 — 8i, ~128 + 8i,

127 — 231, 4 — 251, —86 — 61, 28 — 161, 0, . . )

The original signal x and the constructed signal y are shown in Figure 2.2 on
the facing page. Considering the absolute value of both signals in Figure 2.2(a),
we can preclude that the ambiguity y is caused by rotation, time shift, or re-
flection and conjugation. Hence, besides the trivial ambiguities, the considered
phase retrieval problem possesses at least one non-trivial ambiguity. O

Remark 2.7. Proposition 2.5 provides a procedure to find non-trivial ambigu-
ities. But there may exist other non-trivial ambiguities that cannot be described
as a convolution. However, by characterizing all occurring ambiguities of the
discrete-time phase retrieval problem, we will see that every non-trivial ambi-
guity can indeed be described by a convolution as in Proposition 2.5. Hence,
all ambiguities of the considered discrete-time phase retrieval problem can be
characterized by using rotations, time shifts, reflections and conjugations, and
convolutions. O

Remark 2.8. Note that the constructed ambiguities in Proposition 2.5 do not al-
ways have to be non-trivial. For example, an ambiguity obtained by convolution
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is trivial if the first factor x; of the factorization x = xj * xy is invariant under
reflection and conjugation. O

3. The phase retrieval problem in the frequency domain

To characterize all occurring ambiguities, we examine the phase retrieval prob-
lem in the frequency domain and derive an equivalent formulation where we
have to find a root of a non-negative trigonometric polynomial. Our key instru-
ments here are the autocorrelation signal and the autocorrelation function, see
for instance [OS89, p. 65 et seq.].

Definition 3.1. Let x be a discrete-time signal. The autocorrelation signal a of
the signal x is defined by

a[n] = Z x[k] x[k + n].

kez

The autocorrelation function is the FOURIER transform a of the autocorrelation
signal a.

Remark 3.2. Since we only consider signals with finite support, the autocorrel-
ation signal is always well-defined, and the support of the autocorrelation signal
is finite. Hence, the autocorrelation function of a signal with finite support is a
trigonometric polynomial. O

Example 3.3. We consider the signal
x:=(...,0,0,3+1,51-2i,0,...).
Then the autocorrelation signal of x is
a=(...,0,1-7i,20 - 15i,40,20 + 15i,1+ 7,0, . ).

In this example, the autocorrelation signal is conjugate symmetric. This means

that the components of a fulfil the condition a[-n] = a[n] for all integer n.
Furthermore, shifting the signal x yields the same autocorrelation signal. Hence,
the support of the autocorrelation signal only depends on the support length of
the signal x and is independent of the position of the support. O
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The observations of Example 3.3 remain valid for all signals with finite sup-
port. Shifting the index of summation, the components of the autocorrelation
signal fulfil the condition

a[-n] = Z x[k] x[k —n] = Z x[k + n] x[k] = a[n]

kez kez

for all integer n. Therefore, the autocorrelation signal is always conjugate sym-
metric. In particular, the zeroth component a[0] of the autocorrelation signal
has to be real.

Since the support length of a signal x is defined as the largest integer N such
that there exist an integer ny with

x[no] x[ng + N —1] # 0,

the autocorrelation signal is obviously non-zero at the points —-N + 1and N — 1
and is zero for all integers n with |[n| > N. Hence, the support of autocorrelation
signal is {-N + 1,..., N — 1} and only depends on the support length N of the
considered signal x.

Having defined the autocorrelation function, one may ask what is the rela-
tionship to the phase retrieval problem? The answer is given by the following
proposition, see for instance [OS89, p. 65 et seq.].

Proposition 3.4. Let x be a discrete-time signal with finite support. Then the
squared FOURIER intensity | X |? is equal to the autocorrelation function a.

Proof. Writing the squared FOURIER intensity | x|* as the product X - %, and us-
ing the definition of the discrete-time FOURIER transform, we have

%) = (Z x[n] ) (Z meiwk).

nezZ kez

Since the signal x has a finite support, all occurring sums are finite. Expanding
the product and changing the order of summation now yields

f@f = Y Y 0D = 3 S SRk + e
neZ kezZ neZ kezZ
With the definition of the autocorrelation signal and function, the assertion
@) =) aln]e™" = a(w)

nez
follows. O
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Remark 3.5. Assume that the support length N of the signal x is known. Since
the squared FOURIER intensity | x| is a 27m-periodic trigonometric polynomial of
degree N, it is completely determined by 2N —1 samples at different points in the
interval [—m, 7). If we have additional information about the support length, we
can hence discretize the phase retrieval problem in the frequency domain too.
An analogous observation follows if we only have an upper bound of the sup-
port length N. As a consequence, all results for the discrete-time phase retrieval
problem (Problem 1.2) remain valid for a finite number of at least 2N —1 samples
in the frequency domain. O

The equality of the autocorrelation function and the squared FOURIER intens-
ity of a signal implies that the autocorrelation signal itself has to be a non-
negative trigonometric polynomial. Moreover, the degree of the autocorrelation
function is N — 1, where N is again the support length of the considered sig-
nal, since the support of the autocorrelation signalis {-N +1,..., N —1} as seen
above. Using the conjugate symmetry of the autocorrelation signal, we can write
the autocorrelation function as

z

-1
a(w) = a[0] + [a[n] eTlon 4 Mei”"].

n

Il
—_

Further, splitting the components of the autocorrelation signal into real and ima-
ginary parts gives

N- N—
a(w) = a[0] + Zl R(aln]) (7" + ") + Zliﬁ(a[n]) (e7iom - elom).
n=1 n=1

Applying EULER’s formula, we finally have

N-1 N-1
a(w) = af0] + 2 Z R (a[n]) cos(wn) + 2 Z 9(a[n]) sin(wn),
n=1 n=1

the real version of a trigonometric polynomial, see for instance [Kat68, p. 7].
On the other hand, an arbitrary non-negative trigonometric polynomial T of

degree N —1 defined by
N-1

T(w) = Z Cpein

n=—N+1

with complex coefficients c, is obviously invariant under complex conjugation.
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Reversing the order of summation in the definition of T, this implies

N-1 N2
T(w) = ZE_,, e " = Z cne " =T (w).
n=—N+1 n=—N+1

Equating the coeflicients of the trigonometric polynomials on both sides, we
have ¢, = ¢_,, see for instance [DM12, p. 94]. Hence, the coefficients of a non-
negative real trigonometric polynomial have to be conjugate symmetric like the
autocorrelation signal.

In the original definition of the discrete-time phase retrieval problem (Prob-
lem 1.2), we aim to recover a signal from its FOURIER intensity. If we consider
the phase retrieval problem in the frequency domain, the problem is equival-
ent to reconstructing the symbol of a signal, the FOURIER transformed signal,
from a given autocorrelation function. Since the FOURIER transformed signal is
a complex trigonometric polynomial, and since the autocorrelation function is a
non-negative trigonometric polynomial, we are faced with the following prob-
lem, which is equivalent to Problem 1.2.

Problem 3.6. Let T be a non-negative trigonometric polynomial. Find all com-
plex trigonometric polynomials R such that |R|? = T.

In other words, we have to find a root R of a trigonometric polynomial 7. At
the moment it is not clear that every non-negative trigonometric polynomial
is the autocorrelation function of some signal. In particular, Problem 3.6 does
not have to have a solution. However, if we can characterize all solutions of
this problem, then we can use the inverse discrete-time FOURIER transform to
describe all ambiguities in the time domain.

Similarly as the phase retrieval problem in the time domain, Problem 3.6 is
not uniquely solvable if at least one solution exist. If the trigonometric polyno-
mial R is a solution of |R|? = T, then of course the rotation e'? R for real a, the
modulation e R for integer no, and the conjugation R of the trigonometric
polynomial R are also solutions of the problem. In analogy to Definition 2.4, we
call ambiguities caused by rotation, modulation, and conjugation trivial ambigu-
ities.
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4. Finding roots of a trigonometric polynomial

We are faced with Problem 3.6 to find a root of a non-negative trigonometric
polynomial. This problem is closely related to a question studied in [Feji6],
where FEJER examines the issue whether all non-negative trigonometric poly-
nomials of degree N —1 can be represented as the squared modulus of a complex
algebraic polynomial of degree N—1 on the unit circle. FEJERr and RiEsz show that
this is always possible by constructing these algebraic polynomials explicitly.
Moreover, the construction in [Feji6] can be used to determine all complex
trigonometric polynomials R that fulfil the equation |R|> = T and hence solve
Problem 3.6 for a given non-negative trigonometric polynomial T of degree N —1

with
N-1

T(w) = Z cpe ion, (4.1)

n=-N+1

Following the way of FEJER and RiEsz, we define the associated polynomial P for
the trigonometric polynomial T by

2N-2

P(z) = ) cnnin 2 (4:2)

n=0

Hence, the associated polynomial is the algebraic polynomial of degree 2N — 2
with the same coefficients as the trigonometric polynomial T.

Since we assume that the trigonometric polynomial T is non-negative, the
coefficients ¢, fulfil the condition ¢, = ¢_, as seen in Section 3; therefore, the as-
sociated polynomial P is conjugate palindromic, which simply terms an algebraic
polynomial whose coeflicients are conjugate symmetric. Further, the associated
polynomial P is related to the trigonometric polynomial T by

T(C()) — ei(u(N—l) P(e—i(u) (43)
and, in particular,

T(w) = |P(e7)] (4.4)
for real w; the absolute values of the trigonometric polynomial T and the algeb-
raic polynomial P on the unit circle are equal.

4.1. Examining the zero set of the associated polynomial

The main idea of FEjER and RiEsz in [Fej16] is to factorize the associated polyno-
mial P into linear factors and to rearrange these such that all linear factors occur
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twice under the absolute value. For this purpose, we have to determine the zeros
with their multiplicity of the associated polynomial P.

Lemma 4.1. Let T be a non-vanishing, non-negative trigonometric polynomial. If
y is a zero of associated polynomial P to T, then’y ~" is also a zero of P.

Proof. The associated polynomial P to the trigonometric polynomial T is a pal-
indromic polynomial of degree 2N — 2 as seen above; so the leading coeflicient
and the constant term are conjugated to each other and non-zero. As a con-
sequence, we have P(0) # 0, and hence the considered zero y is non-zero. We
follow the lines of FEJER and RiEsz in [Feji6, p. 57] and consider the associated
polynomial P at the point ¥ ~'. Reversing the order of summation in the defini-
tion of the associated polynomial, we have

2N-2 2N-2
=-1 =-n =n—-2N+2
p(y™) = Z Ch-N+1Y = Z CN-1-n ¥ -
n=0 n=0

Factoring out y —2N+2

coeflicients yields

and using the conjugate symmetry cy_1—, = cp—n+1 of the

Py ™) =y Gy =7 VPG = 0. (45)
n=0
Since y is non-zero, the assertion follows. ]

Remark 4.2. Lemma 4.1 remains valid for an arbitrary conjugate palindromic
polynomial and, moreover, for conjugate antipalindromic polynomials. A poly-
nomial is called conjugate antipalindromic if the coefficients are conjugate anti-
symmetric. This means that the coefficients in definition (4.2) fulfil the condition
¢, = —C_,. Here we obtain

2N-2
P(?_l) — _?—2N+2 Zzn—N+1?n — _?—2N+2 P(y) =0
n=0
instead of equation (4.5), and the statement follows in an analogous way. O

Next, we will show that the zeros y and ¥~ of the associated polynomial
P in (4.2) occur with the same multiplicity. Since the derivatives of the asso-
ciated polynomial are usually no longer conjugate palindromic, we cannot use
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Lemma 4.1 directly. In order to apply Lemma 4.1 also for the derivatives, we need
to represent these in a suitable form. For this purpose, we define the polynomials

Pl for £ in Ny by
2N-2

P@) =) (= N+ ey (4:6)
n=0

with the same coefficients as the associated polynomial P in (4.2). As the associ-
ated polynomial itself, the polynomials P!l are conjugate palindromic for even
¢ and conjugate antipalindromic for odd ¢. Further, the constructed polynomials
are related by the following lemma.

Lemma 4.3. The algebraic polynomials in (4.6) fulfil the identity

d Plf(z) 3 Pl (z)
dz ZN-1 N

for all € in IN,.

Proof. The statement simply follows by computing the derivative of the left-

hand side. Multiplying the polynomial P!l in (4.6) with z7N*1, we have
d Pl 4 % .
_ - _ N + 1 _ n—N+1.

Taking the derivative of the polynomial, we can deduce the assertion by

d P[f](z) 2N-2
dz N1

P[€+1]
(n=N+1)" e, yuz"™N = —ZN(Z). m|

n=0

With the defined polynomials PI) and Lemma 4.3, we can describe the de-
rivatives of the associated polynomial P as a sum of conjugate palindromic and
conjugate antipalindromic polynomials.

Lemma 4.4. The kth derivative of the associated polynomial P in (4.2) to a trigo-
nometric polynomial can be represented as

with suitable coefficients /li,k).
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Proof. We prove the Lemma by mathematical induction over k. The assertion is
obviously valid for k = 0 since the associated polynomial P and the polynomial
P coincide. In order to determine the (k + 1)st derivative of the associated

polynomial, we use the induction hypothesis and extend the summands with
N1k which yields

k
d d k)Pf Z) (k) d N 1— kP (Z)
= — Al = A .
dz dz Z ; { dz NS

After applying the product rule together with Lemma 4.3, the (k +1)st derivative
can be written as

Zk+1

k €+]
P(k+1)(2) :Z/lgk) [(N—l—k) (Z) + 1 (Z):|
£=0

(k+1)

Finally, we define the coefficients /1 by
A® C=k+1,
A = SN 1=k 20 420 =1,k
(N-1-k) AW =0
This finishes the proof. O

Remark 4.5. The recursive definition of the coeflicients Ag,k) implies that /1](<k)

always one. Hence, the polynomial PI¥] always occurs in the representation of
P®) in Lemma 4.4. @)

In a further step, this specific form of the kth derivative of the associated poly-
nomial allows us to show that the zeros y and ¥~ of the associated polynomial
occur with the same multiplicity.

Lemma 4.6. LetT be a non-vanishing, non-negative trigonometric polynomial. If
y is a zero of multiplicity m of the associated polynomial to T, theny ™' is also a
zero of multiplicity m.

Proof. Applying Lemma 4.4, we consider the kth derivative of the associated
polynomial P defined in (4.2) at the point y. Since y is a zero of multiplicity m,
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we have

for k from 0 to m — 1. For the reason that /ll(ck) is equal to one, as stated in Re-
mark 4.5, we inductively obtain that y is a zero of the algebraic polynomials PL’]
for € from 0 to m — 1.

Moreover, together with Lemma 4.1 and Remark 4.2, this implies that ¥ " is
also a zero of Pt for £ from 0 to m—1because the polynomials PI‘] are conjugate
palindromic or conjugate antipalindromic. If we now evaluate the kth derivative
of the associated polynomial P at the point ¥ ', then we have

k (0] (-1
P(k)(y—l) _ ;Aék) p Y(_Yk ) —o.
=0

Hence, 7 ' is a zero of multiplicity at least m.

Repeating this observation for the mth derivative, we see that both y and 7 ™
cannot be a zero of PI™. As a consequence, the mth derivative cannot vanish at
the point ¥ ~'. Consequently, y and ¥ ™" have to be of the same multiplicity m. O

For a zero y on the unit circle, Lemma 4.6 is trivial since the reflection at the
unit circle ¥ 7! is equal to the original point y itself. Nevertheless, in order to
factorize the associated polynomial in an appropriate way, we also need that the
zeros lying on the unit circle occur in ‘pairs’ of the form y and ¥ . In other
words, we need to show that the zeros on the unit circle have even multiplicity.

Lemma 4.7. Let T be a non-vanishing, non-negative trigonometric polynomial.
The zeros of the associated polynomial P in (4.2) to T on the unit circle occur with
even multiplicity.

Proof. Let y be a zero of the associated polynomial P on the unit circle. This
implies that we find a real w, such that y = ™. To show that y has even
multiplicity, we will use the relationship (4.3) between the non-negative trigo-
nometric polynomial T and its associated polynomial P. Considering (4.3) for
the point w = w(, we have

T(wo) = el@o(N-1) P(e_i“"’) = 0.
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Hence, the zero y of the associated polynomial P on the unit circle corresponds
to the zero wy of the trigonometric polynomial T.

As the trigonometric polynomial T is non-negative, the zero @, is a minimum
of T and hence has to be of even multiplicity 2m. In order to show that y = e™1?0
is a zero of the associated polynomial with the same multiplicity 2m, we examine
the complex derivatives and replace the real variable w by the complex variable
z on the right-hand side of equation (4.3). By using the chain rule together with
Lemma 4.3, the first complex derivative is given by

q P(e—iz) 4 P (e—iz) plil (e—iZ)
ey vt sy vt Sy (47)
z (e 1z) dz (e 17-) (e 17‘)

Furthermore, the kth complex derivative is inductively given by

o) )
Tk W = (-) W. (4.8)

Using that the trigonometric polynomial T is real-valued, we can conclude
that €™ P(e™) and all its derivatives (4.8) are real-valued on the real axis.
Since the remaining real parts of (4.8) for z = w coincide with the derivatives of
the trigonometric polynomial, the point y = e™* has to be a zero of the poly-
nomials P! for £ from 0 to 2m — 1. Moreover, the polynomial P[>™ at the point
Yy is non-zero. As we can represent the derivatives of the associated polynomial
through the polynomials P}, Lemma 4.4 implies that y is a zero of the first 2m—1
derivatives and no zero for the 2mth derivative of P; therefore, y is a zero of even

multiplicity 2m. O

4.2. Determining the trigonometric root polynomial

With the preparatory work, Lemma 4.6 and Lemma 4.7 in particular, we can
factorize the associated polynomial to a given non-negative trigonometric poly-
nomial in a suitable way. Based on the work of FEJER and RiEsz in [Feji6], we
can explicitly construct all complex trigonometric polynomials R such that the
squared modulus |R|? is equal to a given non-negative trigonometric polyno-
mial. Thus, we can explicitly construct all solutions of Problem 3.6.

Theorem 4.8. Let T be a non-vanishing, non-negative trigonometric polynomial
of degree N — 1. Each complex trigonometric polynomial R satisfying |R|* = T can
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be written in the form

. N-1 o N-1 .
R(w) = el(a—now) len-il 1—[ |ﬁ]| . l_l (e—m) _ ﬁj)a
j=1 j=1

where « is a real number, ny is an integer, and f; is chosen from the zero pair
(v ?j_l) of the associated polynomial to T.

Proof. After the digression where we have examined the zero set of the asso-
ciated polynomial, we return to the original construction of FEJER and RIESz in
[Feji6]. If y is a zero of the associated polynomial, then the reflection at the unit
circle 7 7' is a further zero; and both zeros have the same multiplicity as seen
in Lemma 4.6 and Lemma 4.7. For this reason, the zeros of the associated poly-
nomial always occur in pairs of the form (y,7 ~'). This means that we find a
factorization of the associated polynomial P to the given non-negative trigono-
metric polynomial T in the form

N-
P(z) = cn- 11_[ z—yj z—?j_l).

j=1

Using the relation between the trigonometric polynomial and the associated
polynomial (4.4), we have

N-

T(w) = |cN1|]_[ e —y) (-7

j=1

Now, we rearrange the moduli of the factors on the right-hand side. By factoring
out ?j_l in the second term, both linear factors are equal up to conjugation and
sign. More precisely, we have the identity

(€7 =y;) (7 =7)| = |e™ =y [77] [7; - ¢

This implies that the given non-negative trigonometric polynomial T can be
written as

—iw

:|YJ|_1|e ‘YJ|2

N-1 2

N-1
T(w) = len-1] l_l |)’j|_1 : 1—[ (e_iw - YJ)
j=1

j=1
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Taking the trivial ambiguities obtained by rotation and modulation into account,
we find the desired representation of R given by

. N-1 ) N-1 .
R(w) = el(@—now) len-t | 1_[ |ﬁ]| . l_[ (e_lm _ ﬁj)’
j=1 j=1

where f§; can be chosen from the zero pair (y;, ?j_l) of the associated polynomial.

It remains to prove that all complex trigonometric polynomials R which satisfy
the equation |R|?> = T for a given non-negative trigonometric polynomial T are
of the stated form. Here we stop following the proof of FEjEr and RiEsz since we
do not assume that R is of a certain degree as in [Fej16]. For this purpose, let R
given by R(w) := Y ,cz bn €7“" be a complex trigonometric polynomial such that
|R|?> = T. Further, we define the support length M of the coefficients sequence
(bn)nez in analogy to the support length of a signal. This means that M is the
largest integer such that there is an integer my with Emo bmy+m-1 # 0. Note that
M and my are uniquely defined since the coefficient sequence of a trigonometric
polynomial has only finitely many non-zero components.

The squared modulus of the complex trigonometric polynomial R is given by

[R(@)[* = R@)R(@) = Y > bybpe ™ = %" 3" b, e,

neZ keZ. neZ kez

where all occurring sums are finite. Equating the coefficients of this trigono-
metric polynomial with the coefficients of the given non-negative trigonometric
polynomial T of degree N — 1, we can conclude that the sums } ez b1k by are
zero for integer n with |n| > N. This implies that the support length M of the
coefficients sequence (by),ecz is at most N, otherwise

Z bM—1+k Ek = bM—l+m0 Emo ¢ 0
kezZ

with M > N will contradict our observation that this sum has to be zero.

Moreover, the degree N — 1 of the trigonometric polynomial T implies that
> kez DN—1+k Zk has to be non-zero. In other words, we find an integer n, such
that the product Eno bn-14n, is non-zero. As a consequence, the integer M and
N must be equal, and m( and ny must coincide. Hence, by renumbering the
coefficients by, the trigonometric polynomial R has to be of the form

4 N-1 4 . N-1 .
R(a)) — o im0® bn e ion _ o=inow bN—l 1_[ (e—lw _ ,B])

n= j=1
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for a suitable integer ny and complex zeros f; in the factorization of the corres-
ponding algebraic polynomial in e ™'

Next, we rearrange the modulus of the trigonometric polynomial R. Using the
factorization of R above, we have

N-1

IR@)P = by P [ [ (7= ) (¢~ B)) -

Jj=1

Factoring out —,Ej and e'” in the second term in the product yields

z
z

|R(w)|* = |by—1|* N ‘_1 (_Bj) ' ‘_1 (e_iw - ﬁ]) (e_iw - BJ_l)

J J

Il
—-

Il
—-

Substituting e = z, we define the algebraic polynomial Q by

Q(z) = by * ﬁ (-5,)- ﬁ (Z - 'BJ') (Z - ’E;l)
j=1 j=1

without the factor e!®®™-D,

The relation between the trigonometric and the associated polynomial (4.3)
implies
em)(N—l) P (e—la)) — T(a)) — IR(a))) |2 — em)(N—l) Q(e—lw).

For this reason, the algebraic polynomials P and Q are equal on the unit circle

and hence everywhere. In particular, the zero sets of both polynomials must

coincide. After renumbering the zeros, this implies that the zero f; coincide
. —-1, . . .

;Vlth y; ory; ; therefore, the complex trigonometric polynomial R has the stated

orm. O

In the proof of Theorem 4.8, we have used an explicit construction for the roots
of a given non-negative trigonometric polynomial. As a direct consequence, it
follows that Problem 3.6, where we aim to characterize all trigonometric poly-
nomials R with |R|? = T, has at least one solution for every non-negative trigo-
nometric polynomial T.

Corollary 4.9. LetT be a non-vanishing, non-negative trigonometric polynomial.
There exist at least one complex trigonometric polynomial R satisfying |R|* = T.
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Remark 4.10. If we restrict the phase retrieval problem to the real case, where
we want to recover a real-valued signal with compact support from its FOURIER
intensity, the components of the autocorrelation signal and the coefficient of the
autocorrelation function in Definition 3.1 are real numbers. Using EULER’s for-
mula and the (conjugate) symmetry a[—n] = a[n] of the autocorrelation signal,
we can write the autocorrelation function of a signal with support length N in
the form

N-1 N-1
A(w) = a[0] + ) a[n] (e_i“’" + ei“’") =a[0] +2 ) a[n]cos(wn).

n= n=

Hence, the autocorrelation function is a non-negative even trigonometric poly-
nomial.

In analogy to Problem 3.6, the corresponding problem in the frequency do-
main is to find all trigonometric polynomials R with real coefficients such that
|R|? = T for a given non-negative even trigonometric polynomial T. With an ad-
apted version of the construction by FEJER and RiEsz, it follows that there always
exists at least one real trigonometric polynomial R with |R|?> = T, see [Daugz,
Lemma 6.1.3].

The same statement can be obtained by restricting the proof of Theorem 4.8
to the real case where the associated polynomial defined in (4.2) has only real
coeflicients; therefore, the real zeros of the associated polynomial occur in pairs

(") (49)
and the complex zeros occur in quads
(v 750777 (4.10)

As in Theorem 4.8, all real solutions R of the problem |R|* = T for a non-negative
even trigonometric polynomial T can be written in the form

. N-1 . N-1 .
R(w) = @9 ey | ]—[ |ﬁ]| : l_l (e_lw - ﬁj)’
j=1 Jj=t

where the real §; can be chosen from the real zero pairs (4.9) and the complex f;
as conjugate pairs from the complex zero quads (4.10). O

Remark 4.11. Theorem 4.8 is closely related to observations done by BRuck and
SopIN in [BS79], where the phase retrieval problem for non-negative signals with
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fixed support {0, ..., N —1} is considered. Beginning with a given signal, BRuck
and SobpIN construct all further solutions of the phase retrieval problem by us-
ing the z-transform of the given signal and the corresponding autocorrelation
polynomial, the associated polynomial in (4.2). Investigating the problem in the
frequency domain, we have moreover shown that each non-negative trigono-
metric polynomial is the autocorrelation function of at least one discrete-time
signal, and that the corresponding phase retrieval problem consequently has at
least one solution, see Corollary 4.9. ¢}

5. Retransformation into the time domain

Having a complete characterization of all occurring ambiguities in the frequency
domain, we can apply the inverse discrete-time FOURIER transform (2.1) to char-
acterize all ambiguities of the discrete-time phase retrieval problem (Problem 1.2)
in the time domain. Consequently, we have to retransform the factorization of
the trigonometric polynomial in Theorem 4.8. For this purpose, we consider the
unit sample signal or the discrete-time impulse 5y defined by

So[n] = {1 =0

0 else.

The unit sample signal is the discrete-time analogue of the Dirac §-distribution.
Furthermore, we denote the shifted version of the unit sample signal by

5n0 = §¢[- = no]
for an integer ny.

The FouriER transform of the unit sample signal and its shifts is given by
gno (w) = e7iomo,

On the other side, the inverse FOURIER transform of an exponential function
e ™" for an integer ny is

5] = 5,
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since we have

TT
i el (n—m) do = 1 n=m,
27 0 else

-7

for arbitrary integers n and m, see for instance [Rud7o, p. 89]. Consequently,
the inverse discrete-time FOURIER transform of a trigonometric polynomial T of
degree N — 1 with complex coefficients ¢, can be written as

N-1 N-1
FT] = Sf_l[ Z Cn e_i"'] = Z cn Op. (5.1)

n=—N+1 n=—N+1

Here, the sum on the right-hand side is nothing but the coefficient sequence
(cn)nez with ¢, = 0 for integer n with |n| > N.

Theorem 5.1. Let x be a discrete-time signal with finite support and support
length N. Each discrete-time signal y satisfying |y| = |x| can be written in the
form

. ) N-1 =
y=elaN-1]I] [|5]
j=1

N-1
b 3K (50|

Jj=1

where « is a real number, ny is an integer, a is the autocorrelation signal to x, and
B is chosen from the zero pair (yj, Yj_l) of the associated polynomial to | X |2.

Proof. The squared FOURIER intensity |x|? is equal to the autocorrelation func-
tion a of the signal x, see Proposition 3.4. For this reason, the corresponding
problem in the frequency domain is to find all complex trigonometric polyno-
mials 7 with |7|?> = @ Due to the fact that the autocorrelation function a is
a non-negative trigonometric polynomial of degree N — 1 as discussed in Sec-
tion 3, we can apply Theorem 4.8 to characterize all solutions of the problem in
the frequency domain. This means that y can be written as

4 N-1 ) N-1 .
g@) = NalN =11 [|8] [ [ (7~ 5).
j=1 j=1

where « is a real number, ny is an integer, and f; is chosen from the zero pairs
(v;» ?j_l) of the associated polynomial to @ = | x|%.
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Writing the inverse discrete-time FOURIER transform of a trigonometric poly-
nomial as a sum of discrete-time impulses as in (5.1), we can write the retrans-
formed ‘linear factors’ as

g—l[e—iw _ ﬁj e—mo] =&, — ﬁj So.

Together with the convolution theorem (2.3), the inverse discrete-time FOURIER
transform of y yields the assertion. ]

In view of the factorization in Theorem 5.1, all solutions of the discrete-time
phase retrieval problem for a given FOURIER intensity have exactly the same
support length. This means that the FOURIER intensity determines the length
but not the exact position of the support.

Corollary 5.2. Letx andy be two discrete-time signals with finite support and the
same FOURIER intensity |x|. Then both signals have the same support length.

Proof. Assuming that x is a signal with support length N, we can write y in the
form

. N-1 4 N-1
y = em‘\ la[N -1 [|8] - [5n0 x« 3K (5l—ﬁj50)]
j=1

Jj=1

by Theorem 5.1. The commutativity, associativity, and distributivity of the dis-
crete-time convolution implies that the convolution over the linear factors is of
the form

N-1 N-1
K (3:-580) = ) cudy
j=1 n=0

with suitable complex coefficients c,. In particular, the first and the last coeffi-

cient are given by
N-1

Co = ]—[ (—,Bj) and c¢y-;=1.

Jj=0

Due to the fact that the zeros f; in the factorization in Theorem 5.1 are non-zero,
the coefficient ¢ is non-zero. Since the convolution with ,, only causes a time
shift by n, and since the remaining factors in the representation of y are non-
zero constants, the support length of the signals y is also N, which completes
the proof. ]
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The main finding of Theorem 5.1 is that each solution of the discrete-time
phase retrieval problem can be written as a convolution of ‘linear factors’. Fur-
ther, up to rotations and shifts, each non-trivial ambiguity is completely charac-
terized by the corresponding zero set {f;: j = 1,..., N — 1} chosen from the zero
pairs (yj, ?j_l) of the associated polynomial to the autocorrelation function.

Then again, we have seen that reflection and conjugation of individual factors
in a factorization can cause non-trivial ambiguities, see Proposition 2.5 and Ex-
ample 2.6. Moreover, using Theorem 5.1, we are going to prove that also the
opposite is valid: all non-trivial ambiguities of the discrete-time phase retrieval
problem can be described by reflecting and conjugating a factor in a suitable
convolution. For this purpose, we will first examine the corresponding zero set
of a reflected and conjugated signal.

Lemma 5.3. Let x be a discrete-time signal with support length N of the form

N-1

Sn, + 3K (81— B 50)],

j=1

x=C-

where C is a complex number, ny is an integer, andﬂj are the corresponding non-zero

zeros. Then the reflected and conjugated signal x[—-] is of the form

L . N- N-1 L
x[=]=(-1) l_l [Ong-N+1 * >x< (51 - B 50) .

Jj=1

Proof. In order to prove the statement of the lemma, we consider the factoriza-
tion of x in the frequency domain. Here, the FOURIER transform of x is given

by

b4

-1
X(w) = Ce im0 (e_i“’ - ﬁj) .
J

Il
—-

Due to the fact that the FOURIER transform of the reflected and conjugated signal
is the conjugated FOURIER transform of the original signal, see for instance the
proof of Proposition 2.1, we have

N-1
F [m] (w) = Cel®m 1_[ (ei“’ - B]) .

Jj=1
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If we factor out e and — B i

we can write the linear factors in the product as

(¢~ B)) =€ (1-Fje™) = —pe* (e_iw - Bj_l)

and the FOURIER transform of the reflected and conjugated signal as

z

-1 N-1
Sf[x[_.]] (@) =C (_Bj) . @l (no+N-1) l_l (e—iw B ,Ej_l),
: o

j=1

Factoring out (—1)V~! and applying the inverse discrete-time FOURIER transform
yields the assertion. ]

Remark 5.4. The basic statement of Lemma 5.3 is that the reflection and con-
jugation of a signal in the time domain or the conjugation of the FOURIER trans-
formed signal in the frequency domain is characterized by reflecting all non-zero
zeros f; in the factorization at the unit circle. O

We are now ready to prove the inversion of Proposition 2.5 that all non-trivial
ambiguities of the discrete-time phase retrieval problem can be represented by
rotation, shift, reflection and conjugation, and convolution.

Theorem 5.5. Let x andy be two discrete-time signals with finite support and the
same FOURIER intensity | x|. Then there exist two signals x; and x; such that

X = X1 *¥ X2
and

y= (eia X1 [_n])nez * (x2[n = nol)pezs

where « is a suitable real number and ny is a suitable integer.

Proof. According to Theorem 5.1 both signals x and y are determined by the
chosen zeros from the associated polynomial to the autocorrelation function up
to an additional rotation and an additional shift. In order to simplify the notation,
we assume that the signal x corresponds to the zero set

{Bj=1.....N-1
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and the signal y corresponds to

B j=1.... ) ulp:j=J+1... .N-1}

for some J € {0, ..., N — 1}, where one of the two sets in the union is empty for
J=0and J=N-1.

Moreover, without loss of generality, we assume that the factorization of x
does not contain an additional rotation and shift. In other words, we assume
that the signal x is of the form

N-1 N-1
x = 4|laIN - 1] II_[|ﬁJ [>X< ﬁjSo)],
j=1
and that, for a real number ¢ and an integer my, the signal y is of the form
4 Jo_ N
y=c?\laN=11] [[B]- ] [5]
j=1 j=J+1
J — N-1
|8, * Sk (Sl—ﬂj 50) « 3K (8- 8,8) .
j=1 j=J+

Hence, the signal x; corresponds to the zero set {f;: j = 1,...,J}. Further, we
define the second factor x; by

N-1 1 N-1
x2 = 4|la[N —1]] 1_[ |ﬁj| : * (51_ﬁf60)

j=J+1 J=J+1

with the corresponding zero set {f;: j = J+1, ..., N—1}. By choosing the factors
x; and x; in this way, the signal x is obviously the convolution of x; and x;.
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According to Lemma 5.3, the conjugated and reflected signal x;[—-] corres-
ponds to the reflected zero set. More precisely, we have the factorization

L T A J .
j=1

j=1 j=1

Writing the zeros ,Ej in the prefactor as |ﬁj | e8P yields the factorization

J

J J
T =[] (e e8) = 1] B oo« (550

]:1 j=1

Consequently, the second solution y is, up to an additional rotation and shift,

given by x;[—] * x2. If we now choose « and ny in a suitable way, the proof is
complete. O

With Theorem 5.5, we have shown that all ambiguities, trivial and non-trivial,
of the discrete-time phase retrieval problem can be described with the aid of
rotations, shifts, reflections and conjugations, and convolutions. Moreover, the
ambiguities considered in Proposition 2.1 and Proposition 2.5 are the only am-
biguities that appear in the discrete-time phase retrieval problem. In particular,
knowing one solution of a given phase retrieval problem, all other solutions can
be constructed, at least theoretically, by Theorem 5.1 and Theorem 5.5.

6. Number of non-trivial ambiguities

One question which can be answered by Theorem 5.1 is: how many non-trivial
ambiguities can occur in the discrete-time phase retrieval problem? Under the
assumption that the unknown signal has the support {0, . . ., N —1} with support
length N and possesses only non-negative components, this issue is investigated
by Bruck and SopiN in [BS79]. Considering that ; in Theorem 5.1 can be chosen
from the zero pair (y;, 7]-_1), we have, in analogy to [BS79, p. 305], a upper bound
of 2N7! not necessarily different signals that can be constructed by Theorem 5.1.

However, the maximal number of non-trivial ambiguities depends strongly
on the zero set of the associated polynomial to the autocorrelation function. It is
possible that nearly all ambiguities that can be constructed by Theorem 5.1 are
non-trivial and distinct, but it is also possible that the phase retrieval problem is
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uniquely solvable. More precisely, the maximal number of non-trivial ambigu-
ities that can be constructed by Theorem 5.1 depends on the multiplicity of the
zero pairs of the associated polynomial.

Proposition 6.1. Let x be a discrete-time signal with finite support. Furthermore,
let L be the number of distinct zero pairs (y,, Y. ') of the associated polynomial to the
autocorrelation function not lying on the unit circle, and let my be the multiplicity of
these zero pairs. The corresponding discrete-time phase retrieval problem to recover

the signal x has
1L
2 1;[ (mg +1)
=1

non-trivial ambiguities.

Proof. In order to determine the exact number of non-trivial ambiguities of a
specific phase retrieval problem, we examine the characterization

. N-1 ) N-1
el |a[N—1]|l_[|ﬁJ| . [6n0* >x< (61—ﬁj60)]
j=1

j=1

of all possible solutions in Theorem 5.1. Since the real number « and the integer
no merely describe rotations and shifts respectively, the non-trivial ambiguities
only depend on the chosen zero sets {f;: j = 1,...,N —1}. To prove the asser-
tion, we will first answer the question: how many different zero sets can occur
depending on the position and the multiplicity of the distinct zero pairs (y,,y, N
of the associated polynomial to the autocorrelation function?

In this consideration, we can neglect the zero pairs lying on the unit circle
since both zeros coincide in this case, and hence the corresponding zeros f; in the
factorization of the solution are fixed. For a zero pair (y,,y, ') with multiplicity
m¢ not lying on the unit circle, we have m; corresponding zeros f; chosen from
(Yp Ve ') in the factorization. Due to the fact that we can pick up to m, zeros B;
inside the unit circle and the remaining zeros f; outside, we have m, +1 different
possibilities to choose the corresponding zeros f; for the zero pair (y,, ?{71). So
all in all, there exactly occur

L
]—[ (mg +1) (6.1)
=1

different zero sets {f};: j = 1,..., N — 1} for the characterization in Theorem 5.1,
cf. [Fej16, p. 61].
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However, the signals constructed by Theorem 5.1 do not have to be non-triv-
ially different. Since a signal is completely determined by the corresponding
zeros set {fj: j =1,..., N —1} except for a multiplicative constant — especially a
rotation — and an additional shift, we can exclude that the signals characterized
in Theorem 5.1 are rotated or shifted versions of each other for different zero
sets. Hence, trivial ambiguities can only arise together with a reflection and
conjugation.

In Lemma 5.3, we have seen that the reflected and conjugated signal corres-
ponds to the zero set reflected at the unit circle. Consequently, all signals con-
structed by Theorem 5.1 for different zero sets can be paired such that one signal
can be obtained up to a rotation or a shift by reflecting and conjugating the
other signal of the pair. The only exception is the signal that is invariant un-
der reflection and conjugation, and that hence cannot be paired with a second
signal. Since the corresponding zero set of such a signal has to be invariant un-
der reflection at the unit circle, we can construct at most one invariant signal.
Considering these remaining trivial ambiguities, we finally obtain the claimed
number of non-trivial ambiguities. ]

Remark 6.2. If we restrict the discrete-time phase retrieval problem to the real
case (see Remark 4.10), then the real zeros f; in the characterization of all arising
ambiguities (Theorem 5.1) can be chosen from the real pair

(yj’ yj_l)'

The complex zeros, however, must be chosen as conjugate pairs ( B ,Ej) from the
quads

(70 77):

Therefore, it is sufficient to consider only the multiplicity of zero pairs (y;, ?j_l)
in the upper half plane to determine the number of occurring zero sets of real-
valued signal in (6.1), cf. [Fej16, p. 61]. This observation can now be transferred to
maximal number of possible non-trivial ambiguities in Proposition 6.1 without
circumstances. o

Corollary 6.3. Letx be a discrete-time signal with support length N. The number
of non-trivial ambiguities of the corresponding discrete-time phase retrieval prob-
lem to recover the signal x may vary from 1 up to 2N=2,
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Proof. If we consider a zero y; of the associated polynomial to the autocor-
relation function with modulus one, then the zero pair (yj,?j_l) is reduced to
one two-fold zero since both values coincide. Consequently, the zeros ; chosen
from the pair (y;, ?j_l) are uniquely determined whenever all zeros of the as-
sociated polynomial lie on the unit circle. In this specific case, all zero sets
{Bi:j =1,...,N — 1} of the characterization in Theorem 5.1 coincide, and the
corresponding phase retrieval problem is uniquely solvable up to rotations and
shifts.

As seen in Proposition 6.1, the number of non-trivial solutions of a phase re-
trieval problem depends on the number of distinct zero pairs (y,,y, 1) of the
associated polynomial not lying on the unit circle and their multiplicities my.
With the inequality m, + 1 < 2™, and since the multiplicities of all occurring
zero pairs (y;, ?j_l) sum up to N — 1, we can estimate the number of non-trivial
ambiguities in Proposition 6.1 by

1L
- (me+1)
e

Furthermore, Proposition 6.1 implies that the largest number 2V~2 of non-trivial
ambiguities is attained in the case where no zero pair lies on the unit circle, and
where all zero pairs occur with multiplicity one. O

L

1

=1

< < 2N=2,

Remark 6.4. Similarly as in Corollary 6.3 above, the discrete-time phase re-
trieval problem to recover a real signal can have up to 2V~ non-trivial ambi-
guities. In this specific case, the upper bound 2¥~2 can only be attained when
all zeros of the associated polynomial to the autocorrelation function are real.
On the contrary, if all occurring zeros are complex and hence arise in conjugate

-1

pairs, then we have at most 2 T non-trivially different solutions. O

If we look back at the number of non-trivially different solutions in Propos-
ition 6.1, we can find phase retrieval problems with a certain number of non-
trivial ambiguities between 1 and 2N~2. Therefore, we want to give a series of
examples which illustrate some specific cases — from a unique solution to the
full solution set with 2V =2 non-trivial ambiguities.

Example 6.5. The phase retrieval problem in the proof of Corollary 6.3, where
all zeros of the associated polynomial lie on the unit circle, is merely an example
for a uniquely solvable problem. More precisely, a discrete-time signal can be
recovered up to trivial ambiguities if all but at most one corresponding zero lie
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Figure 6.1.: Discrete-time phase retrieval problem with a unique solution
up to trivial ambiguities

on the unit circle. This directly follows from Proposition 6.1 with L = 1 and
m; = 1 since only one simple zero pair not lying on the unit circle appears.

As a specific example, we try to recover the signal
X = 6_14(61 + (5 - 31) 60) * >x< (61 — ei% 60)
j=1

from its FOURIER intensity |x| given by

12

—iw . —iw 1 —iw iz
(e +5—31)(e +m)||e —en

Since all but one corresponding zeros of the signal x lie on the unit circle and are
completely determined by the autocorrelation function, we can only construct
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one other solution

6
yi= B8+ 51 80) + 3K (8, - €' &)

j=1

by Theorem 5.1. The corresponding zero set of this signal is, however, the zero
set of the original signal x reflected at the unit circle; so the signals x and y
are reflected and conjugated versions of each other, apart from an additional
rotation, see Lemma 5.3 and Figure 6.1 on the preceding page. Hence, we can
recover x uniquely up to trivial ambiguities. O

Example 6.6. Although we can construct 2V~ signals by using the characteriz-

ation of all ambiguities in Theorem 5.1 and choosing f; as y; or Yj_l, the number
of non-trivially different solutions does not have to be a power of two. As seen
in Proposition 6.1, we can simply construct such phase retrieval problems by
selecting corresponding zeros with an appropriate multiplicity.

For instance, the discrete-time phase retrieval problem with the FOURIER in-
tensity | x| defined by

_ s . 4 x (10
1% (w)* = |(e l“’+%) (e 1”+2)| -|e 19 4+ el

has exactly three non-trivially different solutions, namely

4 5

X1 = *(614‘ %60) * *(614‘61% 60),

Jj=1 Jj=1

5

xy = 4 >x3<(61+%50)*(61+280)* K (81 + 0 8).

[ V)

j=1 j=1
and , 5
X3 = % *(614‘ %60) * *(614‘260) * *(614‘61% 60)
j=1 j=1 j=1

Switching more than two zeros V2 outside the unit circle to 2 only produces
further trivial ambiguities caused by reflection and conjugation. The FOURIER
intensities and the coefficients of the three non-trivial solutions x;, x,, and x3
are shown in Figure 6.2 on the following page. O
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Figure 6.2.: Discrete-time phase retrieval problem with exactly three non-
trivial ambiguities

Example 6.7. In this last example, we finally consider a discrete-time phase re-
trieval problem with the full solution set of 22 non-trivial ambiguities. There-
fore, we want to recover the signal x with modulus and phase given by

x| = & (...,0,@,25,40,28,24,20,26,32,18,5,0,...)

and
4rn

arg x[n] = (cos T) -1
respectively, see Figure 6.3 on the next page. The corresponding zero set {f;: j =
1,...,9} of the signal x contains no zeros f; lying on the unit circle or pairs
(B .,Bj_l) of reflected zeros at the unit circle as shown in Figure 6.3(e). Con-
sequently, all zero pairs (yj, ?j_l) of the associated polynomial are pairwise dis-
tinct and arise with multiplicity one. With Proposition 6.1, the phase retrieval
problem to recover the signal x has 2% = 256 non-trivial solutions.
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If we especially consider the modulus of all non-trivial ambiguities in Fig-
ure 6.3(c), we can observe that the non-trivial solutions occur in a wide range of
different shapes. For instance, some signals are nearly zero around the points 2
and 6, unlike the signal x itself. Since we are interested in the recovery of the
original signal x, we need further a priori conditions or additional data in order
to reduce the set of non-trivial ambiguities to an appropriate small set. O
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CHAPTER L.

Phase retrieval of non-negative signals

Abstract—In many applications, the components of the unknown signal can only
be real-valued and non-negative. Although the additional non-negativity con-
dition normally reduces the set of ambiguities, BRuck and Sopin [BS79] and
Fienup [Fie78] have given some instances where the unknown signal cannot be
recovered uniquely. Based on our characterization of the complete solution set
of the discrete-time phase retrieval problem, we will examine how far the sup-
posed non-negativity of the unknown signal can enforce the uniqueness of the
problem. Inspired by the work of Brigas [Bri8s] about positive polynomials, we
will describe the influence of a single complex conjugated zero pair of the cor-
responding zero set on the non-negativity of the considered signal. Generalizing
this approach to the complete solution set, we will finally observe that neither the
signals that can be uniquely recovered nor the signals without a unique recon-
struction form negligible sets. Therefore, in the one-dimensional discrete-time
setting, the non-negativity condition is generally not sufficient to ensure unique
solvability of the phase retrieval problem. <

7. Non-negativity of a real signal

Since the discrete-time phase retrieval problem is usually highly ambiguous, we
need appropriate a priori conditions or additional data in order to recover the
original signal from its FOURIER intensity. Although there are many approaches
to incorporate further a priori information on the unknown signal in the lit-
erature on numerical algorithms for phase retrieval, theoretical considerations
about the solvability with additional conditions occur rarely. Therefore, using
the characterization of the ambiguities in Theorem 5.1, we investigate whether
the usually applied a priori conditions can overcame the ambiguousness of the
discrete-time phase retrieval problem or not.

One of the simplest ideas to enforce uniqueness of the phase retrieval problem
is to restrict the corresponding zeros f;, chosen from the zero pairs (y;, ?j_l) of
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the associated polynomial to the autocorrelation function, in Theorem 5.1 in an
appropriate manner, cf. [HLO8o, Theorem 7, et seq.] for real-valued signals. For
example, we may consider only signals whose corresponding zeros lie inside the
unit circle; in other words, we assume that | ;| < 1. Consequently, the zeros f;
in Theorem 5.1 are uniquely determined, and hence the phase retrieval problem
is uniquely solvable up to rotations and shifts. Alternatively, we may assume
that all corresponding zeros lie outside the unit circle. Unfortunately, these re-
strictions are very arbitrary, and we are not aware of any physical meaning.

A further a priori condition which is often used in applications is to assume
that the unknown signal with finite support is moreover real-valued and non-
negative. However, as already shown exemplarily in [BS79, Example 1, et seqq.]
and [Fie78, Figure 2], the non-negativity cannot always ensure a unique recov-
ery of the unknown signal. In the following, we will investigate the question
whether non-negative signals that cannot be recovered uniquely are rare excep-
tions or the usual case. At first we give some examples which occur in the phase
retrieval problem of non-negative signals.

Example 7.1. Ideally, the a priori condition that the unknown discrete-time sig-
nal is real and consists of non-negative components leads to a unique solution of
the discrete-time phase retrieval problem. We give an explicit example that the
non-negativity condition can ensure a unique recovery of a signal up to trivial
ambiguities caused by shifts. For this purpose, we consider the discrete-time

ignal
= (514 300) w (514 (3= 21)80) = (51 + (& + 24) )
*(61—(1+i)60) * (61—(1—1)60)

Keeping in mind that the corresponding zeros of a real-valued signal arise in
conjugate pairs, see Remark 4.10, we can construct three further non-trivially
different signals with the same FOURIER intensity by Theorem 5.1, namely the
signal x; by reflecting the real zero —3/2, the signal x3 by reflecting the complex
zero pair —1/2 + 3/21, and, finally, the signal x4 by reflecting —3/2 together with
—1/2 + 3/21 at the unit circle. Reflecting the remaining zero pair 1 + i only leads
to further trivial ambiguities caused by reflection, see Lemma 5.3. These three
ambiguities and the original signal x; are presented in Figure 7.1 on the facing
page. Obviously, the solutions x;, x3 and x4 have at least one negative compon-
ent; therefore, the phase retrieval problem to recover x; is uniquely solvable up
to shifts. O

Example 7.2. Unlike the phase retrieval problem in Example 7.1, the non-nega-
tivity constraint cannot in general ensure uniqueness of the phase retrieval prob-
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Figure 7.1.: Discrete-time phase retrieval problem of non-negative signals
with a unique solution up to shifts

lem, see for instance the examples by BRuck and Sopin in [BS79] or by FIENUP

in [Fie78] as mentioned before. However, in this example, we want to illustrate

that sometimes the non-negativity does not reduce the set of ambiguities at all.
For this purpose, we consider the signal

cim gy (B 300 (B 530 (B 880) « (1 380) « 1+ 3.

In analogy to Example 6.7, the corresponding zeros f; are chosen in a way such
that no reflected pairs at the unit circle appear. Hence, the phase retrieval prob-
lem to recover the signal x has exactly 2* = 16 non-trivially different solutions
by Proposition 6.1. Moreover, these ambiguities are real-valued because each of
the corresponding zeros is real. As shown in Figure 7.2 on the next page, the
ambiguities are also non-negative, thus the set of non-trivial ambiguities is not
reduced by the non-negativity constraint. O

Example 7.3. In Proposition 3.4, we have shown that the FOURIER intensity of
a discrete-time signal is given by a non-negative trigonometric polynomial - the
autocorrelation function. Moreover, each non-negative trigonometric polyno-
mial is the autocorrelation function of some signals, see Corollary 4.9. In other
words, the phase retrieval problem has at least one solution for every given non-
negative trigonometric polynomial. As discussed in Remark 4.10, this observa-
tion can be transferred to the real case, where the autocorrelation function is
additionally even. However, the real-valued signals corresponding to a given
FOURIER intensity do not have to be non-negative in general.

For instance, we examine the ambiguities of the phase retrieval problem with
the FOURIER intensity |X| shown in Figure 7.3 on the following page. More de-
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tailed, in this example, the zeros of the associated polynomial to the autocorrel-
ation function | x|? are

{205, -5 + 151, -5 — 15i, =10 (1 + 3), ~V10 (1 - 3i),

10 + 101,10 — 10i, V2 (5 + 5i), V2 (5 - 5i) },

as shown in Figure 7.3(b). Here all zeros occur in pairs reflected at the unit circle
with multiplicity one. Using the representation of the solutions in Theorem 5.1,
we find four non-trivially different solutions. For the first signal x;, we choose
the five zeros 1/2, —1/2 (1 £ 3i), and 1 + i. Furthermore, we replace the real zero by
2 for the signal x, and the first complex pair by —V10/10 (1 + 3i) for the signal x3.
For the last solution x4, we reflect the real zero and the first complex pair at the
unit circle.

Obviously, all solutions in Figure 7.3(c) possess some negative components;
so the considered phase retrieval problem cannot be solved by a non-negative
signal. In other words, the non-negativity constraint can lead to an inconsistence
with the given FOURIER intensity. O

8. Positivity of algebraic polynomials

To answer the question whether a non-trivial solution of a discrete-time phase
retrieval problem is non-negative or not, we will firstly investigate conditions
depending on the corresponding zero set {f;: j = 1,..., N —1} which ensure that
a real signal with finite support possesses only non-negative components. For
this purpose, we will identify the real signal with the coefficients of an algebraic
polynomial and use the well developed theory of polynomials.

Looking back at the characterization of the ambiguities in Theorem 5.1, we
can write every solution x to a certain phase retrieval problem in the form

4 N-1 4 N-1
x = el |a[N—1]|1_[|ﬁj| '[esno**(esl—ﬁjeso)].
j=1

j=1

For the moment, we will neglect the multiplication with the prefactor and the
convolution with §,, because they merely cause a scaling and a shift respect-
ively. Expanding the remaining non-trivial part of the solution signal x yields
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the equality

N-1 N-1
K (81-880) = > cady
j=1 n=0

with appropriate real coefficients c,. Here the leading coefficient cy_; is equal to
one; so the non-negativity of the considered signal only depends on the chosen
zeros f;. Moreover, we can conclude that the rotation el in the prefactor must
vanish in order to get a solution with non-negative components. The discrete-
time FOURIER transform of the non-trivial part of the solution x is given by

N-1 N-1
(e—lw _ ﬁ]) — Z ¢, e ion
j=1 n=0

In analogy to the associated polynomial in Section 4, the substitution e = z

now yields the algebraic polynomial

N-1 N-1
(=)= Yae
j=1 n=0

with leading coefficient one and non-zero constant term. Hence, the signal x
possesses only non-negative components if and only if the monic polynomial
with the zero set {;: j = 1,..., N — 1} has non-negative coefficients or, more
precisely, is a positive polynomial as defined in [Bri8s, p. 77].

Definition 8.1. An algebraic polynomial with real coefficients is called a posi-
tive polynomial if the leading coefficient and constant term are positive and if
the remaining coeflicients are non-negative.

8.1. Dependency on the corresponding zero set

Since the non-trivial ambiguities only depend on the set {#;: j = 1,...,N — 1}
chosen from the zeros of the associated polynomial, see Theorem 5.1, we are
primarily interested in the relation between the zeros of a polynomial and its
positivity. For some specific cases stated in [Bri8s, p. 78], we can immediately
decide whether a polynomial is positive or not by looking only at its zeros. For
the first observation, we consider DESCARTES’s rule of signs, see for instance
[Obr63, Satz 13.1].
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Theorem 8.2 (DESCARTES). The number of positive zeros of an algebraic polyno-
mial with real coefficients is equal to the number of sign changes in the coefficient
sequence or less than it by an even number.

Since all coeflicients of a positive polynomial are at least non-negative and
hence have the same sign, the number of sign changes in the coefficient sequence
is zero. Hence, with DESCARTES’s rule of signs, a positive polynomial cannot
have real positive zeros, or conversely, if the zero set of a polynomial contains a
real positive zero, then the polynomial cannot be positive.

Unfortunately, besides the real zeros, a polynomial with real coefficients usu-
ally possesses complex zeros in conjugate pairs, and the relation between the
complex zeros and the positivity is not as obvious as for real zeros. However, if
the zero set consist only of zeros with negative real part as considered in [Bri8s,
p- 78], we can easily verify that the corresponding monic polynomial is positive.

Proposition 8.3. If a monic polynomial with real coefficients only possesses zeros
with negative real part, then the polynomial is positive.

Proof. We consider the linear and quadratic factors in the factorization of a real
polynomial separately. First, let f be a real negative zero, then the corresponding
linear factor is of the form

z=p

and hence a positive polynomial. Now, let  and § be a complex zero pair of the
polynomial. The corresponding quadratic factor is

(z—ﬁ) (z—ﬁ) =22 -2RBz+ |

This is obviously a positive polynomial because the real part of 8 is negative. Due
to the fact that the product of positive polynomial is again a positive polynomial,
the assertion follows. ]

Polynomials with real coefficients of this kind are an important subset of the
positive polynomials and are named after HURWITZ, see for instance [Bri8s, p. 78]
or [Obré63, p. 108].
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Definition 8.4. An algebraic polynomial with real coefficients is called a HUr-
wiTZ polynomial if the real part of all zeros is negative.

Example 8.5. Although every HuRwWITZ polynomial is positive polynomial, the
reverse does not hold true. For example, we consider the positive polynomial

z3+22+22+8:(z+2)(zz—z+4),

see [Bri8s, p. 78]. This polynomial is non-HurwITzZian because the real part of
the complex zero pair /2 (1 + V151) is positive. O

Now, the remaining part of our initial problem is to find appropriate condi-
tions on the zeros lying in the right half plane such that the corresponding monic
polynomial is positive. In order to investigate this question, we will use VIETA’s
formulae which relates the coefficients of a polynomial to the corresponding zero
set by the elementary symmetric functions. More detailed, the elementary sym-
metric functions are given by the following definition, see for instance [GKN79,

p- 422].

Definition 8.6. The elementary symmetric function S, of degree n in the inde-
terminates f, ..., fn-1 is defined by

Sa(Brs -+ Bn-) = ) B+ B

1<k; <<k, <N-1

for n from 1 to N — 1. Moreover, we define Sg .= 1and S, := 0 for n < 0 and
n>N.

Using the elementary symmetric function, we can state VIETA’s formulae, see
for instance [GKN79, p. 478 et seq.], in the following manner.

Theorem 8.7 (VIETA). Let P be a monic polynomial with the corresponding zero
set {fi, ..., Pn-1}. Then the polynomial P can be written as

N-1

P(z) = 3" (=1)" Su(Byr . .., 1) 2N

n=0
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8.2. Constraints for the last conjugate zero pair

In order to find the dependency of the positivity of a polynomial on the complex
zeros, we follow the approach of BRriGGs in [Bri8s]. This means that we fix all
zeros in a zero set except for one complex conjugate pair and investigate the
positivity of the corresponding monic polynomial depending on this free zero
pair. This consideration leads to the following conditions that are generalizations
of the findings in [Bri8s, p. 85 et seq.], where all fixed zeros are real, and where
the free complex zero pair lies in the right half plane.

Theorem 8.8. Let P be a monic polynomial with real coefficients corresponding to
the zero set {f, . . ., Pn-1}. Assume that fn_, and fn—_1 are a conjugate zero pair
unequal to zero, and define o, == (—1)" S, (p1, - - ., Pn—3) for every integer n. Then
P is a positive polynomial if and only if the zero fn—-1 fulfils

On—2 |ﬂN_1|2 = ZO'n_l %ﬁN—l + 0, 2> 0 (81)

forn from 0 to N — 1, and if on_3 is non-zero.

Proof. We consider the zero set {fi, . . ., fn-1} of a polynomial with real coef-
ficients where the last two zeros fix—; and fny_; form a conjugate zero pair. For
that reason, the factorization of the monic polynomial P can be written as

N-3

P(Z):(Z_,BN1 ﬁNl 1_[2_:3]

J=1

Since the product over the first N — 3 zeros of the polynomial P is itself a
monic polynomial, we can apply VIETA’s formulae (Theorem 8.7) to it. Denoting
the coefficients (-1)" S,(p1, . . ., fn—3) in VIETA’s formulae by o, and expanding
the first two linear factor yields

N-3
P(z) = (22 —2RPN-12+ |,BN_1|2) (Z On zN_g_"),

and a further expansion of this product leads to

N-

w

N-3 N-3
o, N-l-n _ o R Bn-1 Z o, N-2-n | Byt |2 Z o, N-3-n
n=0 n=0

n=0
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Since oy, is equal to zero for negative n and for n greater then N — 3, we can
simplify this equation to

z

P(Z) = (O'n — 20,1_1 %ﬁN—l + op—2 |ﬁN—1 |2) ZN_l_n

n

I
=}

by shifting the summation indices appropriately.
Considering the last representation of the polynomial P, we can conclude that
P has non-negative coefficients if and only if the last zero fy_; fulfils the inequal-
ities
onz | Bnal’ = 2001 RPN+ 0n 2 0

for n from 0 to N — 1. In order to be a positive polynomial, the leading coet-
ficient and the constant term of P have to be positive. Since the leading coet-
ficient of a monic polynomial is one by definition, it is sufficient to consider
the constant term. Now, VIETA’s formulae implies that the constant term of P is
given by (—=1)N1 B, - - - Bn_1. Since the conjugate zero pair (fy_1, fn_1) is already
non-zero, the constant term is positive if and only if the product on_3 over the
remaining zeros is non-zero, which completes the proof. ]

Remark 8.9. The inequality condition
On—2 |ﬁN_1|2 — 20'n_1 %ﬁN—l + 0, 2 0 (82)

for the last zero fy-; in Theorem 8.8 is satisfied for all fy_; in a disc, possibly
degenerate, on the RIEMANN sphere, see for instance [FL12, p. 85]. Hence, the last
zero fN—1 must be contained in the intersection of N discs or half planes on the
complex plane to ensure that the corresponding monic polynomial is positive.

Depending on o,-;, 0,1, and o,, we distinguish three major cases. Firstly,
let us assume that o,,_, is non-zero and additionally positive. Now, dividing the
inequality for the last zero (8.2) by 0,,—, and reorganizing the terms leads to the
inequality

Byl = 2 8 Rfyy > 2

On-2 "
Completing the square by (9s-1/s,,)?, we finally have the condition

2
0,17 0n0n-2

2
_ On
| ﬁN_l On-2 - O'rzl_2

In this specific case, the last zero fy_; must hence lie on or outside the circle

with centre on-1/5,_, and radius Vo;_;=onon-2/s,_,. If the radius is imaginary, which
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means that aﬁ_l < 0,0,-2, then the inequality is trivially fulfilled, and the last
zero fn—1 can be chosen arbitrary. Assuming that o,_, is negative instead of
positive, we have to invert the circle inequality, and the last zero fy_; must lie
on or inside the circle. If the radius is imaginary, then the inequality cannot be
fulfilled.

Secondly, we consider the case where o,,_, is equal to zero, and where o,_; is
non-zero. Now, the first term in the inequality (8.2) vanishes, and the inequality
reduces to

20,1 RPNn-1 < 0.

This condition implies that the last zero fy_; has to be contained in the closed
half plane left or right of the imaginary axis through o»/20,_, depending on the
sign of g,,_1.

Finally, let us assume that both ¢,_; and o,_; are zero. Consequently, the
inequality condition (8.2) degenerates to the constraint

o > 0,

which is completely independent of the last zero fiy_;. Hence, the fixed zeros
B, ..., Pn—3 must themselves fulfil some consistency constraints and cannot be
chosen arbitrarily. O

Example 8.10. The inequality conditions in Theorem 8.8 give us the opportun-
ity to extend a given set of fixed zeros by an additional conjugate zero pair in
order to construct a positive polynomial or a non-negative discrete-time signal.
Unfortunately, this extension cannot always be done successfully since the fixed
zeros also have to fulfil some consistency conditions as mentioned in Remark 8.9.
In this example, we use the findings in Theorem 8.8 to construct a positive poly-
nomial. More detailed, beginning with the three fixed zeros

,31 = —%, ﬁz =1+ i, and ﬁ3 =1- i,

we want to find a further conjugate zero pair that ensures the positivity of the
corresponding monic polynomial.

In order to examine the inequality conditions in Theorem 8.8 for these fixed
zeros, we need the constants o, defined by (-1)" S, (1, B2, f3) for all integer n. If
we interpret these constants as coefficients of the monic polynomial with zeros
B1, P2, and fs, cf. VIETA’s formulae in Theorem 8.7, then the expansion of the
corresponding linear and quadratic factor

(z+%) (22_22_'_2):23_'_%22_32_'_5
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o Fixed zeros, e Free zeros, Intersection
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(a) Restrictions on the last zero pairto  (b) Corresponding  coefficient  se-
ensure positivity quence c or discrete-time signal x

illustrated by a polygonal line

Figure 8.1.: Restriction on the last zero pair in order to ensure positivity of
the corresponding monic polynomial

yields

oy =1, o1 = 35, oy = =3, and o4 = 5.

N

As before, o, is zero for n < 0 and n > 4.

Now, for n = 0, the corresponding condition (8.1) in Theorem 8.8 is simply
op=12>0,
which is always fulfilled. For n = 1, the condition (8.1) becomes
—2Rps+3 > 0.

Hence, the last zero pair has to lie in the closed half plane left of the imaginary
axis through V4. Further, for n = 2 and n = 3, we have the inequalities

Bs]P —Rps—3>0 and L|Bs[*+6Rps+520.

As discussed in Remark 8.9, we must choose the last zero pair on or outside the
two circles with centres /2 and —6 in the complex plane and radii V13/2 and V26
respectively. For n = 4, the inequality condition is

—3| 5> =10 RpBs > 0.

Since the leading coefficient is negative, the last zero must lie on or inside the
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circle with centre —5/2 and radius 5/3, see Remark 8.9. Finally, for n = 5, we have
2
5|ps|° = 0,

which is fulfilled whenever f5 is non-zero.
The half plane and the three circles are visualized in Figure 8.1 on the preceding
page. Choosing the last conjugate zero pair, for example

Ba = —1+%i and f5 = —1—%i,

in the intersection of the found restrictions ensures that the corresponding monic
polynomial with the coefficient sequence
c=1%(...,0,130,2,5,10,20,8,0,....)
g \* oY 22Uy as ) 5 Oy Uy e v
is a positive polynomial of degree five. Moreover, if we renounce any additional
shift or multiplicative constant, we can interpret the coefficients sequence c as

the non-negative discrete-time signal x presented in Figure 8.1(b) with the cor-
responding zero set {f, . .., fs}. o)

As seen in Remark 8.9 and Example 8.10, the inequality conditions in The-
orem 8.8 for the last zero pair can have a wide range of different manifestations.
However, if we restrict the fixed zeros in an appropriate manner, we can sim-
plify these conditions. For example, restricting the zero set such that all fixed
zeros have a purely negative real part lead to a complex version of the findings
by BriGGs in [Bri8s, Section 7], where the last zero pair has to lie in a certain
half plane and, further, on or outside certain circles.

Corollary 8.11. Let P be a monic polynomial with real coefficients corresponding
to the zero set {p, ..., Bn-1}. Assume that the real part of p; is negative for j
from1toN — 3, and that fn_, and Pn-1 are a conjugate zero pair unequal to zero.
Further, define o, = (=1)" Sp(Bi, . - ., Pn—3) for every integern. Then P is a positive
polynomial if and only if the last zero fn—1 lies in the closed half plane left of the
imaginary axis through oi/2 and, moreover, on or outside the circles with centre and

radius
0% —0,0p2

On-1 n—1
—n-1 and
On-2 On-2

forn from 2 to N — 2 whenever the radius is real.
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Proof. Since all real parts of the fixed zeros f, ..., fn-3 are negative, the cor-
responding linear and quadratic factors are of the form

z—pf; and 22 —Z%ﬂj+|ﬁj|2

for real zeros f; and conjugate zero pairs (ﬁj,ﬁj) respectively. Due to the fact
that all coefficients of these factors are purely positive, the product over these
factors is a polynomial with positive coefficients.

Remembering that the constants o, = (=1)"S,(f1, . . ., Bn—3) are the coefli-
cients of the monic polynomial corresponding to the zero set {f,. .., fn-3} by
VIETA’s formulae in Theorem 8.7, we can conclude that the constants o, for n
from 0 to N — 3 are positive, and that the remaining constants o, are zero. Now,
we investigate the restrictions for the last zero in Theorem 8.8 for different in-
teger n. Firstly, for n = 0, we have

oy — 1>0
by definition. Secondly, for n = 1 the inequality is reduced to
2RPN-1 < 01

Hence, the last zero fy_; has to lie in the half plane left of the axis through ai/2.
Next, for n from 2 to N — 2, the condition

On—2 |,3N—1|2 —20p-1 RPN-1+ 0, 20

with positive coeflicients o, implies that fy_; must lie on or outside the circle
with centre on-1/s,_, and radius Vo._,=0non-2/s,_, as discussed in Remark 8.9. Fi-
nally, for n = N — 1, we have

ON-3 |,BN—1|2 > 0.

This condition is trivially fulfilled since the two factors on the left-hand side are
positive due to the assumptions. O

Example 8.12. Analogously as in Example 8.10, we apply Corollary 8.11 to con-
struct a positive polynomial by choosing a further conjugate zero pair beside the
three fixed zeros

ﬁl = —%, ﬁZ = -1+ i, and ﬁ'g, =-1-1
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(a) Restriction on the last zero pair to  (b) Corresponding  coefficient  se-
ensure positivity quence c or discrete-time signal x
illustrated by a polygonal line

Figure 8.2.: Restriction on the last zero pair in order to ensure positivity
of the corresponding monic polynomial for fixed zeros with
negative real part

with negative real part. For this specific zero set, the non-zero constants o, :=
(=1)" S,(B1, P2, P3) defined in Corollary 8.11 are given by

NI

op=1 oy=3%, o03=5 and o4 =3.

Now, Corollary 8.11 implies that we must choose the further conjugate pair
in the half plane left of the axis through 7/4 and, moreover, on or outside the
three circles with centres 7/2, 10/7, and 3/5 in the complex plane and radii V292,
V58/7, and 3/5 respectively. These restrictions on the last zero pair are visualized
in Figure 8.2. If we choose the last zero pair as

fy=1+1 and f5s:=1-1,
then the corresponding monic polynomial with the coefficients sequence
_ 1
c=1(....0,12,8,0,0,3,2,0,...)

is obviously positive. Since the zero pair (f4, fi5) is exactly the intersection of
two circles, the corresponding coefficients ¢, and c3 vanish. Analogously to Ex-
ample 8.10, we can interpret the coeflicients sequence c as discrete-time signal x
with the corresponding zero set {f, . . ., fs}. O

Remark 8.13. In Corollary 8.11, we assume that the real parts of the fixed zeros
B, ..., Bn—3 are negative. If we now extend the fixed zero set by a further conjug-
ate zero pair with negative real part, the corresponding polynomial P obviously
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is a Hurwitz polynomial and hence positive. This specific behavior is directly
reflected by the positivity constraints in Corollary 8.11. More precisely, since the
constants o, are positive for n from 0 to N — 3, the imaginary axis through /2
and the considered circles are completely contained in the right half plane. ©

9. Non-negative solutions of the phase retrieval problem

A single solution x of a certain phase retrieval problem is non-negative if and
only if the monic polynomial ]_[jl\gl(z — p;j), where f; denotes the correspond-
ing zeros of the signal x, is positive as discussed in Section 8. However, in or-
der to decide whether the non-negativity condition can in general enforce the
uniqueness of the phase retrieval problem or can at least reduce the set of arising
ambiguities, we need to investigate the non-negativity of the whole set of non-
trivial solutions. In the end, we will show that neither the uniqueness nor the
occurrence of several non-trivial solutions are a rare exceptions.

9.1. Non-negativity of non-trivially different ambiguities

We start our investigation with a simple special case. If the unknown signal
possesses a corresponding zero set with purely negative real parts, then we can
show that all arising non-trivial ambiguities of the corresponding phase retrieval
problem are non-negative too. Hence, the non-negativity restriction cannot re-
duce the set of ambiguities in this case.

Proposition 9.1. Let x be a real-valued discrete-time signal with finite support.
If the corresponding zero set is contained in the left half plane, then all occurring
real-valued non-trivial ambiguities of the corresponding phase retrieval problem
are non-negative.

Proof. Using Theorem 5.1, we can characterize the non-trivial ambiguities of a
phase retrieval problem by choosing the corresponding zeros from the zero pairs
(v ?j_l) of the associated polynomial. Based on the corresponding zeros f3; of
the considered signal x, we can hence generate all non-trivial ambiguities by
reflecting some of the real zeros or conjugate zero pairs at the unit circle. Since
the real part of a reflected zero is obviously given by

-1

Rp; = TR
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replacing a zero by its reflection again leads to a zero set contained in the left
half plane. Consequently, the monic polynomials to these zero sets are HUR-
witzian and hence positive, which implies that the corresponding signals are
non-negative. O

Once more, the question arises: how does the non-negativity of the complete
solution set of a phase retrieval problem depend on conjugate zero pairs in the
right half plane? As for a single discrete-time signal or monic polynomial, this
dependency is not obvious. Nonetheless, we can generalize our findings about
the restrictions on a chosen corresponding zero pair to ensure non-negativity of
a signal in Section 8.2.

Based on the corresponding zero set of a discrete-time signal with finite sup-
port, we can explicitly construct all occurring ambiguities of the phase retrieval
problem to recover this signal by reflecting individual real zeros or conjugate
zero pairs at the unit circle, cf. Theorem 5.1. Here the only trivial ambiguity
that can appear is the reflection of a signal, which corresponds to the reflection
of the complete zero set at the unit circle, see Lemma 5.3. We can avoid this
trivial ambiguity by excepting one real zero or complex zero pair from the re-
flection. Considering the remaining zero sets, we can now use Theorem 8.8 and
Corollary 8.11 to formulate restrictions on the excepted zero pair to ensure the
non-negativity of certain non-trivial solutions.

Example 9.2. Beginning with our observations in Example 8.12, we wish to ex-
tend the zero set
A={-3-1+i-1-i}

by a further conjugate zero pair (f, f5) in the right half plane in order to con-
struct a non-negative discrete-time signal x with finite support. Simultaneously,
we want to choose this zero pair such that most of the non-trivial ambiguities
in the phase retrieval problem to recover the signal x from its FOURIER intensity
are non-negative too. As already observed in Example 8.12, the signal x consists
of non-negative components if and only if the further zero pair lies in the half
plane left from the imaginary axis through 7/4 and, moreover, on or outside the
three circles with centres 7/2, 10/7, and 3/5 in the complex plane and radii V29,
V58/7, and 3/5 respectively.

Due to the fact that the set A consists of a real zero and a conjugate zero pair,
the phase retrieval problem can at most have three further non-trivial ambigu-
ities as discussed in Remark 6.2. Since we exclude the additional conjugate zero
pair (B4, B5) from the reflection at the unit circle in order to avoid trivial reflec-

Robert BEINERT



66 II. PHASE RETRIEVAL OF NON-NEGATIVE SIGNALS

tions, the non-trivial ambiguities correspond to zero sets where we reflect either
the real zero or the complex zero pair of A, or both.

For the first ambiguity y;, we reflect the real zero —3/2 at the unit circle. This
means that the solution y; of the phase retrieval problem corresponds to the zero
set

. 2 . .
M, = {—g, “1+i,-1- 1}.
Since the real part of all zeros is negative, we can use Corollary 8.1 to formulate
conditions for the non-negativity of this signal. In so doing, we have to choose
the last conjugate zero pair in the half plane left from the imaginary axis through
4/3 and, further, on or outside the circles with centres 8/3, 5/4, and 2/5 in the complex

plane and radii V34/3, V17/s, and 2/5 respectively.

For the next ambiguity y,, we reflect the complex zero pair —1 +i. Hence, the
signal y, corresponds to the zero set

My = {-3. -1 a+i). -1 -1}

Using Corollary 8.11 once more, we must ensure that the last zero pair lies in the
half plane left from the imaginary axis through 5/4 and, moreover, on or outside
the three circles with centres 5/2, 4/5, and 3/s in the complex plane and radii V17/2,
V850/50, and 3/s respectively.

Now, the last non-trivial ambiguity ys corresponds to the zero set
Ms = {=§, -3 (1+1),—3 (1= D},

where we reflect the complete set A at the unit circle. In order to ensure non-
negativity of this signal, the last zero pair has to be contained in the half plane left
from the imaginary axis through 5/s and, further, on or outside the cumbersome
circles with centres 5/3, 7/10, and 2/7 in the complex plane and radii V522/1s, V2900/10o,
and 2/7 respectively.

The restrictions on the additional zero pair are visualized in Figure 9.1 on the
next page. More detailed, Figure 9.1(a) shows the intersection of the half plane
and the complements of the three discs for the fixed zeros in A, M;, M,, and Ms.
Choosing the last conjugate zero pair (f, f5) in one or more intersections, we
can ensure the non-negativity for certain non-trivial solutions and can directly
influence the number of the occurring non-negative solutions.

In this example, we extend the original zero set A by the conjugate zero pair

(ﬁ4, ﬁs) Wlth

Ba ::%+i and fs =3 —i,
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Figure 9.1.: Restriction on the last zero pair in order to ensure non-
negativity of different non-trivial ambiguities

which fulfils the non-negativity constraints for A, M;, and M;. The non-nega-
tivity constraints for M, are nevertheless violated since the additional zero pair
lies inside the circle with centre 5/2 and radius V17/4.

Based on the extended zero set A, we define the discrete-time signal x by
x = (8 + 3 80) # (8y + (1+1) 8) * (85 + (1- i) &)
# (81— (2 +1) 8) * (81— (2 - 1) &)
Expanding this convolution leads to the representation

_ 1
x = §(...,0,@,106,31,42,64,32,0,...),

which is a non-negative signal as wanted. In order to determine the further non-
trivial solutions of the phase retrieval problem, we again use Theorem 5.1. Based
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on the extended zero sets M;, M,, and M3, we have the non-trivial ambiguities

_ 1
y1 = 5 (-...0,100,154,24,43,56,48,0, . .. ),

Y = ( ..,0,75,128,106, —12, 64, 64,0, . . )

and

ys = % (-...0,50,127, 144, 22,16,96,0, ... )
respectively. All four signals and the corresponding discrete-time FOURIER in-
tensities are shown in Figure 9.1(b) and Figure 9.1(c). Obviously, the signals y,
and y3 are also non-negative. O

If we consider the restrictions on the last conjugate zero pair to ensure non-
negativity of the constructed signal in Example 9.2 and especially in Figure 9.1,
it seems that the sets of all possible choices to extend the fixed zeros in A and M3
are reflections at the unit circle of each other. An analogous observation holds
for the fixed zeros in M; and M,. In order to show this behaviour formally, we
need the following identity for the elementary symmetric functions.

Lemmao9.3. Let{f,..., fn-1} be a multiset of non-zero complex numbers where
the complex elements occur in conjugate pairs. Then the elementary symmetric
functions fulfil the equality

—-1 — il
msn(ﬁlw--,ﬁN—l) :SN—I—n(ﬁl ’---,ﬁN_l)
for every integer n.

Proof. Firstly, we assume that n is an integer between 1 and N — 2. Using Defin-
ition 8.6 of the elementary symmetric functions, we have

5 Sn (B Bva) = g D B B

1<ki<--<k,<N-1

On the right-hand side, we take the sum over the products of the subsets with n

elements of the multiset {f,. .., fn-1}. If we multiply the summands with the
prefactor, we summarize the products of the complements of the subsets with n
elements of the multiset {f o, ,3;]1_1}. In other words, we take the sum over

the products of the subsets with N —1—n elements since each subset has a unique
complement.
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This observation leads us to the equality

m Sn (ﬁl, . .,ﬁN_l) = Z ﬁk—ll . .ﬂk_l\}—l—n

1Sk1<"'<kN,1,nSN—l

or, with the definition of the elementary symmetric functions, to

m Sn (ﬁl’ ey ﬁN—l) = SN—l—n (ﬂl_l, ey I\_fl—l) .

Since the elementary symmetric functions are symmetric polynomials, we can
permutate the arguments in arbitrary manner. Using that the complex zeros
appear in conjugate pairs, we can rearrange the arguments after conjugating
them on the right side such that the assertion follows.

For n equal to 0 or N — 1, the assertion follows directly from the definition of
the elementary symmetric function since S is always one, Sy_; is the product

of all arguments, and all complex numbers in {f, ..., fn-1} appear in complex
pairs. For the remaining integers n the equation is trivial because both sides are
zero by definition. O

Using this property of the elementary symmetric functions, we can now prove
that the positivity constraints in Theorem 8.8 for the monic polynomial with the
zero set {fi, . . ., Pnv—1} and for the monic polynomial with the reflected zero set
at the unit circle are themselves reflected versions of each other.

Proposition 9.4. Let {f, ..., Bn-1} be a multiset of non-zero complex numbers
where the complex elements occur in conjugate pairs. Assume that Bn_, and fn-1
form a conjugate pair, and define

—-1 —-1
on = (-1)"Su(Br.. ... pn-3) and pni=(-1)"Su(B; ... .. Bx_s)
for every integer n. Then, for each integer n, the last element fn_; fulfils the in-
equality
On-z | Bn-1|* = 2001 RPN—1 + 00 2 0

if and only if it also fulfils the inequality

sgn((_l)N'l pr-- ﬁN—l) (PN—3—n

——1 2 —-1
ﬁN—1| — 2pN-2-n RBN_1 + PN—l—n) > 0.
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Proof. Except for the multiplication with (—1)", the constants o, and p, are the
elementary symmetric functions of the set {f, ..., fn—3} and its reflection at
the unit circle. As a consequence of the identity for the elementary symmetric
function in Lemma 9.3, the constants ¢, and p, are hence related by

m On = (_1)N_3 PN-3-n-

Using this equality after multiplication with f; - - - Bx—3, we can replace the con-
stants o, in the first inequality

On-2 |.BN—1|2 — 2001 RPN-1+ 0,20
of the assertion, and we can write it in the equivalent form
(_1)N_3 P Bn=s3 (PN—l—n |,3N—1|2 — 2pN-2-n RPn-1 + PN—3—n) > 0.

In the next step, we factor out the missing fy_, and fx—; in the prefactor.
Since fiN—2 and fy—; form a conjugate pair, we can use the equalities

?{ -1 —-1
Bn-2 Bn-1=|Pn-a|® and ﬁ = RPBn_;-

In this manner, the inequality above becomes

_ —-1 —-1 |2
()N B By (,DN—l—n — 2pN-2-n RBN_1 + PN-3-n .BN—1| ) = 0.
Rearranging the three terms in the sum, multiplying the inequality with (—1),
and dividing it by | f; - - - fn-1| leads to the assertion. O

Remark 9.5. The reflection of the non-negativity conditions that we can ob-
serve in Figure 9.1is hidden in Proposition 9.4. If we assume that the signal or the
monic polynomial corresponding to the zero set {fi, ..., fny-1} is non-negative
or positive respectively, then the constant term

(DY SN = (DY By By

given by VIETA’s formulae (Theorem 8.7) is positive too. Hence, the sign of the
prefactor in the second inequality in Proposition 9.4 is one and vanishes. Due to
this fact, the last element fy_; fulfils the inequality

On-2 |,BN—1|2 — 2031 %ﬁN—l +0, 20 (9-1)
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if and only if it also fulfils the inequality

——1 2 —-1
PN-3—-n ,BN—1| — 2PN-2-n %ﬁN—l + PN-1-n = 0; (9.2)

so the sets of points that satisfy these conditions are indeed reflected versions of
each other. Since this observation is valid for every integer n, the intersection of
the half planes and circles for the zero set {f, ..., fn—3} and the reflected zero
set are themselves reflections at the unit circle as conjectured.

The observations above can also be interpreted in a slightly different way. If
we assume that the signal or monic polynomial to the zero set {f,. .., fn-1} is
non-negative or positive respectively, then the last zero fn_; must satisfy the first
inequality (9.1) for every integer n. Since the sign of the prefactor in the second
inequality (9.2) is one as discussed above, the reflected last zero Bg]l_l has to fulfil
the second condition (9.2) for every integer n too. Now, we can conclude that
also the signal or monic polynomial with the reflected zero set {Efl’ N _1\_11—1}
is non-negative or positive respectively. In some sense, this observation is trivial
because the reflected zero set corresponds to the reflected signal in this specific
case, see Lemma 5.3, and because the reflection of a non-negative signal is also
clearly non-negative. O

Remark 9.6. The cumbersome prefactor sgn((—=1)N= f; - - - By_1) of the second
condition in Proposition 9.4 is an artefact of the identification of a real-valued
signal with a monic polynomial. More precisely, in Section 8, we have identified

the non-trivial part
N-1

%k (8- 55) (9.3)

Jj=1

in the characterization of a non-trivial solution (Theorem 5.1) with the monic

polynomial
N-1

(z-5) (9-4)

j=1

and investigated the positivity of this polynomial. In Proposition 9.4, we have
related the positivity condition on the last zero pair (Sx—-2, fn-1) for the nth coet-
ficient to the positivity condition on the reflected last zero pair (,EI\_]l_z, 31:11—1) for
the (N — 1 — n)th coefficient of the monic polynomial with the reflected zero set
at the unit circle.

Now, we consider the reflection of the non-trivial part (9.3). Using Lemma 5.3
together with an additional shift to normalize the support of the signal and with
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an additional division by |f; - - - fn-1|, we can write the reflection as

sgn ((_1)N_1 31 o 'BN—l) : >x< (61 - ,Bj—l 60) .

The special case that the prefactor is equal to 1 and vanishes has been discussed in
Remark 9.5. If we now assume that the prefactor is equal to —1, we can conclude
that the constant term of the monic polynomial (9.4) is negative. Moreover, ex-
cept from a multiplicative positive constant, the reflected signal above possesses
a negative leading coefficient. Hence, the monic polynomial to the reflected zero
set has the negative coefficients of the reflected signal. This additional change
of the sign of all coefficients explains the inversion of the second inequality in
Proposition 9.4 to ensure the positivity of the (N — 1 — n)th coefficient of the
monic polynomial with the reflected zero set in a natural way. O

9.2. Continuity of the phase retrieval problem

If we look back at Example 9.2, where we have extended a given zero set con-
tained in the left half plane such that the corresponding phase retrieval problem
possesses a certain number of non-negative non-trivial solutions, it seems that
the non-negativity usually cannot reduce the number of arising non-trivial am-
biguities. For an arbitrary given zero set, however, the situation can change
dramatically as seen for instance in Example 8.10, where the intersection of the
non-negativity constraints for one signal is already a small set. Although we
cannot see the efficiency of the non-negativity constraint directly, we can nev-
ertheless use our findings to show that neither uniqueness nor ambiguousness
under the non-negativity constraint are rare exceptions.

By VIETA’s formulae, the coefficients of a monic polynomial continuously de-
pend on the zeros. Conversely, the zeros of a monic polynomial continuously
depend on the coeflicients as well, see for instance [Ort72, Theorem 3.1.1]. Fur-
ther, this circumstance can be used to show that the non-trivial solutions of the
phase retrieval problem continuously depend on their corresponding zero sets,
and vice versa. In order to avoid the trivial shift ambiguity, we normalize the
support of the considered signals. More precisely, a discrete-time signal x has a
normalized support of length N if the support of x is contained in {0, ..., N — 1}
and, moreover, if x[0] and x[N — 1] are non-zero.

Lemmag.7. Let x be a discrete-time signal with normalized support of length N
and corresponding zeros ;. For every sufficiently small number ¢ > 0, there exists
a number 6 > 0 such that the corresponding zeros f; of every signal X with nor-
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malized support of length N and |x[n] — x[n]| < § forn from 0 to N — 1 can be
ordered in such a way that

|- 8| <¢
forj from0 toN —1.
Proof. Based on the real-valued or complex-valued signal x with normalized

support of length N and corresponding zero set {f;, . . ., fn-1}, we consider the
monic polynomial

1 N-1
P(z) = ——— x[n] 2"
x[N-1] &
with the same zero set {f}, . . ., fnv-1} as discussed in Section 8. In the following,

we denote the coefficients of the monic polynomial P by ¢, := x[#l/x[N-1]. Using
the continuity of roots theorem, see [Ort72, Theorem 3.1.1], we find, for every
sufficiently small number ¢ > 0, a number > 0 such that the zeros ,ij of all
monic polynomials

0(z) =N T+ v 2V 2+ + &

with [¢, — ¢, | < n for nfrom 0 to N — 2 can be ordered in a way that

|- B <e
for jfrom1to N — 1.

Furthermore, if we consider the discrete-time signal x with normalized sup-
port of length N as an N-dimensional vector, then the mapping between the
components x[n] of the signal and the coefficients ¢, of the monic polynomial P
given by

(et =) o (s 3

is obviously continuous. Hence, for every sufficiently small number n > 0, there
exists a number § > 0 such that the components of the image of every vector x
in RN or in CN with |%[n] — x[n]| < & for n from 0 to N — 1 satisfy

FIN-1 ~ X[N-1]

Gl o (e <
for n from 0 to N — 2. In order to avoid that Xx[N — 1] becomes zero, we as-
sume without loss of generality that § < x[N — 1]. Interpreting the vector x as
discrete-time signal with normalized support of length N and combining both
constructions yield the assertion. m|
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Remark 9.8. If we consider the discrete-time signals x Lemma 9.7 as N-dimen-
sional vectors, these signals form a closed ball with respect to the maximum
norm. Moreover, we can extend this ball to a cone since the multiplication of
a signal with a positive real constant does not change the corresponding zero
set. By construction, the resulting cone cannot be contained in a set with zero
LEBESGUE measure. Consequently, this cone is an unbounded set with infinite
measure. O

Using the continuity relation between the discrete-time signal coefficients and
the corresponding zero set, we will show that the behaviour of the non-trivial
solution set does not change in a small neighbourhood of the signal with respect
to the maximum norm.

For example, if we consider a signal x whose corresponding zeros have a neg-
ative real part, then the signal x itself and all arising non-trivial ambiguities are
non-negative as stated in Proposition 9.1. Assuming that the signal x has a nor-
malized support, and using Lemma 9.7, we can obviously find a §-neighbourhood
of x such that the corresponding zero sets of the signals in this §-neighbourhood
are completely contained in the left half plane. Thus, the phase retrieval of these
signals only provides non-negative non-trivial ambiguities too. Hence, the be-
haviour of the non-trivial solution set does not change in a small neighbourhood
around the original signal x.

If we assume that the signal x with normalized support of length N addition-
ally possesses only positive components x[n] for n from 0 to N — 1, and that all
non-trivial solutions of the phase retrieval problem to recover the signal x also
satisfy this assumption, then we can generalize the above observation.

Theorem 9.9. Let x be a discrete-time signal with normalized support of length
N and positive components x[n] forn from 0 to N —1. If all non-trivial ambiguities
of the phase retrieval problem to recover x satisfy the same assumptions, then there
exists a number § > 0 so that all non-trivial ambiguities of the phase retrieval
problem to recover a signal X with normalized support of length N and |X[n] —
x[n]| < & forn from 0 to N — 1 possess only positive components over the support
{0,...,N—1}.

Proof. Due to the fact that the discrete-time signal x with normalized support
possesses only positive components x[n] for n from 0 to N —1, the corresponding
zero set A = {fy, ..., Pn—1} fulfils the non-negativity conditions

On-2 |,BN—1|2 — 2031 %ﬁN—l +0,20
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in Theorem 8.8 strictly. The left-hand side of this inequality can be interpreted as
a continuous function of the variables £, ..., fy—1 since the elementary symmet-
ric functions in o, = (-1)" S,(fi,. .., Pn—3) are obviously continuous. Hence,
we find a small e-ball with respect to the maximum norm and with ¢ > 0 around
A such that every zero set M := {ﬁl, .. .,,BN_l} with |ﬁj — Bl < ¢ for j from 1 to
N — 1 satisfies the non-negativity constraints strictly too.

Now, we consider the non-negativity conditions for the non-trivial ambigu-
ities analogously. As described in Example 9.2, we obtain the non-negativity
conditions for a certain ambiguity by reflecting some zeros in A at the unit circle.
The non-negativity constraints for a certain non-trivial ambiguity can therefore
be written as a set of inequality conditions in analogy to Theorem 8.8. Since
the reflection at the unit circle is a continuous map, and since the elements in A
cannot be zero, the left-hand sides of this inequality conditions depend continu-
ously on the zeros in A. Hence, for all non-trivial ambiguities, we find a small
ball around A so that the zero sets in this neighbourhood fulfil the correspond-
ing non-negativity conditions strictly. Taking the smallest of the finitely many
constructed neighbourhoods and applying Lemma 9.7 yields the assertion. O

Remark 9.10. In Theorem 9.9, the number of non-trivial ambiguities of the
phase retrieval problems to recover a signal in the constructed neighbourhood
do not have to be equal and can change dramatically. For example, if the zero
set {f1, ..., Pn-1} of the original signal x lies on the unit circle, then the signal x
can be recovered without any non-trivial ambiguities, see Proposition 6.1. How-
ever, most of the corresponding zero sets of the signals x in a §-neighbourhood
of x will not completely lie on the unit circle, and the non-trivial ambiguities in
Theorem 5.1 will not coincide. o

In order to overcome the problem of the changing number of non-trivial am-
biguities, we consider only discrete-time signals whose corresponding zeros f;
are pairwise different, do not appear in reflected pairs (ﬁj,Bj_l), and do not lie
on the unit circle. Then the solutions characterized in Theorem 5.1 are pairwise
different except for the trivial reflection ambiguity. Adapting the proof of The-
orem 9.9, we can show the following two corollaries for the discrete-time phase

retrieval problem of non-negative real-valued signals.

Corollary 9.11. Let x be a discrete-time signal with normalized support of length
N, positive componentsx[n] forn from 0 to N1, and pairwise different zeros ; not
appearing in reflected pairs and not lying on the unit circle. If the phase retrieval
problem to recover the signal x possesses at least a further non-trivial ambiguity
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satisfying the same assumptions, then there exists a number § > 0 so that every
signal X with normalized support of length N and |x[n] — x[n]| < § forn from 0
to N — 1 cannot be recovered uniquely by using the non-negativity constraint.

Proof. Instead of the non-negativity constraints for all non-trivial ambiguities,
here we consider only the non-negativity constraints of the original signal x
with zero set A := {f, ..., fnv-1} and of one further non-trivial solution. Since
we assume that the signal x and the further ambiguity possesses positive com-
ponents over the support {0, ..., N — 1}, the zeros in A fulfil the non-negativity
conditions in Theorem 8.8 strictly. Following the proof of Theorem 9.9, we find
a small e-ball with respect to the maximum norm and with ¢ > 0 around A so
that the zero sets in this neighbourhood satisfy both non-negativity constraints
strictly too.

Keeping in mind that the corresponding zeros f; in A are pairwise different
and do not lie on the unit circle, we can shrink the e-ball so that the 2N — 2
discs around the single zeros ; and their reflections Ej'l do not intersect in the
complex plane and do not contain points from the unit circle. In this manner, the
different solutions in Theorem 5.1 cannot coincide. Using Lemma 9.7 now yields
the assertion in analogy to the proof of Theorem 9.9. O

Corollary 9.12. Let x be a discrete-time signal with normalized support of length
N, positive componentsx[n] forn from 0 to N1, and pairwise different zeros p; not
appearing in reflected pairs and not lying on the unit circle. If the phase retrieval
problem to recover the signal x is uniquely solvable up to reflection, then there exists
a number § > 0 so that every signal X with normalized support of length N and
|x[n] — x[n]| < & forn from 0 to N — 1 can be recovered uniquely up to reflection.

Proof. Instead of the non-negativity constraints for all non-trivial ambiguities,
here we consider only the non-negativity constraints of the original signal x
with zero set A = {f4,..., Bnv-1}. As in the proof of Theorem 9.9, the zeros in
A satisfy these constraints strictly. Since the phase retrieval problem to recover
the signal x from its FOURIER intensity is uniquely solvable, the further non-
trivial ambiguities do not fulfil at least one of the corresponding non-negativity
constraints in Theorem 8.8.

Using the continuity of the these conditions, we find a small e-ball with respect
to the maximum norm around A so that the zero sets in this neighbourhood
also satisfy the non-negativity constraints strictly and that the further zero sets
that can be constructed by reflecting zeros at the unit circle also do not fulfil

Robert BEINERT



9. NON-NEGATIVE SOLUTIONS OF THE PHASE RETRIEVAL PROBLEM 77

at least one of the corresponding non-negativity constraints. Shrinking the e-
ball as discussed in the proof of Corollary 9.11 and using Lemma 9.7 lead to the
assertion analogously to the proof of Theorem 9.9. ]

Although we need some additional assumptions on the considered discrete-
time signal in Corollary 9.11 and Corollary 9.12, we can find such signals for every
support length N. A real-valued discrete-time signal that satisfies the assump-
tions of Corollary 9.11 can be constructed straightforwardly by using our findings
about HurwiITzian polynomials and their corresponding signals.

Proposition 9.13. For every integer N > 3, there exists a discrete-time signal x
with normalized support of length N, positive componentsx[n] forn from0 toN—1,
and pairwise different zeros f; not appearing in reflected pairs and not lying on the
unit circle such that the phase retrieval problem to recover the signal x possesses at
least a further non-trivial ambiguity satisfying the same assumptions.

Proof. In order to construct a real-valued discrete-time signal x that satisfies
the required assumptions, we start with an appropriately selected corresponding
zero set A = {fi,...,n-1}. More precisely, we assume that our zero set A
consists of pairwise different zeros which do not appear in reflected pairs, do
not lie on the unit circle, and have a purely negative real part. Furthermore, we
can choose the zeros f; in a way so that our zero set A contains more than one
real or one conjugate zero pair since the cardinality of the corresponding zero
set is N — 1 and hence at least two.
Defining the discrete-time signal x with the corresponding zero set A by

N-1

x:= 3K (8- B;8).

j=1

we immediately see that the signal x has a normalized support of length N. Fur-
thermore, since the real part of all zeros f; is negative, we can conclude that
the components x[n] for n from 0 to N — 1 are positive as already discussed in
the proof of Corollary 8.11. Consequently, our signal x fulfils all requirements of
Proposition 9.13.

It remains to prove that the phase retrieval problem to recover the constructed
signal x possesses at least one further non-trivial ambiguity that satisfies the
required assumptions. To begin with, Proposition 6.1 and Remark 6.2 imply that
the considered phase retrieval problem indeed has several non-trivially different
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solutions because the corresponding zero set A contains more than one real zero
or one conjugate zero pair.

Since we only have selected corresponding zeros with negative real part, all
occurring non-trivial ambiguities are non-negative signals by Proposition 9.1. If
we normalize the support of the non-trivial ambiguities to {0, ..., N — 1} with
an additional shift and utilize that the real part of the reflections Bj_l is also
negative, we can observe that the non-trivial ambiguities y also possess positive
components y[n] for n from 0 to N — 1. Consequently, all arising non-trivial
ambiguities also satisfy the requirements of Proposition 9.13. m|

Next, we want to find a real-valued discrete-time signal that fulfils the as-
sumptions of Corollary 9.12. Similarly as in the proof of Proposition 9.13, we
can explicitly construct such a signal by selecting the corresponding zero set ap-
propriately. To ensure the uniqueness of the phase retrieval problem, we can
especially use Corollary 8.11 and our observations in Example 8.12.

Proposition 9.14. For every integer N, there exists a discrete-time signal x with
normalized support of length N, positive components x[n] for n from 0 to N — 1,
and pairwise different zeros f; not appearing in reflected pairs and not lying on the
unit circle such that the phase retrieval problem to recover the signal x is uniquely
solvable up to reflection by using the non-negativity constraint.

Proof. To begin with, the assertion holds obviously true for a support length N
from one to three. More detailed, we can easily construct a discrete-time signal x
such that the corresponding zero set contains only one real zero or one complex
zero pair or is completely empty. Now, the phase retrieval problem to recover
such a signal is uniquely solvable due to the simple fact that no other non-trivial
ambiguities can arise because the solution with the reflected zero set is simply
the reflection of the original signal x and hence trivial, see Lemma 5.3.

For support lengths N > 3, we again try to construct the signal x fulfilling
the requirements by selecting the corresponding zero set appropriately. How-
ever, since the phase retrieval problem to recover the signal x shall be uniquely
solvable up to rotation, the explicite choice of the corresponding zeros is crucial.
Here we use a similar approach as in Example 8.12 and Example 9.2, this is, be-
ginning with a fixed zero set {f, . . ., Bn—3} of real zeros and conjugate zero pairs,
we try to extend this set by a further conjugate zero pair so that all components
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of the discrete-time signal

N-1

x= 3K (8:- ;%)

j=1

are non-negative, and that each further non-trivial solution possesses at least
one negative component. We use the slightly simpler non-negativity conditions
in Corollary 8.11 and start from a zero set {31, . . ., Bn—3} whose pairwise different
zeros do not appear in reflected pairs, do not lie on the unit circle, and, moreover,
have a real part less than —1.

Next, we consider the non-negativity restrictions in Corollary 8.11 for our spe-
cific zero set. To ensure the non-negativity of the constructed signal x itself, the
last conjugate zero pair has to lie in the half plane left of the imaginary axis
through a1/2. Using the definition of o, in Corollary 8.11 and the assumption that
the fixed zero set consists of real zeros and conjugate zero pairs, this condition
means nothing but

Rpy1 < -3 (R +- -+ Rpnos). (9-5)

As discussed in Example 9.2, the corresponding non-negativity restrictions of
the remaining non-trivial ambiguities have the same form and can be obtained
by replacing some zeros f3; by their reflections at the unit circle.

However, since the real part of the fixed zeros f; is less than —1, and hence
the real part of the reflected zeros is greater than —1, the replacement of some
zeros by their reflections leads to a strictly smaller right-hand side of (9.5). Con-
sequently, we can choose the last conjugate zero pair (fn-2, fn-1) in a way such
that the extended zero set A := {f, ..., fn-1} satisfies the non-negativity con-
dition in (9.5) strictly, and, moreover, the corresponding zero sets of the further
non-trivial ambiguities violate this condition. Figuratively, the real part of the
last zero -1 has to lie in an appropriate bounded open interval, or the last zero
pair must be chosen from an appropriately small band in the complex plane, cf.
Figure 9.1(a).

If the constructed zero set A also satisfies the remaining non-negativity con-
straints, then the phase retrieval problem to recover the signal x has a unique
non-negative solution up to reflection. Since we can use the simplified restric-
tions in Corollary 8.11, the last conjugate zero pair must lie on or outside the
circles with centre on-1/s, , and radius Vo,_,~0n0n-2/s,_, for n from 2 to N —2 when-
ever the radius is real. Heretofore, the imaginary part of the last zero fx_; can
be chosen arbitrarily; consequently, we always find a suitable last conjugate zero
pair that strictly lies outside the circles in Corollary 8.11.
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If we look back at the proof of Theorem 8.8, we observe that a coefficient of the
considered monic polynomial can be zero if and only if the corresponding non-
negativity condition holds with equality. Bearing in mind that the constructed
zero set A satisfies the non-negativity conditions in Corollary 8.11 and hence in
Theorem 8.8 strictly, we can conclude that the components x[n] for n from 0 to
N — 1 are positive. So all in all, the constructed signal x fulfils the assumptions,
and the assertion follows. m]

If we combine our findings in this section, we can finally show that neither
the uniqueness nor the ambiguousness under the non-negativity constraint is a
rare exception. Hence, the assumed non-negativity of a discrete-time signal can
be used to enforce the uniqueness of the corresponding phase retrieval problem,
but unfortunately not for every signal.

Theorem 9.15. If the real-valued discrete-time signals with normalized support
of length N with N > 3 are considered as real N-dimensional vectors, then the
set of signals that can be recovered uniquely up to reflection as well as the set of
signals that cannot be recovered uniquely from their FOURIER intensities together
with the non-negativity constraint are unbounded sets containing a cone of infinite
LEBESGUE measure.

Proof. Using Proposition 9.14, we find at least one signal x that can be recovered
uniquely from its FOURIER intensity up to reflection. Moreover, this signal fulfils
the assumptions of Corollary 9.12; so we find a sufficient small § > 0 such that
every signal X with normalized support of length N and |x[n] — x[n]| < ¢ for
n from 0 to N — 1 can be recovered uniquely up to reflection. As discussed in
Remark 9.8, the signals X form a closed ball with respect to the maximum norm
in RYN, and this ball can be extended to a unbounded cone with infinite LEBESGUE
measure. Hence, the set of signals that can be recovered uniquely up to reflection
is unbounded and contains a cone with infinite measure, as conjectured.
Replacing Proposition 9.14 by Proposition 9.13 and Corollary 9.12 by Corol-
lary 9.11, we can analogously prove the assertion for the set of signals that cannot
be recovered uniquely. m|
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CHAPTER I1II.

Additional information in the time domain

Abstract®—Besides the FOURIER intensity in the frequency domain, we will now
assume that we have access to additional data about the unknown signal in the
time domain. Restricting themselves to signals with real-valued components, Xu,
YaN, and CHANG [XYC87] have shown that almost all signals can be uniquely
recovered if one of the end points in the time domain is known beforehand. Using
our characterization of the solutions in the time domain, we will obtain a new
approach to this specific phase retrieval problem and will be able to generalize
the ideas of Xu et al. to complex-valued signals. Based on this observations, we
will more generally investigate the ability of moduli, phases, and signal values of
arbitrary points in the time domain to enforce uniqueness. Finally, we will give a
series of novel and complete proofs in order to show that additional information
of this nature can really ensure a unique recovery of the unknown signal almost
always. <

“Some of the observations in this chapter are briefly mentioned in [BP15a].

10. Using additional magnitudes of the unknown signal

A completely different idea to enforce uniqueness of the discrete-time phase re-
trieval problem is to use additional measured data of the unknown signal in
the time domain instead of an a priori condition like the non-negativity. One
simple idea dates back to Xu, YAN, and CHANG in [XYC87]. Using the addition-
ally known end point x[ N —1] of a real-valued discrete-time signal x := (x[n])nez
with normalized support {0, ..., N — 1} of length N, Xu et al. prove that almost
every signal can be uniquely recovered from its FOURIER intensity without any
trivial ambiguities. In the following, we generalize this idea to the complex case,
which can be done straightforwardly. Moreover, we examine how far other add-
itionally known signal values can enforce uniqueness.
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The central idea in the proof of Xu et al. is to show that the signals which can-
not be uniquely recovered from their FOURIER intensities and the additional end
point form a set with zero LEBESGUE measure. In other words, we have to deter-
mine all signals such that at least one further non-trivial solution possesses the
same end point. However, since we can always add a global phase to a complex-
valued solution without changing the FOURIER intensity, see Proposition 2.1, the
corresponding question in the complex case is: can we find a further non-trivial
solution whose end point has the same absolute value as the last non-zero com-
ponent of the original signal, or asked differently, can we recover a signal with
normalized support from its FOURIER intensity and the modulus of its end point?

10.1. The modulus of the end point

Before we show that almost every complex-valued signal can be uniquely re-
covered from its FOURIER intensity and the modulus of its end point, we in-
vestigate whether the corresponding phase retrieval problem possesses at least
one further non-trivial solution. Since the FOURIER intensity | x| of a discrete-
time signal x with finite support is a non-negative trigonometric polynomial and
is completely determined by 2N — 1 samples at different points in [, ), see
Remark 3.5, we once more assume that the complete FOURIER intensity |x| is
known. In the following theorem, we will see that the uniqueness of the con-
sidered phase retrieval problem directly depends on the corresponding zeros f;
within the characterization in Theorem 5.1.

Theorem 10.1. Let x be a complex-valued discrete-time signal with normalized
support of length N and corresponding zero set B = {f,...,n-1}. Then the
signal x can be uniquely recovered from its FOURIER intensity | x| and the modulus
of its end point |x[N — 1]| up to rotations if and only if the corresponding zeros f3;

fulfil
[115]=1
piea

for each non-empty subset A of B where A does not contain reflected zero pairs or
zeros on the unit circle.

Proof. Adapting the characterization of all discrete-time signals with the same
FOURIER intensity in Theorem 5.1 to the normalized support, we can write the
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original signal x in the form

. N-1 ) N-1
x =\ laN-1I][[B] - [>X< (é‘n—ﬁjéo)],
j=1 ‘

Jj=1

where « is a suitable real number and a is the autocorrelation signal of x. Further,
the expansion of the convolution yields that the modulus of the end point can
be written as

N-1 .
x[N =11 =4[laN-1)I] [|8]
j=1

Now, we assume that the phase retrieval problem to recover the signal x has
at least one further solution X with corresponding zeros ﬁj where X is no rotation
of the original signal. The modulus of the end point of the second solution x is
analogously given by

N-1 S
%[N -1]1 = |laN =11 [|B] -
j=1

In order to simplify the notation in the following, we assume according to the
proof of Theorem 5.5 that the corresponding zero sets of x and x are arranged in

a way that
. _[B i=1.
= ] AR IV )
g {ﬁj j=J+1,...,N-1

for a natural number J € {1,...,N — 1}. Since the corresponding zero sets of
the original signal x and the further non-trivial solution x are different, we can
choose J such that the set {,[§1, ce ﬁ]} is non-empty and does not contain reflec-
ted zero pairs or zeros on the unit circle.

Due to the assumption that the moduli of the end points of both signals x and
X are equal, the corresponding zero sets obviously have to satisfy

N N1
[N =11 [|8] =lalN-11] |5 -
= j=1

After canceling the prefactor and the equal zeros on both sides, we finally have
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the equation

[T

J 1 J J
[l =[TRF o [Tlsl-
Jj=1 j=1 j=1

By our assumptions, the product over the first J zeros does not contain reflected
zero pairs or zeros on the unit circle.

Consequently, the phase retrieval problem to recover the signal x from its
FouRIER intensity and the modulus of its end point possesses further non-trivial
solutions if and only if there exists a certain subset A of the corresponding zero
set whose elements do not arise in reflected pairs or lie on the unit circle such
that the product over this zeros is unimodular. Negating this observation leads
to the assertion. m]

Remark 10.2. The statement of Theorem 10.1 can be interpreted as a straight-
forward generalization of [XYC87, Theorem 1] to the complex case. Although the
conditions to ensure a unique reconstruction of the unknown signal are similar,
they arise from completely different a priori conditions and observations. The
main difference here is that Xu et al. consider real-valued signals and assume
that the complete end point x[N — 1] is known and not only the absolute value
|x[N —1]].

The proof of Theorem 10.1 for complex-valued signals is mainly based on our
characterization of every solution — trivial or non-trivial — in Theorem 5.1, and
the uniqueness condition directly follows from this characterization. Xu et al. use
an entirely different approach. More detailed, the proof of [XYC87, Theorem 1]
is based on the observation that the right end point x[N — 1] together with the
corresponding zeros f; uniquely determines the left end point x[0] by

(=5)-

A consideration of the autocorrelation function a for two non-trivially different
solutions x and x under the assumption that x[N —1] and X[ N —1] coincide leads
to the wanted uniqueness condition for the reconstruction of the real-valued
signal x from its FOURIER intensity | X| and its end point x[N —1]. O

—1z

x[0] = x[N —1]

J

Il
N

Remark 10.3. The statement of Theorem 10.1 remains valid if we assume that
the left end point |x[0]] is given instead of the right end point |x[N —1]|. Here a
comparison of the absolute values | x[0]| and | X[0] | of two non-trivially different

Robert BEINERT



10. USING ADDITIONAL MAGNITUDES OF THE UNKNOWN SIGNAL 85

solutions x and x leads to the identity

N-1 N-1 N-1
lav -1 [ ]8]" l_llﬁj| = |la[N - 1] |]—[|ﬁj
j=1 = =1
which yields the slightly changed assertion. O
Next, we investigate which zero sets {f, . . ., fx-1} do not fulfil the uniqueness

conditions in Theorem 10.1. In order to describe these zero sets, we identify
{1, ..., Bn-1} with the real (2N — 2)-dimensional vector

(RB1, Iy, ..., Rfn1, Ipn-1)"

and show that the vectors violating the uniqueness conditions are contained in
the union of certain real manifolds of minor dimension, cf. [XYC87, p. 2099] for
the real case.

Lemma 10.4. Ifwe identify the set of all possible zero sets with (R?\ {0})N 7, then
the zero sets satisfying
1—[ |ﬁj| =1 (10.1)

ﬁjeA

for a certain non-empty subset A of the zeros f; form a real (2N — 3)-dimensional

submanifold.

Proof. Remembering that the corresponding zeros f; in Theorem 5.1 are non-
zero, we can identify each zero set {f};, . . ., fn-1} with areal (2N —2)-dimensional
vector

B = (Rpu Ips,.... Rfns, Ipn-n)’ € (R*\ {0))" .

Again, to simplify the notation in the following, we assume that the subset A is
of the form A := {f, ..., f;} for a natural number J € {1,...,N - 1}.

If we consider a real vector 3 fulfilling the condition in Lemma 10.4 for a
certain subset A, then the real part R ; can be reconstructed from the imaginary
part 3 f; and the remaining components R ; and 3 §; for j from 2 to J except for
the sign by

[RBi]* 1—[ |ﬁj - 34,

where the product is set to one for J = 1.
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This circumstance can be used to define a set of appropriate charts and to show
that the vectors 3 satisfying the condition (10.1) form a real smooth manifold. In
the following, we exemplarily assume that Rp; is positive, and define the first
chart x: (R? \ {0})N~! — R2N=3 by

K(B) = (3P, Rfas - . ., Rbn-1, IBn-1) "

With our observations above, the inverse chart k™! is given by

L
K1) = ]—[( %] +[95)] ) ' [9B1% 58 R . Iy

Jj=2

Obviously, the mappings k and k™! are continuous, which implies that our chart
x is a homeomorphism. Moreover, the rank of the JacoBian J,-: of the inverse
mapping is 2N — 3. Analogously, we can obtain a further chart for Rf; < 0.
For the remaining case that R, is equal to zero, the required charts can be
constructed in a similar way by considering the cases 3f; > 0 and Jf; < 0.
Allin all, for every vector 3 fulfilling the condition of Lemma 10.4, there exists
an open neighbourhood that can be mapped by one of the constructed homeo-
morphisms to an open subset in R?N73, Since the rank of the Jacosian of the
inverse mappings is 2N — 3 for all constructed charts, the vectors satisfying the
conditions indeed form a real (2N — 3)-dimensional submanifold, see [SS62, Sec-
tion 18.1] or [BFg6, Section 17.5], for instance. O

Applying the construction in Lemma 10.4 to every possible subset A, we know
that the corresponding zero sets of the signals that do not satisfy the unique-
ness conditions in Theorem 10.1 are contained in the union of real (2N — 3)-
dimensional submanifolds. Due to the reason that constructed submanifolds of
minor dimension are sets with zero LEBESGUE measure in R2N 72, the exceptional
zero sets form a set of LEBESGUE measure zero. In order to transfer this obser-
vation to the coefficients of the corresponding signals with normalized support,
we use the following variant of SARD’s theorem stated in [Sch69, Theorem 3.1.].

Theorem 10.5 (SARD). Let F: D — R" be a continuously differentiable mapping
where D is an open set in R". Then the image F(E) of every measurable set E C D
is measurable, and the LEBESGUE measure A of the image F(E) is bounded by

AFE) < [ 1det Ty
E
where Jp is the JacoBian of F.
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Using SARD’s theorem, we can finally prove that almost every signal with nor-
malized support can be uniquely recovered from its FOURIER intensity and the
modulus of its end point up to rotations.

Theorem 10.6. Ifthe complex-valued discrete-time signal x with normalized sup-
port of length N is considered as a real 2N-dimensional vector, then the phase re-
trieval problem to recover the signal x from its FOURIER intensity | x| and the ab-
solute value |x[N — 1]| of its end point is almost always uniquely solvable up to
rotations.

Proof. Starting from our findings in Lemma 10.4, where we observe that the

corresponding zero sets {fi, . . ., Bn-1} satisfying
[ [18]=1
piea

for a certain subset A of zeros f; form a real (2N — 3)-dimensional manifold, we
can conclude that the exceptional zero sets which do not fulfil the uniqueness
condition in Theorem 10.1 are contained in the union of finitely many real man-
ifolds of minor dimension. Due to the fact that the conditions of Lemma 10.4 are
slightly weaker as in Theorem 10.1 (the zeros can also occur in reflected pairs and
can lie on the unit circle), the exceptional zero sets are subsets of the manifolds
constructed in Lemma 10.4. Anyway, since our (2N — 3)-dimensional manifolds
are sets with zero LEBESGUE measure in R?N 2 , the exceptional zero sets are con-
tained in a set with zero LEBESGUE measure too. In the following, we denote the
set of all exceptional zero sets by E.

It remains to show that the observation above can be transferred to the com-
ponents of the corresponding complex-valued discrete-time signals with nor-
malized support. For this purpose, we recall that the coefficients of a signal are
determined (up to a multiplicative constant) by VIETA’s formulae in Theorem 8.7
as discussed in Section 8. More precisely, if we take a multiplicative complex
constant C into account, then the components of the signal x with normalized
support of length N can be written as

x[N—=1-n]=(-1)"CSy(pr. ..., Pn-1)s

where S, denote the elementary symmetric functions in Definition 8.6. Hence,
the relation between the corresponding zeros and the components of the signal
is given by a continuously complex differentiable mapping from C~ to CV.
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In order to use SARD’s theorem, we identify this relation with the real mapping
F: R?N — R2N given by

F(RB, 3B, ..., RPn-1, I Bn-1, RC, BC)
= (Rx[0], Ix[0],..., Rx[N —1], Ix[N —1])".

The mapping F is continuously differentiable since the relation between zeros
and components of the signal x is even continuously complex differentiable. If
we extend the set E of the exceptional corresponding zero sets by two further real
components to describe the complex prefactor C, we can estimate the LEBESGUE
measure of F(EXIR?) with SARD’s theorem (Theorem 10.5) by an integral over the
extended set E x R?. Since the CARTEsian product E X IR? is a set with LEBESGUE
measure zero, the image F(E X IR?) has a zero LEBESGUE measure too.

Allin all, we can thus conclude that the complex-valued signals that cannot be
recovered from their FOURIER intensities and the modulus of its end point up to
rotations are contained in a set of zero LEBESGUE measure in the real space R?V.
Because the remaining signals can be uniquely reconstructed up to rotations, the
assertion follows. m]

10.2. The modulus of an arbitrary signal value

Based on the observations about the given modulus of the end point, we now
investigate whether the given modulus of another signal value can also ensure
the uniqueness of the discrete-time phase retrieval problem. Therefore, we gen-
eralize the findings from Section 10.1.

Firstly, we introduce the modified zero set

{/31“’, » .,ﬁ}fjl}

for a subset A of the original corresponding zero set {f, ..., fn-1}. Here we
define the single elements of the modified zero set by

P {3,-_1 pj € A,

J p;  else.

In other words, we obtain the modified zero set from the corresponding zero set
by reflecting the zeros in the subset A at the unit circle.
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Theorem 10.7. Let x be a complex-valued discrete-time signal with normalized
support of length N and corresponding zero set {f, ..., Pn-1}. Then the signal x
can be uniquely recovered from its FOURIER intensity |x| and the modulus of an
arbitrary point |x[N — 1 — €]| with £ between 0 and N — 1 up to rotations if and

only if the corresponding zeros f; and the modified zeros ﬁ](A) fulfil

|55(ﬂ1,---,ﬂN1 (l_“ﬁj ) |Sf ”ﬂl(\?—)l)|

pieA

for each non-empty subset A of the corresponding zero set {f, . .., fn-1} where A
does not contain reflected zero pairs or zeros on the unit circle.

Proof. The proof of Theorem 10.7 can be done in a similar way as the proof of
Theorem 10.1. We start with an adapted version of the characterization of all
discrete-time signals with the same FOURIER intensity in Theorem 5.1. Using the
normalized support, we can thus write the original signal x as

c = e jaln —1|1_[|ﬁ] [*(al_ﬁjso)],

j=1

where « is an appropriate real number and a is the autocorrelation signal of x. If
we again identify the FOURIER transform of x with an algebraic polynomial in the
manner of Section 8, then the absolute value of the considered point x[N —1—{]
is given by

N-1
XN =1-€11 = \|laN =01 [ [|B] - ISe(Brr- ... Bu-)]
j=1

due to VIETA’s formulae in Theorem 8.7.

Like in the proof of Theorem 10.1, we now assume that the signal x cannot be
uniquely recovered from its FOURIER intensity and the modulus of a certain point
up to rotations. Hence, we find a further different solution x of the considered
phase retrieval problem that is no rotation of the original signal. Moreover, we
assume that the corresponding zeros of the second solution x can be obtained
from the zero set {f, ..., Bn-1} of the original signal x by reflecting the zeros
in the subset A where A does not contain reflected zero pairs or zeros on the
umt circle. In other words, the signal X corresponds to the modified zero set

(B B
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Since the absolute value |X[N — 1 — {]| can be represented analogously to
|x[N —1— £]| by substituting the corresponding zeros with the modified zeros,
a comparison of both moduli yields the condition

N-1

1] [Se(Bro- - Bym) |

J=1

N-1
IO s B0
j=1

Simplifying this equation by canceling the prefactor and bringing all zeros to the
right-hand side, we finally have

(o) [ = (TT18]) - Ise (8082

pieA

Hence, the phase retrieval problem to recover the signal x is only uniquely solv-
able up to rotations if and only if there exist no subset A and hence no non-trivial
ambiguity fulfilling the above condition. O

If we consider a discrete-time signal x with normalized support of odd length
N, then we cannot recover x from its FOURIER intensity |x| and the modulus
| x[(N-1)/2] | of the central component in general because the absolute value of the
central component obviously does not change under the reflection and conjuga-
tion of the complete signal. Hence, for A chosen as the complete corresponding
zero set, the uniqueness condition in Theorem 10.7 cannot hold true except when
the zero set is invariant under the reflection at the unit circle.

To overcome this problem, we assume that the second solution x in the proof
of Theorem 10.7 is additionally a non-trivially different ambiguity. Since the
reflected and conjugated signal corresponds to the reflected zero set at the unit
circle, see Lemma 5.3, we consequently consider only proper subsets A of the
corresponding zero set. More detailed, since the extension of A by reflected zero
pairs and zeros on the unit circle do not lead to a different non-trivial ambiguity,
the subset A should not be extendable to the complete set by adding zeros of this
kind. Adapting the proof of Theorem 10.7 in this way, we obtain the following
slightly weaker statement.
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Corollary 10.8. Let x be a complex-valued discrete-time signal with normalized
support of odd length N and corresponding zero set {fi, . . ., fx-1}. Then the signal
x can be uniquely recovered from its FOURIER intensity | x| and the modulus of
the point |x[(N-1)/2]| up to rotations and conjugate reflections if and only if the
corresponding zeros fB; and the modified zeros ,BJ(A) fulfil

I-(r7w)

pieA

(1) (1)
Sua (B By

5¥(ﬂ1,---,ﬂN 1

for each non-empty proper subset A of the corresponding zero set {fi, ..., fn-1}
where A does not contain reflected zero pairs or zeros on the unit circle and cannot
be extended to the whole set by adding zeros of this kind.

In order to characterize the exceptional zero sets that do not satisfy the unique-
ness conditions in Theorem 10.7 and Corollary 10.8, we again identify the corres-
ponding zero set {f, . . ., Bn—1} with a real (2N — 2)-dimensional vector. Unfor-
tunately, the direct construction of an appropriate manifold is much more chal-
lenging due to the additional elementary symmetric functions in the uniqueness
conditions. Nevertheless, we can show that the exceptional zero sets lie on algeb-
raic varieties or, more precisely, in the zero locus (the zero set) of a non-constant
polynomial in 2N — 2 indeterminates.

Lemma 10.9. If the corresponding zero set {fi, ..., Bn-1} of a complex-valued
discrete-time signal is considered as real (2N — 2)-dimensional vector, then the zero
sets satisfying

|Se(B - - - |_(l_[|,3]) |Se(B”. . B (10.2)

BieA

lie in the zero locus of a non-constant polynomial for every non-empty subset A of
zeros fB; or, when € is equal to (N-1)/2, for every proper subset A.

Proof. Analogously to the proof of Lemma 10.4, we identify the corresponding
zero set {1, . .., Bn-1} with the real (2N — 2)-dimensional vector

B = (R Ips,. ... Rfws, Ipvn)’ € (R2\ (0))" .

We investigate the set of all vectors 3 satistying the equality condition (10.2) for
a certain subset A and a given integer ¢ between 0 and N —1. For this purpose, we
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square the equality condition and insert the definition of the elementary sym-
metric function (Definition 8.6), which leads us to

Zﬁkl'“ﬁk[ 1—[3]‘

1Sk1<"'<k€SN—1 ﬁjeA

2 2 2
= . , (10.3)

(A) (A)
Z 'Bkl :Bkg

1<k;<-<ke<N-1

where we additionally conjugate the zeros in the prefactor on the right-hand
side. As in the definition of the elementary symmetric functions, we set the
empty sums for £ = 0 to one.

Next, we consider the substitution ; = Rf; + i I ;. In this manner, the left-
hand side of (10.3) becomes a real algebraic polynomial in 3 since the real and
imaginary parts of the elementary symmetric function S¢(f;, . . ., fn-1) are real
polynomials in R §; and J f;. On the right-hand side, we also have a real algebraic
polynomial in 3. More detailed, since the reflection of a zero f; at the unit circle
is simply given by ,Ej_l, the cumbersome reflected zeros in the modified zero set
completely cancels with the zeros in the prefactor. The real and imaginary parts
of the products over the remaining modified and conjugated zeros are again real
polynomials in R f; and Jf;. Hence, the right-hand side of (10.3) is really an
algebraic polynomial in 3.

Since the polynomial obtained from the right-hand side of (10.3) also is well
defined by continuous continuation whenever the real part R ; and imaginary
part J f; of a corresponding zero f; are zero, we can neglect the assumption that
the zeros f; of a discrete-time signal cannot be zero at the moment.

Bringing both polynomials to one side, we can already conclude that the vec-
tors 3 satisfying (10.3) are the zero locus of an algebraic polynomial and hence
an algebraic variety. In order to ensure that this polynomial is not constantly
zero, we have to show that both sides of the polynomial equation (10.3) are non-
equal. In order to simplify the following considerations, we assume without
loss of generality that A contains the first J zeros of the corresponding zero set

{ﬁla .. "ﬁN—l}-

If we now determine the real or imaginary part of a summand

Br, - Br, = (R, +iTPr,) -+ (R, +13Pk,)

at the left-hand side of (10.3), we obtain a homogeneous polynomial of degree £
in the real variables R f,, Ifk,. ..., Rpk,, 3 Px,. Hence, every monomial within
the real polynomial obtained from the left-hand side of (10.3) has degree 2¢.
However, the degree of the monomials obtained from the right side of (10.3)
varies depending on the numbers ¢ and J. More precisely, we distinguish the
following three cases.
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(i)

(i)

(iii)

For numbers ¢ and J with £+ ] < N —1, we always find increasing indicies
ki < --- < kg such that k; > J. Then the product ﬁ]g‘) . I(cf) on the right-
hand side of (10.3) simply becomes f, - - - B, and hence no zeros cancel
with the prefactor. This implies that the corresponding monomials in the
real version of (10.3) are exactly of degree 2(£ + J). Since the monomials
on the left-hand side are only of degree 2¢, the polynomials on both sides
of (10.3) cannot be equal.

If the numbers £ and J fulfil £ + ] > N —1and J < ¢, then we choose the
indicies by
k1:1,...,k{7:€.

Now, the first J modified zeros ﬁ;A) cancel with the prefactor, and the
product Sy - - - B¢ remains in the right-hand sum of (10.3). Since the real
and imaginary parts of this summand consist of monomials of degree £— J,
we have at least one monomial of degree 2(£— J) on the right-hand side of
(10.3), which implies that the polynomials on the left-hand and right-hand
side of (10.3) cannot cancel out.

In the following, we investigate the last case, where £ and J satisty £+ J >
N —1and J > ¢. Obviously, the polynomials on both sides of (10.3) can
only cancel out if all monomials on the right-hand side are also of degree
2¢. To show that this is impossible except for one special case, we consider
the summands with indicies

ki=1,...ke=¢ (10.4)
and
k=N-¢ ....,kp=N-1. (10.5)

Now, the first index set (10.4) yields the summand

B{’H o 'E]

on the right-hand side since all modified zeros cancel with the prefactor.
Thus, the corresponding squared real and imaginary parts occurring with-
in the polynomial on the right-hand side of (10.3) can only be monomials
of degree 2¢ if the numbers € and J fulfil ] — ¢ = € or J = 2¢.

After possible cancelations with the prefactor, the second index set (10.5)
corresponds to the summand

Bl o 'BN—[—l ,BJ+1 o 'ﬁN—l
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with 2N — 2 — ¢ — ] different variables. Here the assumption that the
monomials of the squared real and imaginary part appearing on the right-
hand side of (10.3) have degree 2¢ implies that £ and J fulfil the equality
IN-2-(—]=¢
Combining the found restrictions on ¢ and J from both sets of indicies
directly yields
=021 and J=N-1

Thus, the subset A contains the complete corresponding zero set, which is
not covered by the assertion. For all other cases, we can hence ensure that
the polynomials on both sides of (10.3) cannot cancel each other.

All in all, the real algebraic polynomial in 3 deduced from (10.3) by bringing
both polynomials to one side is not constantly zero for all cases considered in
the assertion, and the vectors 3 fulfilling condition (10.2) lie in the zero locus of
this algebraic polynomial, which completes the proof. O

Remark 10.10. The exceptional case in the proof of Lemma 10.9, where ¢ is
equal to (N-1)/2, and where A contains the complete zero set, corresponds to the
assumption that the moduli |x[(N-1)/2]| and |x[(N-1)/2]| of the original and the
conjugated, reflected signal are equal, as mentioned in Corollary 10.8. Since this
is always the case, the polynomial equation (10.3) has to be fulfilled for every
vector (3.

Formally, this observation directly follows from the identity

B Bros Sua (B B) = Swa (B By

which can be shown in a similar way to Lemma 9.3. More precisely, the unique-
ness condition in (10.3) is equivalent to

2 2

S% (ﬁl’ <. ’,BN—l)

S¥ (El, . -’EN—l)

Since the additional conjugations on the right-hand side vanish under the abso-
lute value, the constructed real algebraic polynomial in the proof of Lemma 10.9
is indeed constantly zero. O

The main difference between Lemma 10.4 and Lemma 10.9 is that we have no
explicit characterization of the exceptional zero sets whose corresponding sig-
nals cannot be uniquely recovered from their FOURIER intensities and the modu-
lus of an arbitrary point. Nevertheless, we can use the constructed algebraic vari-
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eties in Lemma 10.9 to show that almost every signal can be recovered uniquely
up to rotations and possibly conjugate reflections.

Theorem 10.11. Let x be a complex-valued discrete-time signal with normalized
support of length N, and let € be an arbitrary integer between 0 and N — 1. The
phase retrieval problem to recover the signal x from its FOURIER intensity | X| and
the absolute value | x[N —1— (]| is almost always uniquely solvable up to rotations
whenever { # (N-1)/2. In the special case that { = (N-1)/2, the reconstruction is only
unique up to rotations and conjugate reflections.

Proof. As a generalization of Theorem 10.6, we can show the assertion by ad-
apting the corresponding proof. Interpreting the corresponding zero set as a real
(2N — 2)-dimensional vector, we have shown in Lemma 10.9 that the zero sets
violating the uniqueness conditions in Theorem 10.7 and Corollary 10.8 for a
certain subset A and number ¢ are contained in the zero locus of a non-constant
algebraic polynomial.

Consequently, the exceptional zero sets of one uniqueness condition form a
null set as part of a zero locus with zero LEBESGUE measure. Since we have only
finitely many uniqueness conditions, the union of all exceptional zero sets is only
a set with zero LEBESGUE measure too.

With the aid of VieTA’s formulae (Theorem 8.7) and SARD’s theorem (The-
orem 10.5), we can transfer this observation to the components of the corres-
ponding discrete-time signals as shown in the proof of Theorem 10.6. Hence,
almost every signal with normalized support of length N fulfils the uniqueness
conditions in Theorem 10.7 and Corollary 10.8. O

10.3. The moduli of the entire signal

Looking back at our findings in Section 10.1 and Section 10.2, where we prove
that almost every signal can be uniquely recovered up to rotations with the aid of
an additional modulus in the time domain, we investigate the question: can the
phase retrieval problem to recover the signal x be uniquely solved up to rotations
if more then one modulus | x[n]| or even all moduli (| x[n]|),ez are given?
Phase retrieval problems of this kind, where the complete modulus of the
signal is known, have been studied in [GS72] and [SSD* 06, LTo8, LTo9], for
instance. In the first one [GS72], GERCHBERG and SAXTON present an alternat-
ing projection method to solve this problem numerically. Afterwards, SEIFERT,
StorLz, DONATELLI, LANGEMANN, and TASCHE in [SSD* 06] as well as LANGEMANN
and TascHE in [LTo8, LTog] propose a multilevel Gauss-NEwTON method as a
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numerical approach. In the considered examples, both algorithms can recover
the unknown signal with high accuracy from its FOURIER intensity and its moduli
up to rotations.

Based on the uniqueness results for the phase retrieval problem with one add-
itionally given modulus of an arbitrary point in Theorem 10.11, we can immedi-
ately justify this behaviour of the algorithms also theoretically. More precisely,
non-trivial ambiguities arise in this setting rarely as stated in the following co-
rollary.

Corollary 10.12. Let x be a complex-valued discrete-time signal x with normal-
ized support of length N. The phase retrieval problem to recover the signal x from
its FOURIER intensity | x| and its moduli (| x[n]|)nez is almost always uniquely solv-
able up to rotations.

Unfortunately, the additional knowledge of more than one modulus of the
signal in time domain cannot ensure uniqueness of the corresponding phase re-
trieval problem generally, even if the complete modulus |x| = (x[n]),ez of the
signal x is given. In other words, the exceptional set of signals that cannot be
uniquely recovered up to rotations in Corollary 10.12 is always non-empty. Be-
fore we construct specific counter-examples for every possible signal length, we
analyze the following example.

Example 10.13. We consider the discrete-time phase retrieval problem to re-
cover the signal

(...,0,—2+2i,21,—1—i,2,0,...)

DN —=

X =

from its FOURIER intensity | x| and its modulus | x|. As seen in Theorem 10.1, the

phase retrieval problem to recover x can only possesses non-trivial ambiguities

if the corresponding zero set contains a subset whose product is unimodular.
Since the corresponding zeros of the signal x are given by

pr=-i-1i f=-eF(+i), and fi=-¢F (1+i),

the considered phase retrieval problem can have up to two further non-trivial
ambiguities as the two products f; f; and f; f5 have an absolute value equal to
one. In this specific example, both non-trivial ambiguities

yr = (... 0.x[0], e x[1],e7'F x[2],x[3].0,...)
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Figure 10.1.: Discrete-time phase retrieval problem to recover the signal
x from its FOURIER intensity and its moduli with two further
non-trivial ambiguities

and
221 s 21

yo = (-...0,x[0], e x[1].€'F x[2].x[3],0....),

which are constructed by reflecting the subsets {f;, f2} or {1, B3} respectively,
obviously have the same modulus as the original signal x. The original signal
and both occurring non-trivial ambiguities are shown in Figure 10.1. O

The example above not only shows that the statement in Corollary 10.12 can-
not be tightened, but also that the constructed algebraic varieties in Lemma 10.9
are really non-empty. This observation is also valid for all greater signal lengths.
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Theorem 10.14. Foreveryinteger N > 3, there exists a discrete-time signal x with
normalized support of length N such that the phase retrieval problem to recover this
signal x from its FOURIER intensity and its moduli possesses at least a further non-
trivial ambiguity.

Proof. In order to construct a discrete-time signal x that cannot be uniquely
recovered from its FOURIER intensity and its moduli, we investigate the unique-
ness conditions in Theorem 10.7 for a specifically chosen zero set {f, . . ., fn-1}-
More precisely, we assume that f; and f, differ, and that the remaining corres-
ponding zeros f, ..., fn-1 coincide. In other words, we assume that f; is a zero
of multiplicity N — 3.

In the following, we try to choose the three zeros in a way such that the ambi-
guity y obtained by reflecting the zeros f; and f; is a further non-trivial solution.
Since Theorem 10.1 implies that the product of f; and f, must be unimodular, we
assume that f; is of the form

y = e ¢ Bl_l (10.6)
for an appropriate real number ¢. This definition yields the three identities
fr' =B B, f and B =B, B, B, (10.7)

and hence

ﬁl_l + ﬁz_l = Bl :Bz (ﬁl + :32) (10.8)

To ensure that both moduli |x[N —1—¢]| and |y[N — 1 — {]| coincide for an
integer £ between 0 and N —1, the corresponding zeros have to fulfil the equality

2

[Se(Brs- s Bu-o) [ = [BBef  [Se(Bi B B )|
where Sy denotes the £th elementary symmetric function given in Definition 8.6,
as seen in Theorem 10.7 and Corollary 10.8. Consequently, if the above condition
holds for every possible ¢, then all moduli of | x| and |y| are equal.

In the next step, we simplify this condition by factoring out f;, f, and their
reflections from the elementary symmetric functions Sy on both sides. With the
notation [Ty = S¢(fs, . .., fn-1) for the elementary symmetric functions of the
remaining zeros, the equation becomes

|ﬁ1 Po e + (/31 + ,52) Ilpq + H€|2 = |H£’—2 + (El + Bz) Iy + B, B, H€|2-
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Further, we extend the squared absolute values with the law of cosines. Since
the corresponding summands on both sides obviously have the same absolute
value, only the mixed terms remain. Using the identities (10.7) and (10.8), and
canceling the equal terms on both sides, we have

R [(Bl_l + Ez_l) II,_, ﬁg_l + (ﬂl + ﬁz) 1,4 ﬁg]
(10.9)
= %[ ,31 +,32 II,_ ZH[ 1+ (,31 +ﬁ2 )Ht’—lﬁ[]-

Remembering that the zeros fs, ..., fy-1 coincide, we can explicitly compute
the appearing elementary symmetric functions. In particular, we have

I, = (N 3) ,[33 and hence II;_(II; = ( )(N 3) |,33|2€ *p ps-

If the real parts on the left and right-hand side of (10.9) do not cancel each
other completely, which does not happen when ¢ is equal to one, then the non-
uniqueness condition (10.9) is equivalent to

R[(8+5) Ba] = | (B +5.) o

On the contrary, if we choose the zeros f;, f2, and S5 such that they satisfy
this equation, then the non-uniqueness condition (10.9) holds true for every ¢
between 0 and N — 1.

In order to find a suitable corresponding zero set, we replace S, in the last
equation by its definition (10.6). This substitution yields the condition

9&[(.51 +e Bl_l) 33] = 9&[(Bl_l +e .81) BS]

Due to the fact that the reflected zero can be written as Efl = |B1|7? By, a re-
arrangement of the summands leads to

( |ﬁ) [ﬁlﬁg]—(—|ﬁ1|2)x[e—i¢ﬁlg3]_

Writing the product f, 33 in its polar form | S Bgl e for a suitable real number
¥, and canceling the equal prefactor on both sides, we finally obtain

ReV = RelV™9)  or cos(¥) = cos(y — @).
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Since the cosine is an even, 27-periodic function, this trigonometric equation
has up to two different solutions except for additive multiples of 27. The first
one is obviously ¢ = 0, but then f; and S, form a reflected pair with respect to
the unit circle, and hence the original signal x and the ambiguity y coincide. The
only other arising solution is given by ¢ = 2y, which implies that 8, completely
depends on f; and 5 by

fo= W or py= eI

If we now choose the zeros f; and f5 not lying on the unit circle so that the
imaginary part of f; 33 does not vanish, we can avoid that f; and f, form a
reflected zero pair. Therefore, the ambiguity y is non-trivially different from the
original signal x by construction, which leads to the assertion. m|

11. Using additional phase information

With the knowledge that the modulus of an arbitrary point in the time do-
main contains enough information to enforce the uniqueness of the phase re-
trieval problem for almost every signal up to trivial ambiguities, the question
arises whether a priori phase information about the unknown signal can also
enforce uniqueness. Obviously, the phase of only one component of the signal is
completely useless because of the trivial rotation ambiguity, see Proposition 2.1.
Hence, we need at least the phase of two components.

If we look back at Example 6.7, where we consider a phase retrieval problem
with the maximal number of non-trivial ambiguities, we can observe that the
phases of all ambiguities in both end points coincide, see Figure 6.3(d) in par-
ticular. To justify this observation formally, we consider the right and left end
point of a discrete-time signal given by

N-1

[N -1 = NaN -1 |||

Jj=1

and

4 N-1 4 N-1
x[0] = (DN e flaN -1 [[8] [ |4
j=1

Jj=1
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as characterized in Theorem 5.1. The end points of the non-trivial ambiguities
are given in an analogous form, where a subset of the corresponding zero set
{B1, ..., Bn-1} is reflected at the unit circle. Since the additional rotation by « can
individually be chosen for each non-trivial ambiguity, we can assume without
loss of generality that the phase of the right end point of all non-trivial ambi-
guities coincide. Using that the phase of a complex number is invariant under
reflection at the unit circle, we can further conclude that the phase of the left
end point of all non-trivial ambiguities are also equal as conjectured.

Nonetheless, if we consider the phase of the right end point and of another
inner point, then the previous examples imply that the phase of these points for
different non-trivial ambiguities coincides only for rare exceptions. In the next
subsection, we will show that already the additional phase information for two
components of the unknown signal can reduce the set of non-trivial ambiguities
in a suitable manner.

11.1. Phase of an arbitrary point and the end point

Before we investigate the uniqueness of the discrete-time phase retrieval prob-
lem with two arbitrary given phases in the time domain, we consider the slightly
simpler version where one given phase arises from the right end point. In or-
der to show that this additional phase information can indeed enforce a unique
reconstruction for almost every signal, we proceed analogously to the approach
in Section 10. This means that we firstly characterize the signals that cannot
be uniquely reconstructed, show that the exceptional zero sets are contained in
an appropriate algebraic variety of lower dimension, and finally conclude that
non-trivial ambiguities can only arise in rare special cases.

In order to simplify the notation in the following, we denote the complete
corresponding zero set and the modified zero set defined in Section 10.2 by

B = {ﬂl,...,ﬂN_l} and BW = {ﬁl(A),..., 1(\?—)1}

respectively. Further, since the elementary symmetric functions in Definition 8.6
are symmetric polynomials and hence invariant under permutations of their ar-
guments, we define the elementary symmetric functions of a set by

Su(B) = Su(Br.- ... fv-1) and  Sy(BW) = S, (B, ... B,

for every integer n.
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Theorem 11.1. Let x be a complex-valued discrete-time signal with normalized
support of length N and corresponding zero set B := {fy, ..., Bn-1}, and let £ be
an integer between 1 and N — 2. Then the signal x cannot be uniquely recovered
from its FOURIER intensity | x| and the two phases arg x[N —1] and arg x[N —1—¢]
if and only if there exists a non-empty subset A of the corresponding zero set B,
where A does not contain reflected zero pairs or zeros on the unit circle, such that
the corresponding zero set B and the modified zero set B fulfil

RS (B) ISe(BY) — IS¢(B) RSe(BY) = 0

and further
RS¢(B) RSp(B™Y) + ISy(B) 3S¢(BY) > o.

Proof. Firstly, we assume that the phase retrieval problem to recover x from its
FOURIER intensity and the two phases arg x[N —1—{] and arg x[N —1] possesses
at least one further non-trivially different solution y. Therefore, we find a subset
A of the corresponding zero set B of the original signal x such that the second
solution y corresponds to the modified zero set B, Since x and y differ non-
trivially, we can assume that A is non-empty and does not contain reflected zero
pairs or zeros on the unit circle.
Once again, the end point of the signal x is given by

N-1
x[N =11 =e“ | lalN =11 ][]
j=1

where « is a real number and a[N — 1] denotes the (N — 1)st coefficient of the
autocorrelation signal of x, see Theorem 5.1. Since the end point of the ambiguity
y is analogously given with the modified zero set, and since the phase of the end
point only depends on a, we can conclude that x and y have to have the same
rotation factor el

Next, we examine the restrictions on the corresponding zero set given by the
second phase arg x[N — 1 — £]. For this purpose, we recall that the components
of a discrete-time signal with normalized support are given by

z
I

1
x[N—1-€] = (-0 e\ [N =10 ] |5,] - 5e(B)

.
Il
—

due to VIETA’s formulae as discussed in Section 8. For the component y[N —1—{]
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of the ambiguity, we have an analogous representation where the corresponding
zero set is replaced by the modified. Since the rotation factors e'* coincide as
observed above, the corresponding phases of x and y only depend on the phase
of the elementary symmetric function S;. In other words, the phase condition

argx[N —1-{] =argy[N —1-{]

is equivalent to
arg S¢(B) = arg S¢(BW).

Hence, the function values S¢(B) and S;(B“Y) have the same phase if and only
if S¢(B™) lies on the real ray from the origin through S;(B) in the complex plane.
Formally, S;(B“Y) thus has to satisfy the equation of a straight line

RS (B) ISp(BWY) = I5,(B) RS (BW) = 0.

Moreover, to ensure that S¢(B) and S;(B“) lie on the same half line, the angle
between the S¢(B) and S¢(B“Y) have to be less than 7/2, and hence the real scalar
product of S;(B) and S;(B“)) must fulfil

RS(B) RS, (BW) + 5S,(B) IS,(BW) > 0.

This slightly cumbersome additional condition guarantees that the assertion also
holds when one or both signal values x[N — 1 — {] or y[N — 1 — £] are zero, and
the corresponding phases are not uniquely defined. O

Like the approach in Section 10.2, we can observe that the corresponding zero
sets of signals that cannot be uniquely reconstructed are covered by the union
of specific algebraic varieties. To show this, we again identify the corresponding
zero set {f, ..., Pn—1} of a discrete-time signal with the (2N — 2)-dimensional
vector

(RB1, IBu, ... RPn-r, Ipn-1) .

For simplicity, we only investigate the equation of a straight line in Theorem 11.1
and neglect the inequality condition.

Lemma 11.2. If the corresponding zero set B = {fi,...,n-1} of a complex-
valued discrete-time signal is considered as a real (2N — 2)-dimensional vector,
then the zero sets satisfying

RS (B) ISp(BY) — 35,(B) RS (BW) = 0 (11.1)
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lie in the zero locus of a non-constant polynomial for every non-empty subset A of
B and € between1 and N — 2.

Proof. In order to construct the real algebraic variety, we replace the complex
variables f; in the linear equation by their algebraic form Rpf; + i 3p;. In this
manner, the real and imaginary parts of the elementary symmetric function S¢(B)
become real polynomials in the indeterminates R ; and I3 ;.
Remembering that the real and imaginary parts of reflected zeros at the unit
circle are given by
i RB;

Rp, =

271 _ 3B,
[RE)+[98]° and Sﬁj

C[RET+[9B]7

we see that the real and imaginary parts of the elementary symmetric function

Se(BY) = > (RAY +i9p") - (R +i5p”)

1<k <<k, <N-1

of the modified zero sets are rational polynomials, where the denominator of
the individual summands contains the moduli of the reflected zeros. Hence, if
we multiply the equation (11.1) with

= ([%ﬁj]z + [Sﬁj]z)

piea

all occurring inverse moduli cancel out, and we obtain the equivalent condition
1, (RS¢(B) 35:(BY) - 3S¢(B) RS (B™)) = 0 (11.2)

with an algebraic polynomial in the indeterminates R f§; and J f; on the left-hand
side.

Analogously as in the proof of Lemma 10.9, the issue arises whether the algeb-
raic polynomial in (11.2) is trivial or not. To see this, we extend the polynomial
continuously whenever a zero division in the original linear equation occurs; so
we can neglect that the corresponding zero sets of a discrete-time signal can-
not contain zero elements. To simplify the following considerations, we assume
without loss of generality that A contains the first J zeros of the corresponding
zero set B.

Let us first consider the real and imaginary part of one summand f, - - - B, in
the definition of the elementary symmetric function S,. As discussed above, the
real and imaginary part consists of monomials of degree ¢ in the indeterminates
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Rp; and Jf;. Moreover, the monomials of the real part R[f, - - - fi,] always
have an even number of ‘imaginary variables’ J f;, whereas the monomials of the
imaginary part 3[f, - - - f,] have an odd number. This observation inductively
follows from the multiplication of two complex numbers in their algebraic form.
Hence, the monomials in the real and imaginary part of f, - - - Bk, are pairwise
different.

In order to show that the polynomial (11.2) cannot vanish everywhere, we use
the following approach: we choose a specific monomial in the left summand

114 RS¢(B) IS¢ (BW),

and show that there does not exist a corresponding monomial in the right sum-
mand
) 3Sp(B) RSp(BW).

If we find such a monomial that only occurs in the left summand, then the poly-
nomial in (11.2) possesses at least this one monomial and cannot be trivial. Here
we distinguish the following two major cases.

(i) Firstly, we assume that N —1 > ¢ > J > 1 and consider the specific
monomial

IB[RB]% - - [RBe]* RBras. (11.3)

In order to show that this monomial really appears in the left summand
Iy RS¢(B) 3Se(BW) of (11.2), we determine the corresponding factor for
each variable in (11.3). Due to the fact that no mixed terms of the form
Rp; IP;j occur, it is enough to assign the indicies of the variables to the
three factors.

Since the degree is obviously 2¢, the considered monomial cannot con-
tain any quadratic factor [Rf;]* or [3f;]* from the prefactor I14. Con-
sequently, the prefactor IT, and the inverse moduli in 3S,(B“) have to
cancel each other, and the index set

Kiz {]:?1,...,]:?5}

of the monomial from JS;(B“) must contain the indicies from 1 to J.
Further, the index set
K= {ky,... ke

of the monomial from RS;(B) must also comprise the indicies from 2 to
J in order to cover the remaining variables Rf;, ..., Rf; of the quadratic
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(ii)

factors. With the same argument, both index sets have to contain the indi-
cies from J + 1 to £. For the reason that the index set K already comprises
¢ indicies, the last index of the variable R ffy,; must be contained in K.

All in all, we can conclude that the monomial (11.3) uniquely arises from
the factors

Rpz--- RPra

in RS;(B) and
IBiRB:---Rpy

11([xs]"+ [35])

in 3S;(B“). Consequently, the monomial (11.3) can only vanish if it is also
contained in the right summand ITy 3S,(B) RS, (BW).

Assuming that this is the case, we observe that the considered monomial
also uniquely arises from the factor

Rpa--Rfen
in JS;(B) and the factor
IBRBy ... Rpy
J
1 ([xe] + [38]')

in RS, (BW) with a completely analogous argumentation. However, this
is impossible because the imaginary part 3S;(B) consists only of mono-
mials with an odd number of ‘imaginary variables’ Jf; and the real part
RS;(B™) of monomials with an even number. Therefore, the algebraic
polynomial in (11.2) is not constantly zero.

For the remaining case1 < £ < | < N—1, we firstly assume that 2( > N -1
and investigate the monomial

IP/RP - RPn-1-e [RBn—c]* - - [RB]°
’ [%ﬂt’ﬂ]g T [Q&ﬂj]3 9&.BJH T 9?\ﬁN—l,
where the three last products can be empty. Again, we try to reconstruct
the index sets K of the factor from RS;(B) and K from 3S;(BW).

Considering that the monomial (11.4) consists of ¢ variables with indices
from 1to ¢, further £ variables with indices from N —¢ to N —1, and the J—¢

(11.4)

Robert BEINERT



11. USING ADDITIONAL PHASE INFORMATION 107

remaining quadratic variables with indicies from ¢ +1to J, we observe that
the monomial (11.4) has a degree of 2]. Consequently, exactly £ quadratic
factors [Rf;]% + [3B;]? of the prefactor ITy have to be canceled with the
inverse moduli in SSg(B(A)), which implies that K is a subset of {1, . .. ,J).

Since the first N —1— ¢ variables have exponent one, the corresponding
quadratic factors in IT have to be canceled; so at least the indices from 1
to N — 1 — £ must be contained in K. The only way to generate variables
with exponent three is to multiply the corresponding quadratic factor in
I, with a variable from RS;(B). We can therefore conclude that the index
of these variables cannot be in K, and hence the indicies from ¢ +1 to J are
contained in K. Further, the indices from [ + 1to N — 1 must also be in K
because the index set K can only contain indices less than or equal to J.

At the moment both index sets comprise N —1—¢ indicies: K the indicies
from £ +1to N —1and K the indicies from1to N —1—¢. Further, we know
that J — ¢ quadratic variables with index between ¢ +1 and J arise from I1,.
Consequently, the remaining squared variables with indicies from N — ¢ to
£ must be contained in both index sets to ensure that K and K exactly com-
prise ¢ elements. Now, since both index sets are completely determined,
we can see that the monomial (11.4) uniquely arises from the factor

RPN-¢ - RPN-1

from RS;(B) and
Sﬁl%ﬁZ ... %ﬁf

11([xp]"+ [35]')

from JS,(BW).

Using an analogous argumentation as in (i), the considered monomial
(11.4) can only vanish if it is also contained in ITy IS;(B) RS¢(B). How-
ever, this would lead to the same factorization of the monomial (11.4) where
the factors arise from the imaginary part instead of the real part of S; and
vice versa. Due to the fact that the real and imaginary part of S, consists
of factors with even or odd numbers of ‘imaginary variables’ 3 f§; respect-
ively, this factorization is invalid, and the algebraic polynomial (11.2) is
non-trivial.

It remains to show that the polynomial is also non-trivial for 2 < N —1.
For this purpose, we examine the monomials

IBRBs - RPr [RPesal” -+ [Pnor1]?

RByl [RB1P Ry Ry (s)
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with the limitation N — £ < J and

IPHRB: -+ RPe [RPraal” - [RB]° Ry RPna (11.6)

otherwise.

In a similar way as above, the quadratic factors [Rf;]* + [ ]% of Iy
have to be canceled for indices between 1 and £, which directly implies that
the index set K must comprise these ¢ indicies. Considering the remaining
variables with exponent three and one, we can analogously argue that K
contains the ¢ indicies from N — £ to N — 1. Compared with the monomial
(11.3), the squared variables in (11.5) and (11.6) here arise from the prefactor
IT1,. Since both index sets K and K coincide with the examination above,
the monomials have the same unique factorization, and thus the polyno-
mial in (11.2) is not constantly zero.

After this cumbersome case study, the polynomial equation (11.2) is non-trivial
for every ¢ between 1 and N — 2 and every non-empty subset A of the corres-
ponding zero set B. Moreover, the algebraic polynomial is non-constant because
the considered monomials have a non-vanishing degree. All in all, the corres-
ponding zero sets satisfying the linear equation in the assertion is contained in
the zero locus of the algebraic polynomial in (11.2), which completes the proof.

O

Considering the union of the constructed algebraic varieties in Lemma 11.2 for
all possible subsets A, we can conclude that the additional phase information can
indeed enforce uniqueness of the reconstruction for almost every discrete-time
signal.

Theorem 11.3. Let x be a complex-valued discrete-time signal with normalized
support of length N, and let { be an arbitrary integer between 1 and N — 2. The
phase retrieval problem to recover the signal x from its FOURIER intensity | x| and
the two phases arg x[N —1] and arg x[N —1—{] is almost always uniquely solvable.

Proof. Considering the corresponding zero sets of a discrete-time signal with
normalized support as (2N — 2)-dimensional vector, we observe in Lemma 11.2
that the zero sets that satisfy the non-uniqueness conditions in Theorem 11.1 for
a specific subset A lie in the zero locus of an algebraic polynomial. Since this
polynomial is not constantly zero, the exceptional zero sets are contained in a
set with zero LEBESGUE measure, and hence also the union of them.
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Although the constructed union does not only comprise valid zero sets that
fulfil the non-uniqueness conditions in Theorem 11.1 since we have neglected the
inequality condition in Theorem 11.1 and the circumstance that the correspond-
ing zero sets cannot contain zero elements, the exceptional zero sets of signals
without a unique reconstruction also form a set with measure zero as subset of
this union. Using VIETA’s formulare (Theorem 8.7) and SARD’s theorem (The-
orem 10.5), we can deduce the assertion as in the proof of Theorem 10.6. O

11.2. Phase of two arbitrary points

A straightforward generalization of our findings in Section 11.1 is the discrete-
time phase retrieval problem where the phase of the end point is replaced by the
phase of a further inner point of the unknown signal. In other words, we consider
the phase retrieval problem to recover an unknown signal x from its FOURIER
intensity | x| and the phases arg x[N —1— {;] and arg x[N — 1 — {5] of two inner
points in the time domain, where ¢; and ¢, are two different integers between 1
and N — 2. In analogy to Theorem 11.1, we can characterize the corresponding
zero sets of signals that cannot be uniquely reconstructed by interpreting the
phase conditions as an equation of a straight line.

Theorem 11.4. Let x be a complex-valued discrete-time signal with normalized
support of length N and corresponding zero set B := {f4, . . ., fn-1}, and let {; and
{, be different integers between 1 and N — 2. Then the signal x cannot be uniquely
recovered from its FOURIER intensity | x| and the two phases arg x[N — 1 — ;] and
argx[N — 1 — ;] if and only if there exists a non-empty subset A of B, where
A does not contain reflected zero pairs or zeros on the unit circle, such that the
corresponding zero set B and the modified zero set BY fulfil

R|[S,(B)| [ng (BW) S, (B) S, (B(A))]

- 3[S,(B)] 9&[552 (BM) S;,(B) Sgl(B(A))] =0
and further

R|[S,(B)| ® [Szz (B™) Sy, (B) S¢, (BY )]

+ 3 [56(8)] 5[50, BD) 5,(8) 5, ()] = .
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Proof. Again, we assume that the phase retrieval problem to recover x from its
FOURIER intensity and the phases argx[N — 1 — ;] and argx[N — 1 — {;] in the
time domain has a further non-trivial solution y. Consequently, we find a subset
A of the corresponding zero set B so that the second solution y corresponds to
the modified zero set B, where A does not contain reflected zero pairs or zeros
on the unit circle.

Due to the trivial rotation ambiguity in Proposition 2.1, we can always rotate
the second signal y such that the phases arg x[N—1—-¢,] and arg y[N—1—¢] coin-
cide. In other words, we rotate the non-trivial ambiguity y by the multiplication
with the unimodular factor

el@rg x[N—1-t]-arg y[N—1-L2]) _ y[N-1-6] x|
1

whenever |y[N —1-{;]| and |x[N —1—{;]| are non-zero. If one of these moduli
is zero, then the linear equation and the inequality condition in the assertion are
obviously fulfilled.

Next, we investigate the equality of the remaining given phase in the time
domain. Bearing the additional rotation of the ambiguity y in mind, we obtain
the restriction

N-1-¢ N-1-¢.
argx[N —1-4] = arg(lzh\]_l_t,ﬁ| |§%N—i—€ﬂ| y[N-1- {’1])

= arg(y[N—l—fz] x[N—l—fz] y[N_l_fl])

since the multiplication with a positive real factor does not change the phase of
a complex number.
Again, the components of the signal x with normalized support are given by

N-1
€N = 1= 0= (-0 e\ lalN =11 [ ][] 5e(B)
j=1

as discussed in Section 8. With an analogous representation of the components
of the further solution y, we can simplify the considered phase restriction to

arg((—l)f1 e Sy, (B)) = arg((—l)‘;l €' Sy, (BW) S, (B) S¢, (B(A))),

where we already neglect the real positive factors in the representations of the
signal values. Finally, this equation is equivalent to

arg (5.,(B)) = arg (5, (B0) S, (B) 51, ()

since the prefactor (—1)% el* of the arguments on both sides coincide.
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Following the procedure in the proof of Theorem 11.1, the complex numbers
Se,(B) and  Sp,(BW) Sy, (B) S¢,(B™)

have to lie on the same ray starting from the origin in the complex plane, which
results in the linear equation and the inequality condition of the assertion. O

In some special cases, it is never possible to recover the wanted signal without
any ambiguities - trivial and non-trivial. For instance, if we try to recover a
discrete-time signal x with normalized support from its FOURIER intensity and
the two phases arg x[{] and arg x[N —1—{], where ¢ is an integer between 1 and
N — 2, then a rotated version

y = el(argx[t’]+argx[N—1—t’]) m

of the conjugated and reflected signal x always solves the considered phase re-
trieval problem too. More detailed, the corresponding phases of y are obviously
given by

argy[{] = argx[{] + argx[N —1—{] —argx[N —1-{]

and

argy[N —1—{] = argx[{] + argx[N —1—{] — arg x[{],

which implies that y really is an ambiguity. Consequently, if the corresponding
zero set does not only consists of reflected pairs or zeros on the unit circle, we
always find a subset A — the complete zero set — so that Theorem 11.4 holds true,
and the considered signal cannot be recovered uniquely.

In order to eliminate this special case, we assume that the second solution
y in the proof of Theorem 11.4 is not a rotation of the conjugated and reflected
original signal x. In other words, we assume that A is a proper subset that cannot
be extended to the complete zero set by adding reflected zeros or zeros on the unit
circle. Adapting the proof of Theorem 11.4 in this manner, we have the following
slightly weaker statement.

Corollary 11.5. Let x be a complex-valued discrete-time signal with normalized
support of length N and corresponding zero set B := {fy, ..., Bn-1}, and let { be
an arbitrary integer between 1 and N — 2 . Then the signal x cannot be uniquely
recovered (up to conjugate reflections) from its FOURIER intensity | x| and the two
phases arg x[{] and arg x[N —1— (] if and only if there exists a non-empty proper
subset A of the corresponding zero set B, where A does not contain reflected zero
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pairs or zeros on the unit circle and cannot be extended to the complete set B by
adding zeros of this kind, such that the corresponding zero set B and the modified
zero set BY fulfil

R[S¢(B)] 8 [Su-r-c(BD) Sy-1-0(B) Se(BY)|

- 3[Su(B)] R[Sv--e(BD) S-1-0(B) 5e(BY) | = 0

and further
R[54(B)] R [Se(BD) 51, (B) 5., (8|
+9|5,(B)| 3 [S{Z (BM) S;,(B) Sy, (B(A))] > 0.
As many times before, we interpret the corresponding zero set {f;, . . ., Bn-1}

of a discrete-time signal with normalized support as the (2N — 2)-dimensional
vector

(RB1, 3By, ..., Rfn1, Ipn-1) "

and show that the zero sets of signals that cannot be uniquely recovered are
contained in a union of suitable algebraic varieties. Again, we only investigate
the linear equation of Theorem 11.4 and Corollary 11.5, and neglect the additional
inequality restriction. In this manner, we can show the following result.

Lemma 11.6. If the corresponding zero set B .= {fy, ..., fn-1} of a discrete-time
signal is considered as a real (2N — 2)-dimensional vector, then the zero sets satis-
fying

R[50(B)] 5[5 (BD) 5¢,(B) 54(BY) |

S (11.7)
- 3[54,(B)] B3 (BD) 5¢.(B) (B | = 0

lie in the zero locus of a non-constant polynomial for every non-empty subset A of
B and different £, and {; between 1 and N — 2 or, when {1 + {, = N — 1, for every
proper subset A.

Proof. Lemma 11.6 can be interpreted as a generalization of Lemma 11.2, and
we can prove the assertion in the same manner. Again, we write the complex
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variables f; of equation (11.7) in their algebraic form Rpf; + i3p;. In order to
cancel the inverse moduli of the reflected zeros in S, (BW) and Se, (BW), we
furthermore multiply the equation of a straight line (11.7) with

mo=[] (6] + [98])

pieA

since each reflected zero can occur at most twice. In this manner, we obtain the
equivalent restriction

3 (R[56()) 3[Sa(BD) 5,.(B) 54, (BY)|
. (11.8)
- 3[54,(B)] R[50, (BD) 52.(B) S (B) ) = o, i

whose left-hand side can be continuously extended to an algebraic polynomial
in the real variables R f5; and Jf;.

It remains the question whether the polynomial in (11.8) vanishes everywhere
or not. Again, to simplify the investigation of this issue, we assume without
loss of generality that the fixed subset A contains the first J corresponding zeros
{B1,...,Bs}, and that ¢4 > €. Now, we follow the approach in the proof of
Lemma 11.2 in a slightly modified form. This means that we pick one single
monomial in the polynomial

14 5[S6(B)] R[52.(BD) 5¢,(B) 50.(B) | (11.9)

and show that the considered monomial cannot vanish within this polynomial.
Afterwards we show that the chosen monomial cannot occur in the other poly-
nomial

My R [S6,(B)] 3[S.(B™) 51, (B) 36,(B) (11.10)

so the polynomial in (11.8) contains at least one non-vanishing monomial and
hence is non-trivial.

In analogy to the proof of Lemma 11.2, we only consider monomials where
the real part R f; and the imaginary part 3f; of one corresponding zero f; do
not occur simultaneously. To determine the factorization of the monomials with
respect to the four occurring elementary symmetric functions, it is therefore
enough to determine the index sets Ky, K,, K¢,, and Ky, of the real indeterm-
inates in the factors S, (B), S, (B), Se¢,(B), and S, (BW) respectively. Unfor-
tunately, the polynomial in (11.8) depends on ¢;, {», and J, which leads to the
following cumbersome case study.
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We distinguish three main cases: | < €, < {1, €, < ] < {;,and ¢, < £; < ]J. For
this cases, we now consider a specific monomial and show that the occurring
variables can be uniquely assigned to the elementary symmetric functions in
(11.9). Although each of the main cases is based on one monomial, we need
different argumentations depending on ¢; and ¢, to show that the factorization
indeed is unique. More detailed, we will divide the second case £, < J < ¢ in
the two subcases 2¢, < J and 2¢, > J. For the last main case ¢, < {; < J, we
further distinguish between 2¢; < 26, < J, 20, < ] < 24y, and ] < 20, < 244.

The crucial point of the following argumentation is the case £, < ¢; < J with
20, < J < 24y We will see that in the special case ¢;+¢; = J = N—1, which is not
covered by the assertion, the polynomial on the left-hand side of (11.8) becomes
trivial. To overcome this difficulties and complete our case study, we will here
consider three further subcases: €1+ €3 < J, {1+ €2 = J,and ;1 + €5 > J.

(i) Firstly, we assume that ¢; > £, > J, and investigate the monomial

[RBIZ[RB1* - [RB]* [RBra]
[RBe+2)? - [RBe)? IBe+1s

(11.12)

where the product over the squared variables with indices from €, + 2 to {;
can be empty. A brief computation shows that the degree of this monomial
is 2(¢4; + {2). Consequently, the considered monomial cannot contain any
quadratic factor [Rf;]* or [Jf;]* from the prefactor ITy, which implies
that the complete prefactor ITy and the inverse moduli from S, (B BW) and
S¢,(B) must cancel each other. Therefore, both index sets K;, and K,
have to contain the indicies from 1 to J.

With this preliminary observation, we can uniquely determine all four
index sets. As seen above, the index one is in k[l and R[Z. Further, the
indicies from 2 to £, have to be contained in all index sets because the
corresponding variables have the exponent four. Since the first index set
ng already comprises ¢, indices, it follows that the index £, +1 is contained
in the three remaining index sets. Now, the indices from ¢, + 2 to ¢; of the
quadratic variables have to be assigned to K, and Ky, due to the fact that
Ky, also comprises ¢, indices. The last remaining index of J f,+1 must be
contained in Ky, because we have already completely determined the other
index sets.

In the end, considering the four index sets Ky, I%[l, K¢,, and 1252, we can
deduce that the monomial (11.11) uniquely arises from

Rpz - RPe, BPr1
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(ii)

in J[S,, (B)] and
[RBI* [RB] - - - [RB]’ [RBrra)” RBrra - Rpy
J 2 2\2
Jl]l([mf] +[38]')

in R[S, (BW) S, (B) Se, (BW)]. Since this factorization is unique, the con-
sidered monomial (11.11) cannot vanish within the polynomial (11.9).

As discussed in the proof of Lemma 11.2, the monomials in the real part
of S¢,(B) contain an even number of ‘imaginary variables’ Jf;, whereas
the monomials in the imaginary part contain an odd number. This obser-
vation can be generalized to an arbitrary product of corresponding zeros,
where the particular zeros can appear with higher multiplicity. The same
observation also holds true for the real and imaginary parts of

St,(BAW) Sg, (B) Sg,(BY).

Using this statement, we can conclude that the monomial (11.11) cannot be
contained in the left polynomial in (11.8) because the factor

Rpz -+ RPr, 3P
is not a part of R[S, (B)] and also

[RAZ[RBD - [RB]? [RPBrsa]® Rfrsz - - Rpe
J 2
11 ([xe]"+ [35]')

cannot occur in I[S;, (BW) S, (B) S¢, (BW)].

Finally, the polynomial in (11.8) contains at least the monomial (11.11),
which implies that it cannot be constantly zero in this specific case. In
order to show that the polynomial equation (11.8) is non-trivial for the re-
maining cases, we can use a similar argumentation. Therefore, we confine
ourselves to the determination of the index sets Ky,, Ky,, K,, and K, for a
suitable monomial.

For ¢; > ] > ¢, with the additional restriction that 26, < J, we consider
the monomial

[RAD [RB) - [RBe, T [RBoal” - - [RB-, ]
[(RBj-y) - [RBP [RBral - [RBr ] Iy,

(11.12)
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(iii)

where the product over the variables with exponent four can be empty.
To determine the representation of this monomial within the left polyno-
mial in (11.8), we examine the influence of the prefactor I, on a specific
monomial of this polynomial. If the squared modulus [R;]* + [Jf;]* in
I1j cancels with the real or imaginary part of a reflected zero, then only
a linear factor Rp; or Jp; arises, otherwise the squared modulus in ITy
yields a quadratic factor [R;]? or [J ;1%

Here the variable R f; appears only with multiplicity two; so both of
the corresponding quadratic factors [Rf;]% or [3]* in I1y must be can-
celed, which implies that both index sets K, and K, contain the index
one. Considering that only ¢ different variables remain, we can immedi-
ately deduce that Ky, comprises the ¢; indices from 2 to ¢; + 1. With exactly
the same argument, the index set Kgl now contains the indices between 1
and {;. Hence, the index sets K;, and IQ are completely determined, and
the remaining unassigned variables of the monomial (11.12) are given by

‘Rﬁz ce %:sz [%,B{’ZH]Z T [%ﬁ]—fz]z [‘Rﬁ]—fz“]3 T [%'BJP

Obviously, the remaining simple variables cannot arise from the pre-
factor I14. Consequently, the corresponding quadratic factors from I
have to be canceled, which implies that the indices between 2 and ¢, are
in the index set K;,. Now, the variables with exponent three can only arise
from a quadratic factor in IT and an additional variable with multiplicity
one. In other words, the K¢, have to comprise the ¢, indices from J -, +1
to J.

All in all, we uniquely determine the four index sets K¢, Kgl, K¢,, and
ng, and show that the monomial (11.12) contains the factor

Rpz - Rpe, 3f

from J[S,,(B)]. With an analogous argumentation as in (i), this factor
cannot arise from R[S, (B)], which finally implies that the polynomial
equation (11.8) is non-trivial.

In the case that ¢; > J > {5, but this time with 2{, > J, we start with the
monomial

[RBT[RBD - [RBy—, ]’ [RBj—,1a]* - - [RBe,]*
' [%ﬂt’zﬂ]s T [%ﬁ]]s [%ﬁjﬂ]z T [%ﬂt’l]z S,Bt’lﬂ-

In exactly the same manner as in (ii), we can conclude that K, comprises

(11.13)
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the indices from 2 to ¢; + 1, and kgl the indices from 1 to ¢;. Furthermore,
the index set ng contains at least the indices from 1 to J — {3, and Ky, at
least the indices from €, + 1 to J.

Since £, > J/2, both index sets K¢, and ng are not completely determined
at this moment. In order to assign the remaining variables, we observe that
K¢, cannot contain the indices of the variables with exponent five because
these variables consist of a quadratic factor from I as discussed in (ii).
Hence, K¢, and ng can only be extended to a set of £, elements by the
indices of the remaining unassigned variables in

[RBj—e1)* -+ [RPBe, 1%

Consequently, the index set Ky, consists of the indices from J — €, +1to J,
and the index set ng of the indices from 1 to ;.

In the end, the index sets K¢, Kgl, Ky,, and ng are uniquely determined,
and the monomial (11.13) arises from the factor

Rpz - Rpr, 3P

in J[S;,(B)]. With a similar argument as in (i), this factor cannot be in
R[S¢,(B)], which implies that the polynomial in (11.8) is not constantly
zZero.

Now, let us assume that ¢, < £; < J with 2{, < 2¢; < J. Here we consider
the specific monomial

[RB - [RBe, 1 [(RBraal’ -+ [RBe T [RBrsal* - - - [RBr-e]*
(8B)—es1l’ [RBr—+2]” - [RB1-6, 1 [RBj-,411° - - - [RB1°,

where the products of the real part variables with exponent four or five
can be empty.

Using the observation in (ii) that variables with exponent two can only
arise if both corresponding quadratic factors in I1, are canceled with the
inverse modulus of a reflected zero, we can immediately deduce that kgl
and ng comprise the indices from 1 to ;. Since the remaining variables
arise at least from one quadratic factor of Iy, the indices of the variables
with exponent three have to be in Ky,; so the set Ky, comprises the indices
from 1 to ¢;. Conversely, the variables with exponent five and six have to
consist of two quadratic factors from I1,. Consequently, K¢, and K;, must
contain the indices between J— ¢, +1and J. Since the index set K/, already
comprises £, elements, the indices of the variables with exponent five have
to be in Ky, ; therefore the set Ky, contains the indices from J — ¢; + 1to J.

(11.14)
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(v)

Finally, we can conclude that the monomial (11.14) arises from the factor

IBj-t,+1 RBy-t+2- - RP;

in 3[Sg, (B)]. In analogy to the observations in (iv), this factor cannot oc-
cur in R[S, (B)], which yields that the polynomial equation (11.8) is non-
trivial.

Next, we assume that £, < ¢; < J with 2¢; < J < 2¢{,. Further, we assume
that the additional restriction ¢; + £, < J is fulfilled. Here we look at the
monomial

[RB17 - [RBL ) [RBrwl’ - [RBy—, ) [RBj—ga] - - [RB I
(3Bl [RPe+2l - [RBr—6, T [RBj—t,41]° - - - [RBy1°,

where the product over the real part variables with exponent five can be
empty. With the same argumentation as in (iv), we obtain that R{Z contains
the indices from 1 to ¢, and K¢, the indices from J — £, + 1 to J. Moreover,
we know that IQ comprises the indices from 1 to J —¢;, and K, the indices
from ¢; + 1to J.

(11.15)

In order to determine the missing 2¢; — J indices in K;, and K, we
consider the remaining unassigned variabels in the reduced monomial

[RBj—e+1]* -+ - [RPBe]*

Since only 2¢; — ] variables are left, we can conclude that these indicies are
contained in both sets K¢, and K;,. Hence, all index sets Ky,, K¢,, K¢,, and
K¢, can be determined without any ambiguity.

In this specific case, the monomial (11.15) arises from the factor

RBr-t41+ - RPBe, BPev1 RPrva - RPy

in J[S;,(B)]. As before, this factor cannot arise from R[S, (B)], which
shows that the polynomial in (11.8) cannot be trivial.

Starting from ¢, < ¢ < J with 26, < J < 2{;, we investigate the case
where ¢, + {; = J. Initially, we assume that /] < N — 1 and consider the
monomial

[%ﬂl %ﬁfz %ﬁfzﬂ %ﬂfzﬁ-z ' %ﬁfl

(11.16)
: [%ﬁ£’1+1] e [‘Rﬁ]] Sﬁ]ﬂ-
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(vii)

Using a similar argumentation as in (iv), we obtain that ng contains the
indices from 1 to £, and IQ the indices up to £, + 1. In particular, we know
that [R f,+1]° arises from a quadratic factor in ITy.

Now, on the one hand, only ¢; unassigned variables remain, which im-
plies that Ky, has to comprise the indices between ¢, + 2 and J + 1. On the
other hand, K¢, contains the indices from ¢; + 1 to J because R{Z contains
only indices less than ¢; + 1, and hence the variables with exponent six
have to arise from two quadratic factors in [T, and two further variables
not reflected at the unit circle. All in all, we determine the three index
sets K,, Ky,, and Ky,. The remaining unassigned variables of the original
monomial (11.16) are given by

[RBe,2] - [RB T

Since exactly £; — £, — 1 elements of kgl are missing, the index set kgl has
to comprise the remaining indices of these unassigned variables.
Finally, the monomial (11.16) uniquely arises from the factor

Rpe,v2 RBr Prn

in 3[S¢,(B)], and the polynomial on the left-hand side of (11.8) is non-
trivial. Obviously, the whole observation cannot be done when J is equal
to N — 1 because the variable 3y is not defined. However, if ] is equal
to N — 1, then the subset A comprises the whole corresponding zero set.
Together with ¢; + £, = N —1, this is exactly the case which is not covered
by the assertion.

Like the assumptions in (v) and (vi), we assume that £, < ¢; < J with
2{, < J < 2¢4;. In difference to the previous observations, we examine the
case that {; + £, > J. Here we study the monomial

[RBI - [RBr-e,)? [BB)-41)
[RBr-g+2]’ - [RBT [RBeaalt - [RB-e, 1 (11.17)
[RBj-t41) - [RBe L’ [RBeal® - - [RB)1°,

where the products over the real part variables with exponent three or four
can be empty.

As discussed in (ii), the variables with exponent two cannot arise from
quadratic factors [R ;1% in I15. Consequently, both index sets kgl and kgz
must contain the indices from 1to J—¢;. Since only ¢; unassigned variables
are left over, these indices must be in Ky,. In other words, K;, comprises
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(viii)

the indices from J —¢; + 1 to J. Now, the monomial (11.17) is reduced to the
unassigned variables in

[8B)-6,41)° [RBj-+2]" -+ [RBe, P [RBra]l’ - [RBy=e, 1
(RB—te1) - [RBe] [RBesa]’ - - [RBT.

With the same argument as above, the index sets K;, and Ky, must con-
tain the indices from 1 to £,. Since Ky, is already completely determined,
Ky, must comprise the indices of the variables with exponent three since
this variables cannot arise from two quadratic factors of IT4. The indices
of the remaining ¢, variables now have to be in K;,, which means that
K¢, must comprise the indices from J — £, + 1 to J. At this moment IQ is
still undetermined. However, since the variables with exponent five in the
reduced monomial must arise from two quadratic factors in Iy, kgl can
only be extended by the indices of the unassigned variables with exponent
four. Therefore, we can finally deduce that the index set k[l comprises the
indices between 1 and ¢;.

Summarizing our observations, we can finally conclude that the mono-
mial (11.17) uniquely arises from the factor

IBj-t+1 RPj—t+2 -~ RPy

from 3[S, (B)]. With a similar argument as in (i), this factor cannot appear
in R[Se, (B)]; so the polynomial in (11.8) cannot vanish everywhere.

Finally, we come to the last remaining case, where £, < {; < J with 2¢; >
2{, > ]J. We investigate the monomial

[RBI - [RBr-a]’ [BB)-e41)
[RBj-g2)  [BB-6, ) [RB—a]* - - [RBg, ] (11.18)
[RBeal - [RBeT [RBral® -+ [RB1°.

Analogously to (vii), the index sets kgl and ng contain the indices up to
J — 1, which implies that the remaining ¢, indices from J —¢; +1to J must
be in K. The variables with exponent three hence contain at least one
factor being assigned to Ky,. Consequently, these variables cannot arise
from any quadratic factors in I14, and the quadratic factors have to cancel
out, which means that kgl and kgz comprise the indices from 1to J — £5.
Similarly as above, the remaining £, unassigned variables from J — £, + 1
to J must be in Ky,.
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Up to this point, we have completely determined K, and K,, and we
reduce the original monomial (11.18) to the unassigned product

[RBj—t,+1)° - [RBeT [RBr 4]’ - [RBe L’ [RPBra]t - - [RBy1%

In order to determine the last two index sets Ky, and ng, we proceed as in
(iv). In this manner, we finally obtain that both sets K;, and K;, comprise
the indices from 1 to ¢, because the variables with exponent two in the
reduced monomial cannot contain any quadratic factors from I1,. Since
ng is now determined as well, the indices of the variables with exponent
three have to be in Ky,, which implies that K;, contains the indices from 1
to 4.
Thus, the monomial (11.18) uniquely arises from the factor

Sﬁ]—t’ﬂ 9&,BJ—HZ te 9%ﬁ]

in J[S¢,(B)]. Analogously to the observations in (iv), this factor cannot
appear in R[S, (B)], which leads to the conjecture that the polynomial
equation (11.8) is non-trivial.

We finally have shown that the polynomial on the left-hand side of (11.8) is
non-trivial for all possible combinations of £;, {,, and J. Moreover, since the
considered monomials have a non-vanishing degree, the polynomial in (11.8) is
additionally non-constant, which leads us to the assertion. m|

Using Lemma 11.6, we can observe that the corresponding zero sets of discrete-
time signals which fulfil the non-uniqueness conditions in Theorem 11.4 and Co-
rollary 11.5 for a fixed ¢;, a fixed ¢, and a fixed subset A lie on an algebraic
variety. This observation implies that almost every discrete-time signal can be
uniquely recovered from its FOURIER intensity and two additional phases in the
time domain.

Theorem 11.7. Let x be a complex-valued discrete-time signal with normalized
support of length N, and let {; and €, be different integers between 1 and N — 2.
The phase retrieval problem to recover the signal x from its FOURIER intensity and
the two phases arg x[N — 1 — (1] and arg x[N — 1 — (3] is almost always uniquely
solvable whenever {; + {, # N — 1. In the special case that {; + {, = N — 1, the
reconstruction is only unique up to conjugate reflections.
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Proof. The assertion follows in an analogous way like Theorem 11.3. Again,
we consider the corresponding zero set of a discrete-time signal with normal-
ized support as a (2N — 2)-dimensional vector. Further, the corresponding zero
sets satisfying the non-uniqueness conditions in Theorem 11.4 and Corollary 11.5
for a specific ¢, a specific {5, and a specific subset A lie in the zero locus of a
non-constant algebraic polynomial by Lemma 11.2. Due to the fact that there
exist only finitely many different subsets A, the exceptional zero sets of signals
without a unique reconstruction itself form a set with zero LEBESGUE measure.
With VieTA’s formulae (Theorem 8.7) and SARD’s theorem (Theorem 10.5), the
assertion follows as in the proof of Theorem 10.6. O

Since the given phases in Theorem 11.7 arise from two inner points, The-
orem 11.7 does not cover the observations in Theorem 11.3, where we consider the
phase of an inner point and the end point. Anyway, combining the statements
of Theorem 11.7 and Theorem 11.3, and remembering that the additional phase
information of the two end points cannot reduce the set of non-trivial ambigu-
ities, we finally show that almost all signals can be recovered from their FOURIER
intensities and two arbitrarily given phases in the time domain except for two
special cases.

Corollary 11.8. Let x be a complex-valued discrete-time signal with normalized
support of length N, and let {1 and €, be different integers between 0 and N — 1.
The phase retrieval problem to recover the signal x from its FOURIER intensity and
the two phases arg x[N — 1 — ;] and arg x[N — 1 — {;] is almost always uniquely
solvable whenever €, + €, # N — 1. If {; + {, = N — 1, then the reconstruction is
only unique up to conjugate reflections, except for the special case where {; and ¢,
correspond to the two end points.

11.3. The phase of the entire signal

In analogy to our considerations in Section 10.3, we light upon the issue whether
each discrete-time signal can be recovered without any ambiguities — trivial or
non-trivial - if only the phase information of enough points in the time domain
is given. Looking back at Corollary 11.8, we can immediately justify that at least
almost every signal can be absolutely uniquely recovered from its FOURIER in-
tensity and the complete phase information argx = (argx[n])nez in the time
domain.
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Corollary 11.9. Let x be a complex-valued discrete-time signal with normalized
support of length N. The phase retrieval problem to recover the signal x from its
FOURIER intensity |X| and its phases arg x in the time domain is almost always
uniquely solvable.

Unfortunately, the complete phase information of a signal fails to enforce the
absolute uniqueness of the phase retrieval problem for every discrete-time signal.
Interpreting the recovery of a real-valued non-negative signal from its FOURIER
intensity as the phase retrieval problem to reconstruct a complex-valued signal
whose phases are constantly zero in the time domain, and remembering our
investigation of the non-trivial ambiguities in phase retrieval of non-negative
signals (Chapter II), we can easily give appropriate counter-examples.

Theorem 11.10. Forevery integer N > 2, there exists a discrete-time signal x with
normalized support of length N such that the phase retrieval problem to recover the
signal x from its FOURIER intensity |X| and its phases argx possesses at least a
further non-trivial ambiguity.

Proof. With the intent to construct a suitable counter-example, we consider a
discrete-time signal x whose corresponding zeros lie on the real axis in the left
half plane. Choosing the corresponding zeros in this manner, we ensure that the
considered signal x and all arising ambiguities are real-valued. Moreover, Prop-
osition 9.1 yields that the considered signal itself and all non-trivial ambiguities
are non-negative. In other words, the phase of all non-trivial solutions is con-
stantly zero. Hence, if the corresponding zero set contains at least two zeros not
lying on the unit circle, we find a further non-trivial solution with phase zero in
the time domain. O

Remark 11.11. In order to prove Proposition 9.13, we already constructed non-
negative signals for every support length greater then three. Nevertheless, con-
sidering the proof of Theorem 11.10, we can immediately observe that at worst
the additional phase information cannot reduce the set of non-trivial ambigu-
ities at all. For instance, this happens if the corresponding zeros are pairwise
distinct, do not occur in reflected pairs, and do not lie on the unit circle, see
Proposition 6.1. o
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12. Using additionally given points of the signal

Our considerations of the phase retrieval problem with additionally given mod-
uli or phases of the unknown signal were inspired by the work of Xu et al., who
investigate the recovery of a real-valued signal x from its FOURIER intensity | X |
and its end point x[N — 1], see [XYC87]. In order to return to this starting point,
we will now transfer this approach and briefly consider the phase retrieval prob-
lem to recover an unknown complex-valued signal from its FOURIER intensity
and one additionally given signal value in the time domain.

The trivial rotation ambiguity allows us to adjust the phase of one signal value
in the time domain. Thus, this specific phase retrieval problem is uniquely solv-
able if we can recover the unknown signal from its FOURIER intensity and the
absolute value of the given point up to rotations and vice versa. In other words, if
we consider only one additional signal value in the time domain, then we obtain
the same results as in Section 10, where the additionally known phase eliminates
the trivial rotation ambiguity. In this manner, Theorem 10.11 immediately entails
the following observation.

Corollary 12.1. Let x be a complex-valued discrete-time signal with normalized
support of length N, and let € be an arbitrary integer between 0 and N — 1. The
phase retrieval problem to recover the signal x from its FOURIER intensity | X| and
the signal value x[N—1—{]is almost always uniquely solvable whenever{ # (N-1)/2,
In the special case that { = (N-1)/2, the reconstruction is only unique up to conjugate
reflections.

As a consequence of Corollary 12.1, we can also recover almost every signal
uniquely if we know more then one signal value in the time domain exactly.
Moreover, if the complete signal x itself is given, then the solution of the phase
retrieval problem to recover the ‘unknown’ signal is obviously unique. Hence,
the question arises: how many signal values are at least needed to solve the phase
retrieval problem always uniquely?

In [NQL83b, Theorem 2], NAwAB, QUATIERI, and Lim show that the phase
retrieval problem to recover a real-valued signal x with normalized support of
length N is uniquely solvable if at least the [N/2] right end points

x[LN/2]],...,x[N —1]

are additionally given. Here | N/2] denotes the largest integer less than or equal
to N/2, and [N/2] the smallest integer greater than or equal to N/2. Following the
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original proof of NAwAB et al. for the real phase retrieval problem, we can easily
generalize this observation for complex-valued signals.

Proposition 12.2. Letx be a complex-valued discrete-time signal with normalized
support of length N. Then the signal x can be uniquely recovered from its FOURIER
intensity | x| and the [N/2] right end points

x[LN/2]], ..., x[N —1].

Proof. Looking back at Proposition 3.4, where we have shown that the squared
FOURIER intensity |x|? are equal to the autocorrelation function a, we can deter-
mine the autocorrelation signal a of the unknown signal x from the given data
by using the inverse discrete-time FOURIER transform. Since the components of
the autocorrelation signal (Definition 3.1) are defined by

aln] = ) x[k]x[k +nl.

kez

the components of the unknown signal x with normalized support usually have
to satisfy a quadratic equation system.

However, with the a priori known right end points x[|N/2]], ..., x[N —1], the
remaining components can be recovered by solving the linear equation system

x[N —1] x[0] a[N —1]
x[N-2] x[N-1] x[1] a[N - 2]

T ] - )

analogously to the real case in [NQL83b, p. 988]. Since the quadratic matrix is a
lower left triangle matrix, and x[N — 1] is non-zero because x has a normalized
support of length N, this linear equation system has a unique solution. m|

Remark 12.3. In the original proof of the real counterpart of Proposition 12.2,
Nawas et al. furthermore show that the phase retrieval problem with addition-
ally given end points is uniquely solvable if and only if at least [N/2] right end
points are given. Unfortunately, the counter-examples in [NQL83b] are merely
rotations and reflections of the original signal. As a consequence, we cannot
exclude that the phase retrieval problem is uniquely solvable up to trivial ambi-
guities from less than [N/2] end points. o)
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CHAPTER IV.

Enforcing uniqueness by interference measurements

Abstract®—We will now consider a class of discrete-time phase retrieval prob-
lems where more than one intensity measurement in the frequency domain is
given. Firstly, we will assume that the additional FOURIER intensity arises from
the interference with a known or an unknown reference signal. For the special
case that the reference is a known DIRAc signal, we will straightforwardly trans-
fer the observations of Kim and Haves [KHgob] for real-valued signals to the com-
plex setting. Generalizing our findings to arbitrary known reference signals, we
will here obtain an explicit representation of all further solutions. If the reference
signal is also unknown, Kim and Haves [KHg3] have shown that most real-valued
signals are determined by three FOURIER intensities. For complex-valued signals,
Raz, DupovicH, and NADLER [RDN13] have obtained a similar result by employ-
ing a fourth intensity. Using our characterization, we will here give a new and
complete proof for complex-valued signals and only three FOURIER intensities as
in the real setting. Finally, we will investigate interference measurements of the
unknown signal with a modulation of the signal itself. Using PRoNY’s method,
we will here adapt and extend the results in [ABFM14] and [CESV13] to show that
each discrete-time signal with finite support can always be recovered uniquely.<

%The observations in this chapter have been partly published in [BP15a].

13. Interference with a known reference signal

Up to this point, the a priori restrictions and additional information used to re-
duce the number of non-trivial ambiguities in the discrete-time phase retrieval
problem are located in the time domain. Nevertheless, in some applications like
Fourier holography, for instance, further intensity measurements besides the
FOURIER intensity of the unknown signal are available in the frequency domain.
More precisely, this additional FOURIER intensity results from the interference of
the original signal with a known or unknown reference signal.
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Using interference measurements with a suitable known reference signal, Kim
and HAYES prove that a real-valued discrete-time signal can be always recovered
except for possibly one trivial ambiguity, see [KHgob]. We generalize the ap-
proach of Kim and HayEs and exploit the additional interference measurements
to enforce uniqueness of the phase retrieval problem for complex-valued signals.

13.1. Interference with a known DIRAc signal

Firstly, we restrict ourselves to interference measurements with a known Dirac
signal C 8,,,, where C is a non-zero complex number, and n, an arbitrary integer.
In other words, we try to recover the complex-valued signal x with finite support
from its FOURIER intensity | #[x]| = |x| and the FOURIER intensity | #[x+C §,,] |
of the interference of x with CJ,,. Generalizing the observations of Kim and
Haves in [KHgob, Theorem 1] to the complex case, we can uniquely recover the
original signal except for one specific trivial ambiguity.

Theorem 13.1. Let x be a discrete-time signal with finite support. Furthermore,
let C and ny be an a priori known non-zero complex number and an a priori known
integer respectively. Then the signal x can be recovered from the FOURIER intensities

|F[x]] and |F[x+Cd,,]|

except for at most one trivial ambiguity.

Proof. In order to establish this theorem, we adapt the original proof given by
Kim and HavEes in [KHogob, p. 442 et seq.] to reconstruct a real-valued signal. For
the sake of simplicity, we let y denote the interference of x with the known Dirac
signal C 8,,. Then, the FOURIER transform of the interference y := x + C 3§, is
given by

Y(w) = X(w) + Ce M,

Further, with the polar representations x(w) = |x(w)| e for » € R and
C = |C| e, where ¢(w) and ¢ denote the phases of X and C, we can write the
squared FOURIER intensity of the interference y as

15(@)|* = |X(0) P +2|C||%(w)] cos(¢(w) + now — ¢) + |C|?

by using the law of cosines. Within this equation, the unknown phase ¢ of the
Fourier transformed signal x is directly encoded. Rearranging the terms of this
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equality, we obtain the pointwise identity

[y(w)]” - |x(w)]* - |CI?
2|C||x(w)]

cos(Pp(w) + npw — ) =

whenever | x(w) | is non-zero.

Moreover, since X is a non-vanishing trigonometric polynomial and hence has
only finite many zeros, this identity holds almost everywhere. Consequently, we
can determine the unknown phase ¢ for almost every point w in the frequency
domain by using the arc cosine. More detailed, the phase at a certain point ¢(w)
is given by the equation

(13.1)

[5() | - |x(0) [ = 1C|? \ 2k
2|C|[x(w)] ’

P(w) + npw — ¢ = arccos(

where k is a suitable integer.

Using again that X is a trigonometric polynomial, we can conclude that the
unknown phase ¢ can be written as a piecewise continuous function on its do-
main. Hence, the sign of the arc cosine and the integer k in (13.1) cannot be chosen
(completely) arbitrarily, and we find at least a small open interval where the sign
is everywhere plus or everywhere minus and k does not change. Knowing the
phase ¢ and hence the trigonometric polynomial X on an open interval, we can
uniquely extend the phase ¢ and the trigonometric polynomial x to the complete
frequency domain. As an immediate consequence, the considered phase retrieval
problem can have at most two distinct solutions.

Now, let x be the second possible solution of the considered phase retrieval
problem. This means that the discrete-time signal X has to fulfil the equations

|F[x]| = |F[x]] and |F[x+Cdy]|=|F[X¥+Cdyll

Analogously to the original signal x, let ¢ denote the phase of 7[x]. As discussed
above, we assume that the sign of the arc cosine in (13.1) for the original phase
¢(w) and the second phase ¢(w) differ on an open interval. By equation (13.1), a
comparison of the obtained representations for ¢(w) and ¢(w) yields the identity

(W) + now — Y = — (qg(a)) + now — lﬁ) + 21tk
or

$(w) = —¢(w) — 2now + 2y + 27k

for almost every w in the frequency domain, where k is again an appropriately
chosen integer.
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Bearing in mind that differences in the phase by a multiple of 27t do not change
a complex-valued function at all, we can thus deduce that the FOURIER transform
of the second possible solution X is given by

) = [F(w) | e @ -2mos2iy

As seen in the proof of Proposition 2.1 and in Example 2.2, the conjugation, mod-
ulation, and rotation in the frequency domain cause trivial ambiguities in the
time domain. More precisely, the inverse discrete-time FOURIER transform yields
the signal

% = eV x[2ny — -],

which is obviously a trivial ambiguity of x caused by rotation, time shift, and
reflection and conjugation. Hence, the considered phase retrieval problem can
have at most one further trivial solution as conjectured in the assertion. O

Remark 13.2. Looking back at Remark 3.5, we already know that the FOURIER
transform of a discrete-time signal with support length N is completely deter-
mined by 2N — 1 discrete measurements in [, 7). Consequently, if ng is con-
tained in the support of the original signal, then we only need 4N — 2 measure-
ments, 2N —1for each FOURIER intensity, in order to recover the unknown signal.
If ny is not contained in the support, then the support of the interference signal
y = x + C9,, in Theorem 13.1 is enlarged, which results in a higher number of
required measurements for the corresponding FOURIER intensity. O

Remark 13.3. Based on an approach of Kim and HayEs for real-valued signals,
we can sometimes solve the phase retrieval problem in Theorem 13.1 without
knowing the FOURIER intensity of x itself. Following and adapting the ideas in
[KHoob, p. 443] to the complex case, we assume that the unknown signal x has
a normalized support of length N, and that n is greater than 2N — 2 or less than
-N +1

As in the proof of Theorem 13.1, let y denote the interference of the original
signal x with a known Di1rac signal C §, such that

J(w) = X(w) + Cel®™,

Instead of applying the law of cosines, we simply extend the squared FOURIER
intensity and obtain

17(w0) | = |X(0) [ + Ce M X(w) + Cel®™ X(w) + |C|?
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for every o in the frequency domain. Since ny is less than —N +1 or greater than
2N — 2, the coefficients of the three trigonometric polynomials

|X(w)]* +|CI1?, Ce™“™x(w) and Ce“™ x(w)

do not superpose. The FOURIER transform X of the unknown signal x is thus
completely encoded in |7|* and can be simply determined by considering the
corresponding coefficients of the autocorrelation function of y.

Shifting both the original signal x and the known reference signal Cd,,, this
observation can be easily generalized to discrete-time signals with an arbitrary
finite support. O

13.2. Interference with a known reference signal

Let us now consider interference measurements with a known but arbitrary ref-
erence signal. In other words, we replace the DIRAcC signal in Section 13.1 by an
arbitrary discrete-time signal with finite support. Kim and HAYEs also examine
real phase retrieval problems of this kind in their work [KHgob], but with the
restriction that all occurring signals are real-valued and non-symmetric. We use
a slightly different approach and generalize our findings in Section 13.1.

Theorem 13.4. Let x and h be two discrete-time signals with finite support, where
the non-vanishing reference signal h is known beforehand. Then the signal x can
be recovered from the FOURIER intensities

|F[x]| and |F[x+ h]|

except for at most one ambiguity.

Proof. The assertion can simply be obtained by generalizing the procedure in
the proof of Theorem 13.1. We denote by y the interference of the original signal
x with the reference signal h. Since x and h are discrete-time signals with finite
support, the support of the interference y is finite too. Further, the FOURIER
transform of y is given by

§() = X() + h(w).

With the intent to investigate the squared FOURIER intensity | 7 |*, we write the
FouRIER transforms of the unknown signal x and the known reference signal

h in their polar representation X(w) = |x(w)|e¥®@ and E(co) = IE(a)) | el¥ (@)
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—

respectively, where ¢(w) and /(w) denote the phase functions of x(w) and h(w).
Analogously to the proof of Theorem 13.1, the law of cosines now yields the
identity

2

|G(@)[* = %) * +2|%(0) || h(w)| cos(d(w) - () + | h(w)

which results in the pointwise characterization of the unknown phase ¢ by

|5(@) [ - %) - |h)
2|%(w)] | h(w)]

|2

#(w) — ¥(w) = +arccos + 271tk (13.2)

—~

with an appropriate integer k whenever x(w) and h(w) are non-zero.

Because ¥ and h are trigonometric polynomials, we can use a similar argu-
mentation as in the proof of Theorem 13.1 in order to conclude that the con-
sidered phase retrieval problem can have at most two different solutions. Again,
let X denotes the second possible solution, and $(w) the corresponding phase in
the frequency domain.

Following the lines of the original proof, we assume that the sign of the arc
cosine in (13.2) for the two phase functions ¢(w) and gg(a)) differ. Then, the cor-
responding phases of both solutions are related by

9

P(w) = —¢(w) + 2¢(w) + 271k

for almost every w in the frequency domain, where k again is a suitable integer
depending on w. Therefore, the FOURIER transform of the second solution X is
given by

() = [F(w)] e VO,

Depending on the phase 1/(w) of the reference signal h in the frequency domain,
the discrete-time signal X can be a trivial or non-trivial ambiguity, which com-
pletes the proof. O

The behaviour of the occurring ambiguity in Theorem 13.4 mainly depends on
the phase i/ of the known reference signal in the frequency domain. In order to
decide whether the possible second solution determined by

() = |F(w)| e W

is trivial or non-trivial, we investigate some special cases.
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Firstly, we assume that the reference signal h possesses a linear phase. This
means that the FOURIER transform of h can be written in the form

—_

i{(a)) — |h(a)) | e—iwn0+ia

with an integer ny and a real number «, see for instance [OS89, Section 5.7.1].
As their real-valued counterpart in [OS89], complex-valued signals with linear
phase can be characterized by a simple symmetry property in the time domain.

Proposition 13.5. Let h be a discrete-time signal with finite support. The signal
h possesses a linear phase if and only if the components of h fulfil

h[n] = e%* h[2ny — n]

for every integer n for an appropriate integer ny and real number a.

Proof. We start with a discrete-time signal h with finite support and linear
phase. Hence, there exist an integer ny and a real number a such that h can
be written as

—

i;(a)) — |h(a)) | e—iwn0+ia

in the frequency domain. Bringing the linear phase factor e 7*"*i to the other
side and considering that the amplitude | #| is real-valued, we obtain the identity

—~

elono—ia i;(w) — |i;(a))| — |i;(a))| — e lonotia h(w).

Thus, the inverse discrete-time FOURIER transform implies that the components
of the signal h have to satisfy the symmetry

e % h[ny + n] = €% h[ny — n].
A rearrangement of this symmetry establishes the proposition. ]
Considering the ambiguity in Theorem 13.4, we can immediately conclude that

the ambiguity in the phase retrieval problem for a known reference signal with
linear phase have to be trivial.
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Corollary 13.6. Letx and h be two discrete-time signals with finite support, where
the non-vanishing reference signal h is known beforehand. If the signal h further-
more possesses a linear phase, then the signal x can be recovered from the FOURIER
intensities

|F[x]| and |F[x+ h]|

except for one trivial ambiguity at the most.

Proof. Since the phase i/ of the reference signal A is linear phase, it can be writ-
ten as
Y(0) = —now + a,

where ny is an integer and « a real number. Hence, the second solution x in the
proof of Theorem 13.4 is determined by

F(0) = |F(w) | e 19@)-2ion+2ia

Therefore, X arises from a rotation, time shift, and reflection and conjugation of
x similarly to the proof of Theorem 13.1, which leads us to the assertion. m|

Remark 13.7. In the real version of the considered phase retrieval problem in
Corollary 13.6, where all occurring signals are real-valued, an analogous beha-
viour can be observed as briefly mentioned by Kim and Haves in [KHogob, p. 443].
Assuming that the signal h in Proposition 13.5 possesses only real components,
the reference signals with linear phase can be divided into two different types,
namely signals with an even symmetry h[n] = h[2n, — n] and the signals with
an odd symmetry h[n] = —h[2ny — n] for a certain integer ny. O

Remark 13.8. Theoretically, the ambiguity in Theorem 13.4 is also trivial if we
assume that the reference signal h has a phase of the form

(o) = -2+

in the frequency domain, where n¢ is again an integer, and « a real number.
Although the signal h possesses a ‘linear phase’, the FOURIER transform F [h] is
not a 2m-periodic function. In other words, such a discrete-time signal h does
not exist. )

Besides the trivial ambiguity caused by a reference signal with linear phase,
the phase retrieval problem in Theorem 13.4 can also have a non-trivial ambi-
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guity. Since the second solution X in the proof of Theorem 13.4 is determined

by

;E _ |f| e—i¢+21¢,

where ¢ and ¢/ are the phase functions of the original signal x and the refer-
ence signal h in the frequency domain, we can only obtain a further non-trivial
ambiguity if the reference signal contains the phase of this ambiguity.

Corollary 13.9. Let x and h be two discrete-time signals with finite support. As-
sume that the reference signal h is known beforehand and possesses a phase of the
form

arg E((U) = —now + a + arg( 1—[ (e‘iw - '3]))

where A is a non-empty, proper subset of the corresponding zero set B of the signal
x. If A and B\ A are not invariant under reflection at the unit circle, then the phase
retrieval problem to recover x from the FOURIER intensities

|F[x]| and |F[x+ h]|

has exactly one further solution beside x, and this solution is non-trivial.

Proof. To simplify the notation in the following, we assume without loss of
generality that the original signal x has a normalized support of length N, and
that the leading component x[N —1] is a positive real number. In this manner, we
avoid the additional rotation and shift within the characterization in Theorem 5.1.
This implies that the phase ¢ of the signal x in the frequency domain is given by

N-1
arg x(w) = arg( (e_“" - ﬁ]))
1

j:

Combining the representations of the phase functions ¢ = argx and ¢ =

h, the phase —¢ + 2y corresponding to the second solution x in the proof of
Theorem 13.4 can thus be written as

arg ¥(w) = —2now + 2a + arg(l—[ (e‘i“’ — ,B]) . l_l (e_i“’ — ﬁj))

ﬁjEA ﬁJEB\A

In other words, except for an additional rotation and modulation, we replace the
phase of the original signal x in the frequency domain by the phase of the signal
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X where we reflect and conjugate the linear factors 8; — f; 8 for the zeros f; in
the subset A.

Consequently, the second solution X corresponds to the modified zero set B¢
which can be seen by using Lemma 5.3 for instance. Moreover, the modified
zero set B and the original corresponding zero set B cannot coincide since A
is not invariant under reflection at the unit circle. A similar observation holds
true for the modified zero set B“Y and the reflection of B since B \ A also is not
invariant under the reflection. In other words, the modified zero set BY cannot
coincide with the corresponding zeros of the original signal x or the reflected

A)

and conjugated signal x[—-], which implies that the two solutions x and x are
non-trivially different as claimed. m|

Example 13.10. Considering the phase function of the reference signal h in the
frequency domain in Corollary 13.9, the non-trivial ambiguity especially appears
if the reference signal h contains linear factors of the unknown signal. In order
to give an explicit instance, we revisit the phase retrieval problem in Example 1.1.
This means that we try to recover the signal

x = g (.., 0,55 — 150, -84 + 871, 34 + 82i,

204 — 1201, —16 + 161, —96,128, 0, . . )

The original signal and the corresponding FOURIER intensity are graphically
shown in Figure 13.1 on the next page.
In this specific example, the original signal x corresponds to the zero set

B=1{1+i3-2i-3-i—-4+2i4+4i2-4i}.

With the intent to construct a reference signal h such that the ambiguity in The-
orem 13.4 becomes non-trivial, we choose the last four zeros in B for the corres-
ponding zero set of h. In other words, we define the subset A by

A= 1{1+43 - 2if

and the reference signal h by

hi= 8+ 3K (8- B8).

Consequently, the signal h has the form

h=(...,0,0,20 - 101,19 - 17i, -4 — 4i,4 - 4i,16,0, ... ).
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Figure 13.1.: Discrete-time phase retrieval problem to recover the signal x
from the FOURIER intensities F#[x] and F[x + h] for a known
reference signal h with a second non-trivial solution

Obviously, the phase of the reference signal & in the frequency domain fulfils
the assumptions of Corollary 13.9 by construction; so the phase retrieval problem
to recover x from the FOURIER intensities | #[x]| and | F[x + h]| shown in Fig-
ure 13.1(a) possesses exactly one further non-trivial solution X. More precisely,
following the proof of Corollary 13.9, the second solution X corresponds to the
modified zero set BW, which results in the representation

%= (... 0,160 — 80i, —28 — 96i, 173 + 31,

95 — 441,76 + 161, —120 — 441, 40 — 8i, 0, . . )
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Considering Figure 13.1(c) and (d), we can also validate the non-trivial ambigu-
ousness between x and X visually. O

Remark 13.11. If the subset A or B\ A in Corollary 13.9 is invariant under reflec-
tion at the unit circle, then the constructed second solution in the correspond-
ing proof becomes trivial. Summarizing our observations in Corollary 13.6 and
Corollary 13.9, we can hence conclude that the phase retrieval problem in The-
orem 13.4 possesses a further solution - trivial or non-trivial - if the reference
signal h has a phase of the form

arg h(o) = —now + o + arg( ]—[ (e_iw - ,Bj)),

where A is an arbitrary subset of the corresponding zero set B of the signal x.
Conversely, if the reference signal h does not possess a phase of this form,
then the second solution X determined by

}E — |5C\| e—iarg§+21argi{ — |55| e—i¢+211//

in the proof of Theorem 13.4 cannot coincide with a solution of the discrete-
time phase retrieval problem characterized in Theorem 5.1. In other words, the
constructed signal X cannot have a finite support and is hence invalid. As a
consequence, by choosing a known reference signal without a linear phase, the
phase retrieval problem with additional interference measurements is usually
uniquely solvable for most discrete-time signals x with the exception of rare
special cases. O

Remark 13.12. The condition on the phase of the reference signal in Corol-
lary 13.9 immediately follows from the explicit representation of the second solu-
tion in the proof of Theorem 13.4 and the characterization of the solution set in
Theorem 5.1. Using a completely different approach, Kim and HAYEs obtain a
similar result for real-valued, non-symmetric signals x and h, see [KHgob]. ©

14. Interference with an unknown reference signal

After considering additional interference measurements with a known reference
signal, the next logical step is to generalize this approach to reference signals h
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that are not known beforehand and must also be recovered. We assume that the
corresponding FOURIER intensity of h is also given. This leads us to the phase
retrieval for two unknown signals x and h with finite support from the three
FOURIER intensities

|F[x]l, |F[h]l, and |F[x+h]|.

For real-valued signals, this specific phase retrieval problem is examined by
Kim and Haves in [KHg3]. Furthermore, a complex version of this problem is
considered by Raz, DupovicH, and NADLER in [RDN13], where a further inter-
ference measurement of the form

| F[x +ih]|

besides the three FOURIER intensities above is used for the reconstruction of the
unknown signals. However, we will show that this fourth FOURIER intensity is
not necessary to determine the unknown phases even for complex-valued sig-
nals x and h. More precisely, we can recover the signals x and h up to common
trivial ambiguities, which means that both signals can only be rotated, shifted,
and reflected and conjugated in exactly the same way. Here we rely on our new
representation of all ambiguities of the discrete-time phase retrieval problem in
Theorem s5.5.

Theorem 14.1. Let x and h be two discrete-time signals with finite support. If the
corresponding zero sets of the signals x and h are disjoint, then both signals x and
h can be recovered from the FOURIER intensities

|Fx]1l, |F[h]l, and |F[x+h]|
uniquely up to common trivial ambiguities.
Proof. We begin the proof with the assumption that the considered phase re-

trieval problem possesses a further different pair of solutions x and h. This means
that x and h fulfil the three equalities

|F[x]l = |F[€]l,  |F[R] = |F[A]l, and |F[y]l = |F[F]I,

where y and 7 denote the interferences x + h and X + h respectively.
Obviously, these equations remain valid if we rotate or shift x and h in the
same manner, or if we reflect and conjugate both signals. An analogous obser-
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vation holds true for ¥ and h. Therefore, using Theorem 5.5, we always find
suitable factorizations of x and h together with appropriate rotations and shifts
such that the two solutions of the considered phase retrieval problem can be

written as .
x=x1%x3 and X =% x;*x3[—] (14.1)

and further
h=hy % hy[- —k;] and h=e% . hy* hy (ko — ] (14.2)

for some real numbers oy, ar; and integers ki, k. Starting from the signals x and
h with support length N; and N,, we can moreover assume that the factors xy, x5,
hy, and h; are discrete-time signals with finite and normalized supports of length
M, Ny — My, M;, and N, — M, respectively.

In the next step, we investigate the given interference measurements | [y]|
and | [7] . Since X and h form a further pair of solutions of the considered phase
retrieval problem, the interference measurements coincide, and we obtain

|7l + 1| = |7+ B[

Together with | F[x]|? = | F[¥]|? and | F[h]|? = | F[h h] 12, the expansion of these
squared moduli can be simplified to

Fx] F[h] + F[x] F[h] = F[x] F[h] + F[x] F[h].

Incorporating the FOURIER transform of the convolution representations in (14.1)
and (14.2) leads us to

elkl..;C\l.;C\zh h +e ik xlehlhz

= el(al_aZ) elkz' -;C\l .;C\z hihy + e_l(al_aZ) —ik: -;C\l .;C\z hy hy

and finally to

eikl' 5(,'\1 i’l\l - e_i(al_aZ) e_ikz' ?1 El] I:.;C\z Ez - ei( ) —i(ki=k2) - xz I’lz = 0.
Since all four discrete-time signals xy, x, hy, and h, possess a finite support,

the corresponding FOURIER transforms are trigonometric polynomials. Con-
sequently, we can deduce that either the equality

551 El = e—i(al—az) e—i(k1+k2) : ?1 El (14.3)
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or

552 Ez - ei(al—az) e—i(kl—kz) : ?2 EZ (14.4)
holds everywhere.

Firstly, we assume that the first equality (14.3) holds true. Looking back at the
proof of Theorem 5.5, we can note that both factors x; and h; are composed of
linear factors from x and h. Hence, we find two appropriate subsets of the cor-
responding zero sets B := {f, ..., fn,—1} and I" == {y1, ..., yn,-1} of the original
signals x and & such that the factors x; and h; are determined by

M;—1
%i(w) = xaM -1 | (7 - )
=1
and :
PN My—1 .
(o) = [M; 1] [ ] (e7 - ye).
=1

Using these factorizations of x; and h; in the frequency domain, we can write
equation (14.3) as

M;—1 4 M;-1 4
alM =DM =1 [ [ (- 8) [ | (¢ -7)
j=1 £=1
M;—1 Mp—1
— e—i(oq—az) e—i(u(k1+k2) mhl[MZ _ 1] l_l (ei(u _ B]) l_l (e—i(u _ }/{’)
j=1 =1

Denoting the complex prefactor x;[M; —1] hi[M, — 1] by C, and factoring out the
conjugated zeros —f; and —¥; together with the corresponding exponential e,
we finally obtain the identity

My—1 M- My—1
C iw(My-1) =
€ 1;! ( }/f)

[T ] -77)
" ) (14-5)

_ T e-ilm—ar) gio(—ki—kp+My—1) 1_[ (__j) 1_[ (e‘i” - Ej_l)ﬁl(e_i“ - Ye)-

Using again that both sides of (14.5) are trigonometric polynomials, we can
infer that they have the same degree. Consequently, the exponents of the mod-
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ulation factors on both sides must coincide, which yields the identity
M2 = M1 - kz - kl. (146)

Moreover, if we now cancel these modulation factors, we can interpret equation
(14.5) as an algebraic polynomial equation in z := e™', where the polynomials on
both sides are completely factorized with respect to their zero sets. A comparison
of these algebraic polynomials further yields that the zero sets on both sides of
(14.5) have to coincide, which means that

{,31’ . ":BMl—l} U {?1_1, . -’?1\_41—1} = {31_1, . -’312—1} U {Yp . "YMZ—I}'

Since the corresponding zero sets B and I" are disjoint, and hence the zeros f3;
and y, are distinct for all possible indices j and ¢, the corresponding zeros of x;
and hy not lying on the unit circle must appear in reflected zero pairs of the form

(IB., ﬁj_l) and (y[, ?{;—1) .

The corresponding zeros on the unit circle are obviously invariant under re-
flection at the unit circle, which implies that they can even occur as singletons.
Summarizing these observations, we see that the corresponding zero sets of x;
and h; are invariant under reflection at the unit circle.

Remembering that both signals x; and h; have a normalized support, we can
apply Lemma 5.3 to conclude that the FOURIER transforms of x; and h; are invari-
ant under conjugation except for an additional modulation and rotation. More
precisely, Lemma 5.3 implies that the conjugated FOURIER transforms of x; and
hy can be represented by

= _ M-t M1
TR R (Y (e
=1 =1
and ’ !
= - Mz-1 M,—1 .
o =R [ () P e )
=1 (=1

Since the corresponding zeros f; and y, not lying on the unit circle occur in
reflected pairs as discussed above, the absolute values of the products over the
corresponding zeros (—,Ej) and (—y,) are equal to one. In other words, both
products are only unimodular constants and can be described by appropriate
rotations. Considering that the conjugation of the leading components x;[M; —1]
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and hi[M, — 1] can also be interpreted as an additional rotation of the FOURIER
transforms, we obtain the two identities

X = e e i) and El = e 1f2 o7i(M-1)- 7’1\1, (14.7)

where ¢, and ¢, are real constants that collect the different rotations. For the sake
of completeness, the rotations described by the constants ¢; and ¢, are given by

M1
¢ = —2arg(x[M; —1]) + arg ( l_l (—BJ)) (14.8)
j=1
and
My—1
¢ = —2arg(h[M, —1]) + arg(l_l (—?f)). (14.9)
=1

Employing the convolution representations of x and x in (14.1) and the repres-
entations of h and & in (14.2), we can now use the established identities in (14.7)
to rewrite the second solution in the frequency domain. We obtain

—

x=x% and x=el(@ 9 iM-D-2 2

and furthermore

h=e ik i’l\l Eg and Z: el(@=92) gl (Ma+ko—1) El Ez.

Obviously, the solutions x and h are only trivial ambiguities of x and h caused
by rotation, time shift, and reflection and conjugation.

It remains to prove that the rotations and shifts of the trivial ambiguities x
and h coincide. For this purpose, we investigate the leading coefficients on both
sides of (14.5). In this manner, we obtain the equality

My—1 M;—1

xi[My — 1] y[Mz = 1] l_l (—75) = xi[M; — 1] hy[M — 1] e7(®17%) l—[ (—BJ‘)'

=1 j=1

Here the products of the corresponding zeros are again unimodular as discussed
above. Next, we describe the conjugations of x;[M; — 1] and h[M, — 1] once
more through additional rotations by —2 arg(x;[M; — 1]) and -2 arg(h;[M; — 1])
respectively. Neglecting the new common prefactor x;[M;—1] hi[M;—1], bringing
the factor e'® to the left-hand side, and using the definitions of ¢; and ¢, in (14.8)

Robert BEINERT



144 IV. ENFORCING UNIQUENESS BY INTERFERENCE MEASUREMENTS

and (14.9), we can simplify the above equation to

el(f2—a2) _ Gi(di—ar)

Together with the identity (14.6), we rewrite the representation of h in the
frequency domain and can finally see that

x =@ e MDD % and h=e@ e Mg

which implies that x and h exactly arise from the reflection and conjugation of
x and h by the same rotation and time shift. Consequently, the second solution
pair is only a trivial ambiguity of the original solution pair x and h.

If we assume that the equation (14.4) holds true instead of equation (14.3), we
can use a completely similar procedure to obtain the representation

T = @) GN-M-D g 2 et Gl (N-M-D -

of the second solution % and A in the frequency domain, where ¥ is defined like
¢1 in (14.8) by using the corresponding zeros of x,. Here the second solution pair
directly arises from the original signal pair x and h by a common rotation and a
common time shift.

In summary, the solution of the considered phase retrieval problem to recover
x and h is uniquely solvable up to common trivial ambiguities in both cases (14.3)
and (14.4), which leads us to the assertion. O

Remark 14.2. The real version of Theorem 14.1 studied by Kim and HAYES in
[KHog3, Theorem 1] can be established with an analogous argumentation. In do-
ing so, some particularities in the proof of Theorem 14.1 can be avoided by using
that all corresponding zeros of a real-valued signal arise in complex conjugate
pairs, which simplifies the proof for the real case at some points.

Consequently, we can see the proof of Theorem 14.1 simply as a generalization
of the proof in [KHo93] to the complex case. Anyway, Kim and HAYES themselves
give the proof only for the special case where both the signal x and the reference
signal h do not possess reflected zero pairs or zeros on the unit circle. In this
manner, equation (14.5) implies that each of the factors x; and hy is merely a
real-valued constant, which immediately finishes the proof. O

Remark 14.3. Since the phase retrieval problem considered in Theorem 14.1 is
uniquely solvable up to common trivial ambiguities, each further solution pair
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% and h can be written in the form

e“x[-—no] and h = e h[ — ng]

X :

or

%

x:=e%x[ng—-] and h:=e%hlny,—-].

Consequently, in analogy to the phase retrieval problem considered by Kim and
Haves in [KHog3, Theorem 1] for two real-valued signals, the interference x + h
can also be recovered uniquely up to the same common trivial ambiguity. O

Remark 14.4. As mentioned above, Raz et al. consider a similar phase retrieval
problem where they wish to recover the two complex-valued signals x and h
from the FOURIER intensities

| F[x]l, [F[h]l, |Flx+h]l, and |F[x+ih]|.

This phase retrieval problem is also uniquely solvable up to common trivial am-
biguities if the corresponding zero sets of x and h are disjoint, see [RDN13, The-
orem 1].

At least theoretically, the fourth FOURIER intensity is not required to ensure
uniqueness of the phase retrieval problem up to trivial ambiguities as discussed
in Theorem 14.1. Anyway, the proof of Theorem 14.1 only shows that the con-
sidered phase retrieval problem is uniquely solvable up to trivial ambiguities, but
the proof itself is not constructive. Using the fourth FOURIER intensity together
with the complex polarization identity, Raz et al. give a constructive proof to
show that both signals x and h can be recovered analytically. O

Although it is very unlikely that the wanted signal and the unknown reference
signal possess common corresponding zeros, the question arises: what happens
when the corresponding zero sets intersect?

Proposition 14.5. Let x and h be two discrete-time signals with finite support. If
the intersection of the corresponding zero sets B and I” of the signals x and h contains
a non-empty subset A such that A and at least one of the complements B \ A and
I\ A are not invariant under reflection at the unit circle, then the phase retrieval
problem to recover x and h from the FOURIER intensities

|FIx]l,  |F[hll, and |F[x+h]|

possesses at least one further non-trivially different solution pair beside x and h.
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Proof. We start from the assumption that the intersection of the correspond-
ing zero sets B and I" contains a non-empty subset A. Consequently, using the
characterization in Theorem 5.1, we find a factorization of x and h of the form

x= Al ]’j\z and h= h1 !72,
where the common factor ¥, corresponds to the corresponding zeros in A.
Based on this specific factorization, we investigate the two discrete-time sig-

nals defined by

=)

= .;C\l ?2 and ﬁ = i{I ?2.

In other words, we reflect and conjugate the common convolution factor y, of
the original signals x and h. Obviously, the FOURIER intensities of x and x and
also the intensities of h and h coincide. Hence, the constructed signals satisfy

%

the conditions | [x]| = [#[x]| and | #[h]| = | F[h]|. Using the factorization of
x and h, we further obtain the equality

[ [+ B[ = [+ | = |5 + o] || = |7 [ + ]

b

which implies that the interference measurements also coincide. Hence, the sig-
nals % and h form a further solution pair of the considered phase retrieval prob-
lem.

It remains to show that the constructed solution pair is non-trivially different
from the first. Since A is not invariant under reflection at the unit circle, the
corresponding zero sets of X and h cannot coincide with the corresponding zero
sets B and I" of the original signals x and h. Hence, we can exclude that X and
h are merely rotations or time shifts of x and h. Since at least one of the sets
B\ Aand I' \ A also is not invariant under the reflection, it follows that at least
one of the signals x and h is not a rotation or shift of the corresponding reflected
and conjugated original signal. Hence, at least one of the constructed signals is
really a non-trivially different ambiguity, which leads us to the assertion. m|

Remark 14.6. Considering the definition of X and h in the proof of Propos-
ition 14.5, we see that the constructed signals X and h possess the corresponding
zero sets B and I'™ respectively. Hence, if the subset A is invariant under
reflection at the unit circle, then both modified zero sets B and I'Y coincide
with the respective original set B or I', which implies that both signals x and
h are merely trivial ambiguities caused by rotations and time shifts. An ana-
logous argumentation yields that the signals x and h are rotations and shifts of
the reflected and conjugated signals x[—] and h[—-] whenever B\ Aand I" \ A
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are invariant under reflection. Consequently, the non-empty intersection of the
corresponding zero sets B and I is only a necessary but no sufficient condition
to ensure the occurrence of non-trivial ambiguities as stated by Raz et al. in
[RDN13, Theorem 1]. O

Example 14.7. Let us again consider the signals x and h in Example 13.10, but
this time assuming that both signals x and h are unknown. In other words, we
try to recover the discrete-time signal

x = o ( .., 0,55 — 15i, —84 + 87i, 34 + 82i,

204 — 1201, —16 + 161, =96, 128, 0, . . )
with the corresponding zero set
B=1{1+i3-2i-3-i—4+2i4+4i2-4i}.
Further, we choose the discrete-time signal

hi=2(...,0,0,-22 - 4i,29 - 27i,17 — 59i, 6 — 42i, 24,32,0,. ..

with the corresponding zero set
[=2{1+i4+ 40, -4 - 30, -4 + 2i, —4i}

to be the ‘unknown’ reference. The two signals together with the corresponding
FOURIER intensities and interference measurements are presented in Figure 14.1
on the following page.

Due to the non-empty intersection B N I of the corresponding zero sets of x
and h, Proposition 14.5 implies the existence of a further non-trivially different
solution. Here we use the subset

A= {1+i4+4if

of the intersection for the construction of the wanted non-trivial ambiguity. Fol-
lowing the lines in the proof of Proposition 14.5, we obtain a further solution of
the considered phase retrieval problem given by the signal

%=k (--..0,230 = 110i, -1+ 68i, 69 + 67i,

- 72 —212i,-36 — 521, —-80 + 1281, —64i, 0, . . . )
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Figure 14.1.: Discrete-time phase retrieval problem to recover the signals
x and h from the FOURIER intensities # [x], F[h], and F[x +h]
with at least one further non-trivially different solution pair
% and h.
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and the reference
h=2(...,0,0,8 +44i, 9 + 7§, —49 — i, —62 + 12i, ~20 + 81, -161,0, .. .).

As the subset A and the two complements B \ A and I" \ A are not invariant
under reflection at the unit circle, the constructed solution pair X and h is non-
trivially different from the signals x and h, which can also be justified visually
by considering Figure 14.1(c) and (d).

Moreover, since the intersection B N I consists of three corresponding zeros,
each possible non-empty subset A of B N I' fulfils the requirements of Propos-
ition 14.5. Thus, we could continue this example with the construction of at least
2% = 8 non-trivially different solutions of the considered problem. O

15. Interference with a modulated version of the unknown
signal itself

Next, we examine interference measurements of a slightly different kind. Instead
of a known or unknown reference signal h, we use the unknown signal x itself as
reference and consider interference measurements between x and a modulated
version of x. For this purpose, we transfer the approaches of CANDES, ELDAR,
STROHMER, and VORONINSKI in [CESV13] and ALEXEEV, BANDEIRA, FickuUs, and
Mixon in [ABFM14] to the discrete-time phase retrieval problem.

More generally, we try to recover the discrete-time signal x with finite support
from its FOURIER intensity | x| and a set of interference measurements of the form

|5‘ [x + el® el x]

b

where the modulation and additional rotation are described by the real numbers
p and a. Since the FOURIER transform of the modulated signal is obviously given
by
g[eia eip» x] (a)) — eia Z e—i(w—,u)n x[n] — ol f(w _ ,Ll),
nezZ

we can also interpret the considered interference measurements as interferences
with certain shifts of the FOURIER transform X in the frequency domain.
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15.1. Phase reconstruction by using a polarization identity

With the intent to recover the wanted signal analytically, we firstly apply an ap-
propriate polarization identity to determine the unknown phase in the frequency
domain. This idea traces back to ALEXEEV et al., who introduce the MERCEDES-
BENZ polarization identity

2
— 1 2k
Z122 :—Ze 3
3

k=0

zZ1+e 3 zy (15.1)

for any complex numbers z; and z; in order to recover a finite-dimensional vector
from the intensity measurements of a suitably constructed frame, see [ABFM14].
Denoting by {x := "X the primitive Kth root of unity, we obtain the following
generalization.

Lemma 15.1. Let z; and z; be two arbitrary complex numbers. Then the polariz-
ation identity

=

=il

4 |Zl + {2z
0

1

2
= |

Z1zp =

~
Il

holds for every integer K > 2.

Proof. The assertion can be proven by generalizing the ideas to justify the ori-
ginal MERCEDES-BENZ polarization identity (15.1) in [ABFM14, p. 38]. We expand
the squared moduli in the sum on the right-hand side and thus obtain

| K , 1%
=D Kar it z| = 2 X G (1al v 2R [G Bz + 12 P).

k=0 k=0

With the well-known identity
K-1
k
{x=0
k=0

for K > 1, this equality can be simplified to

=
=

-1 -1

évzléﬁ[évzzk 5122]-

0

1

g 2kl al =

0

~
Il
.
Il
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Using that the real part of the product I;k Z12 can be written as

R[*F 2z = R[] R[ziz] - 3[4F] 372
together with the identities
RE=Reg and SGH = -9

we can now rearrange the right-hand side of the assertion and find

=~
w

- 1
% ek |21 + 22|2 _ % k (%[g}g] ‘R[Egz] + S[g}’é] S[Elzz]).

0 0

=
I
>~
Il

Next, we consider the real and imaginary parts separately. Substituting the
remaining roots of unity ¢ I’§ by their algebraic forms R{ I’§ +13¢ I’g, we can imme-
diately observe that the real part of the equality is given by

1 K-1 L _k 9 2 ~ K-1 12 ~ K-1 L L
R EZ§K|21+§K Zz| = E %[2122]2[%5(] +3[2122]Z%§K3§K
k=0 k=0 k=0

and similarly the imaginary part by

K-1 K-1
2 (9&[2122] REITRIETD) [sg;g]z).

k=0 k=0

K-1

J %Z§I§|Zl+§gk22|2

k=0

If we can show that the sum over the squared real or the squared imaginary parts
of all roots of unity is equal to K/2, and that the sum over the mixed terms is equal
to zero, then the assertion follows without circumstances.

Unlike the proof given by ALEXEEV et al. for the special case where K is equal
to three, we cannot evaluate these three sums explicitly. However, remembering
that the real and imaginary parts of the roots of unity ¢ I’é can be determined by
‘Rgvllg = 1/2(§ng + §I’§) and ngllé = i/z(gvlgk - §I’§), and applying the formula for the
sum of the first K terms of a geometric series, the required sums can be computed
in a simple manner. More precisely, the sum over the squared real parts is given

by K-1
Z §K2k+2+ ):
k=0

>::

%(K

0

|

a_
I
»Jklr—*
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the sum over the squared imaginary parts by

K_lng_ N 2k) _ K
2[86] =3 2 (G -2 e i) = 5
k=0 k=0
and finally the sum over the real and imaginary parts by
K-1 s
RGIgE = ) (G -5 =o.
k=0 k=0

Consequently, the real and imaginary parts of

1S 2
k -k
2 2| a+ i 2|
k=0

coincide with those of z;z,, which completes the proof. m|

Remark 15.2. Obviously, Lemma 15.1 cannot be valid if K is less than three.
More detailed, for the excluded cases, we have {; := 1and {, := —1, which im-
plies that the right-hand side of the polarization identity is always a real num-
ber. Further, for the special case that K is equal to three, Lemma 15.1 coincides
with the original MERCEDES-BENZ polarization identity introduced in [ABFM14,
Lemma 2.1]. o

The generalized polarization identity introduced in Lemma 15.1 can now be
used to reveal the relation between the values X(w) and X(w — p) hidden in the
interference measurements

|F[x+ ke x]|  (k=0,....K-1)

for some integer K and real number p. The following theorem shows that the
knowledge of this relationship is sufficient to recover each discrete-time signal
without any ambiguities.

Theorem 15.3. Let x be a discrete-time signal with finite support of length N.
Ifu # 2nplqg forallp € Z and q € {1,...,N — 1}, then the signal x can be
uniquely recovered up to rotation from its FOURIER intensity | x | and the interference
measurements

|S‘[x+§§kei“'x]| (k=0,...,K-1)

for every integer K greater than two.
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Besides the polarization identity, a further key element in the following proof
of Theorem 15.3 is the reconstruction of an arbitrary trigonometric polynomial
with unknown degree but only a few non-zero coeflicients from a small set of
known function values. Like in the more general case where one tries to re-
cover a finite exponential sum, this problem can be solved by applying PRONY’s
method, see for instance [Hil87, Section 9.4] or, for the originally introduced
method, [Progs]. More precisely, PRoNY’s method allows us to recover a finite
exponential sum in the following manner, see [Hil87].

Theorem 15.4 (PRONY). Let f be the exponential sum given by

with non-zero complex coefficients c, and complex frequencies T,,. If the values e In
differ pairwise, then the exponential sum f can be completely recovered from the

function values at the 2N equally spaced points from 0 to 2N — 1.

Remark 15.5. If all frequencies of the exponential sum in Theorem 15.4 are real-
valued, then the assumption that the values e™I» differ pairwise means simply
that the frequencies do not coincide up to a multiple of 2. O

Proof of Theorem 15.3. Equipped with the generalized polarization identity
and PRoNY’s method, we can now proceed with the proof of Theorem 15.3. For
this purpose, we rewrite the given interference measurements

|9{x+gjewx”:4§cy+§*fc—yﬂ

for k = 0,...,K —1by applying the polarization identity in Lemma 15.1. In this
manner, we obtain the identity

=

-1
= >k [f@) + G R - | = T@) R - .

>~
Il

0

Further, with the polar representation X = |X| ', where ¢ denotes the phase of
X, this identity finally becomes

>

-1
1 N L . o
X R [x(@) + GF X = )| = |%(0) | [R(0 - p)| e G@m=0D,

.
Il

0
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Dividing this equation by the known FOURIER intensity of the signal x, we can
thus determine the phase difference ¢(w — y) — p(w) whenever x(w) and x(w — )
are non-zero.

Since the considered phase retrieval problem can only be solved up to rota-
tions, we can arbitrarily choose the phase ¢(w) at one point wy in the frequency
domain without loss of generality. Starting from this point wj, we can now use
the determined phase differences in order to compute further phases of the un-
known signal inductively. With the assumption that the FOURIER transform X is
non-zero at the points wg + pk for every integer k between 0 and 2N — 1, we can
consequently determine a vector of relative phases

$(wo + pik)
fork =0,...,2N — 1 with respect to the chosen phase ¢(wy).

Moreover, we can show that there always exists an w, such that the FOURIER
transform X is non-zero at the points wq + pk for k from 0 to 2N —1. Due to the 27t-
periodicity of the FOURIER transform, we can restrict our following observations
to the interval [—m, ). Remembering that the FOURIER transform of the signal
x is a trigonometric polynomial and can hence be written in the form

N-1
x(w) = e Z cpe " (15.2)

with a suitable integer n for the prefactor and an appropriate polynomial in z =
e with complex coefficients c,, we can immediately conclude that the FOURIER
transform X possesses at most N — 1 zeros in the interval [—m, it). Since we can
choose the initial point w, completely arbitrarily, it is hence always possible to
pick an w, such that the points

(wo + pk) mod 21

do not coincide with the zeros of the FOURIER transform x. In other words, we
can always inductively construct a series of 2N relative phases.

Up to this point, we have recovered 2N values of the unknown phase ¢ and
hence of the unknown FOURIER transform X itself. Writing the recovered points
of the FOURIER transform (15.2) as

,_;

N-
a)0+;1k =

n:O

(15.3)

—iwg n+n0)] e—ik,u(n+n0)
9
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we can interpret the determined points as function values of the exponential
sum with complex coefficients c, e 71“0(**™) and real frequencies y(n + ng) at the
equally spaced points k from 0 to 2N — 1. In order to apply PRoNY’s method and
recover the exponential sum by Theorem 15.4, it remains to show that the real
frequencies p(n + ng) for n from 0 to N — 1 cannot coincide up to a multiple of
27, cf. Remark 15.5.

For this purpose, let us assume that we find two frequencies p(n; + ny) and
u(ny + ng) with ny,n, € {0,..., N — 1} which only differ by a multiple of 27t. In
other words, there exist an integer ¢ such that the considered frequencies satisfy
the equation

p(ny+ng) = p(ny +ng) + 2nl.

By an easy rearrangement, we can conclude that this only happens if and only
if the parameter y is equal to 27 ¢/(n,-n,) for some integer £. Furthermore, the
denominator can only attain non-zero integers between —N +1and N —1because
both indicies n; and n, are distinct integers between 0 and N — 1.

However, since these are exactly the excluded values for the parameter y in
the assumptions of the theorem, the frequencies p(n + ng) cannot coincide up to
a multiple of 27; so we can recover the complete exponential sum in (15.3) and
hence the complete FOURIER transform X from the constructed function values
by applying PRoNY’s method, see Theorem 15.4. Finally, we can thus recover
the original signal x up to a rotation by using the inverse discrete-time FOURIER
transform, which justifies the assertion. O

Remark 15.6. The main reason for the application of PRONY’s method in the
proof of Theorem 15.3 is the lack of information about the integer n, in the fre-
quency representation (15.2) of the sought signal x. Considering the influence of
this modulation in the time domain, we only know the support length N of the
unknown signal x but not the exact position of the support itself.

If we additionally assume that the signal x in Theorem 15.3 possesses a nor-
malized support, we can recover the FOURIER transform X directly from the con-
structed function values by solving a linear equation system instead of applying
ProNY’s method because all occurring frequencies in (15.2) are known before-
hand. Unfortunately, we cannot neglect the restriction on the parameter y in
this special case since this restrictions are needed to ensure the invertibility of
the arising VANDERMONDE matrix in the new equation system. O

Remark 15.7. Considering the assumptions of Theorem 15.3, we have to choose
the modulation parameter y in a way that y is not a rational multiple of 27t where
the denominator is an integer between 1 and N—1. If we now pick the parameter y
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as irrational multiple of 27T, which means that y is not contained in 27t Q, then we
can recover every signal from the given interference measurements independ-
ently of the actual support length N. Although the support length is needed
for the proof of Theorem 15.3, we can skip the assumption that the length N
is known beforehand since the actual support length of the signal x is explicitly
encoded in the autocorrelation function, which coincides with the given squared
FOURIER intensity |x|?, see Section 3. O

Remark 15.8. If we assume that the current support of the unknown discrete-
time signal x with support length N is contained in the set {0, ..., M — 1} with
M > N, which enable us to identify x with an M-dimensional vector, then we can
interpret the FOURIER intensity |X(wy)| for a certain point w, in the frequency
domain as intensity measurement |(x, v)| with the frame vector
. iwom\ M1
v = (e 0 )m:O .

Choosing at least M pairwise different points w, in [—, 7t) beforehand, we can
consequently apply the whole theory developed by ALEXEEV et al. to recover the
unknown vector x from the given intensity measurements | x(w,) | and the given
interference measurements

|%(@n) + 5 R(0m)|  (k=0,1,2)

for a greater number of randomly chosen index pairs (n, m), see [ABFM14]. More
generally, ALEXEEV et al. show that the unknown vector can now be recovered
with high probability from approximately 240M measurements for an arbitrary
frame, see [ABFM14, p. 41].

In contrast to the findings of ALEXEEV et al. for arbitrary frames, we exploit
that the FOURIER transform of a discrete-time signal with finite support of length
N is a trigonometric polynomial. For the special case K = 3 considered by
ALEXEEV et al, this enables us to recover the unknown signal x always from
merely 8N — 4 measurements or, more precisely, from 2N — 1 measurements for
each of the four FOURIER intensities

KO and  [F()+GFRC-p]  (k=0,12),

cf. Remark 3.5. Moreover, the procedure in the proof of Theorem 15.3 allows us to
determine the position of the current support from the given FOURIER intensities.
In other words, we can recover the unknown signal x without the assumption
that the support of x is contained in some specific set {0, ..., M —1}. O
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15.2. Reducing the number of required interference measurements

Looking back at Theorem 15.3, we observe that the actual number of interfer-
ence measurements depends on the chosen root of unity {x or, more precisely,
on the chosen integer K. Consequently, it seems that the given interference
measurements are highly redundant. This impression is confirmed by a result
in [CESV13], where CANDES et al. employ only two of the interference measure-
ments in Theorem 15.3 for the special case that K is a power of two.

In this subsection, we adapt the approach of CANDES et al. to the discrete-time
phase retrieval problem. Afterwards we generalize this observation and show
that each discrete-time signal x can be recovered from its FOURIER intensity |X|
and two further interference measurements of the form

|9” [x +el® el x] | and |9” [x + el® et x]

9

where the two rotations e/ and e!* can be chosen nearly arbitrarily. In partic-
ular, this rotations do not have to arise from the Kth roots of unity for a certain
integer K.

Theorem 15.9. Let x be a discrete-time signal with finite support of length N. If
U #2npfq forallp € Z andq € {1,...,N — 1}, then the signal x can be uniquely
recovered up to a rotation from its FOURIER intensity |x| and the two interference

measurements
|9”[x + e'* x] | and |9°[x —ie'™ x] |

Proof. This theorem can be justified with a similar argument as Theorem 15.3.
However, the main difference of the current proof is the determination of the
needed relative phases from the two given interference measurements

|5‘[x+ ei“'x” = |55() + x(- —/1)| and |5f[x — iei'”'x] | = |J?() —ix(-—p)

b

since the generalized polarization identity in Lemma 15.1 can no longer be ap-
plied. Instead, we use a completely different approach inspired by CANDEs et al.
in [CESV13, Theorem 3.1]

Expanding the squared interference measurements and writing the FOURIER
transform X in the polar form | x| e where ¢ denotes unknown phase function,
we can stepwise rearrange the given interferences measurements for a certain
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point w in the frequency domain and obtain the equalities

|X(w) + %(w — p) [

= [X(@) [ + |X(0 - )" + [F(0) X0 = p) + X(@) (0 - )]
= [X(@) [ + [¥(0 = ) " + 2R () ¥ - )
= [R(@)* +|%(0 = p) [* + 2 |F(@) | [F(w — p) | R P70

and analogously

|%(w) - iX(w - p) |

= [X(@) [* + [%(@ = p) | +1 [{(0) X(@ - 1) = %(0) F(o - )]
= [%()[* + [F(0 - p)[* - 23[%(0) X(o - )|
= [%(@) [ +|%(@ — p) | = 2|F()] [F(@ — p)| [ @@m0e)]

Bringing the squared moduli to the left-hand side, dividing both equations by the
known FOURIER intensity |X|, and combining the obtained real and imaginary
part, we can again determine the phase difference ¢(w — p) — ¢p(w) whenever
X(w) and x(w — p) are non-zero.

At this point, we turn away from the proof given by CANDEs et al. for a slightly
different phase retrieval problem and continue with our observations done in the
proof of Theorem 15.3. Like there, we always find a suitable v, such that we can
inductively construct a series of relative phases

$(wo + pk)

for k from 0 to 2N —1, where the initial phase ¢(w¢) can be chosen arbitrarily. Af-
terwards PRONY’s method allows us to recover the complete FOURIER transform
X by Theorem 15.4. The theorem can now be established by using the inverse
discrete-time FOURIER transform. m]

Remark 15.10. As mentioned before, CANDES et al. consider a slightly different
phase retrieval problem in [CESV13, Theorem 3.1]. More precisely, they deal
with the problem to recover a finite-dimensional vector from the intensities of
its discrete FOURIER transform. Using our notation, we can state this problem
as follows: recover the signal x whose support of length N is contained in the
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interval from 0 to M — 1 from the (discrete-time) FOURIER intensities
|5C\(%) R |5€(%) +5C\(2n(1\’i[—f)) , and |f(%) —if(z"(k_f)”

M
for all integers k = 0,...,M — 1 and for a certain integer £. Under the addi-
tional assumption that £ and M are co-prime, and that the given FOURIER samples
| x(2nk/M) | are non-zero, CANDES et al. show that the unknown signal x can be
uniquely recovered.

Recalling that the FOURIER intensity of a discrete-time signal with support
length N is entirely determined by 2N — 1 arbitrary samples, see Remark 3.5, we
can directly compare Theorem 15.9 for y := 27 {/m with the results of CANDESs
et al. in [CESV13, Theorem 3.1] and see that both statements are almost identical.
In the special case that N and M coincide, the main difference between both
statements is that we need twice as many measurements as CANDES et al. Any-
way, this enables us to neglect the assumption that the given samples of the
FourIER intensity have to be non-zero. Further, we can determine the unknown
position of the current support completely from the given FOURIER intensities.

Finally, the integers N and M have a slightly different meaning. With the
dimension M, we determine the interval {0, ..., M — 1} that contains the non-
zero components of the considered signal x. The current support length N of
this signal can however be much smaller than the assumed dimension M. Con-
sequently, if M is only a rough estimation, then Theorem 15.9 allows us to recover
the wanted signal from a much smaller set of measurements than [CESV13, The-
orem 3.1]. 0

Based on our observations regarding Theorem 15.9, we can now generalize
the result of CANDES et al. given in [CESV13, Theorem 3.1] even further. More
precisely, we can replace the rotations 1 = €% and —i = e™*1 occurring within
the interference measurements by two nearly arbitrary rotations e'® and e'®.

Theorem 15.11. Let x be a discrete-time signal with finite support of length N. If
U #2npfq forallp € Z andq € {1,...,N — 1}, then the signal x can be uniquely
recovered up to a rotation from its FOURIER intensity | x| and the two interference
measurements

b

|S‘ [x + el® gl x] | and |5f[x + el gl x]

where oy and o, are two real numbers satisfying oy — a; # 7wk for all integer k.
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Proof. We follow the lines of the proof of Theorem 15.9. Again, the crucial point
is the extraction of the required relative phases from the interference measure-
ments o .

|Sf[x + e'% et x] | = |55() +e%x(-— .U)|
and

|Sf[x + el%2 el x] | = |55() + el x(- - ,U)|

Replacing the FOURIER transform X by its polar representation | x| ¢!, we can
rewrite the first interference measurement for a certain point w in the frequency
domain as

|55(a)) + e X(w — p) |2

= |5C\(0))|2 +[x( — p) |2 + [e_ial x(w)x(w —p) + % x(w) X(w — ,u)]
=W@M”ﬂﬂm—mﬁ+zﬁmnﬁ@hwﬂx%wwﬂmmnm}

Replacing o by a;, we obtain a similar representation for the second interference
measurement. Consequently, if both moduli | x(w) | and | x(w—p) | of the FOURIER
transform X are non-zero, we can determine

R [l n-g@1ra)] gnd R [ello-n-dre)],

In order to extract the phase difference ¢(w — ) — #(w) from these two values,
we apply EULER’s formula and afterwards the addition theorem for cosine. In
this manner, we obtain the two equations

R [elP@m=dl)re@)] = cos(ay) cos(d(w - ) = p(w))
— sin(ay) sin(¢(o — 1) — (@)

and
%[ei@(w‘l‘)‘ﬂw)mﬂ] = cos(az) cos(p(w — p) — Pp(w))

= sin(a,) sin(p(w — p) = $(w)).

Since the values on the left-hand side are known, we can consequently determine
the sine and cosine of the wanted phase difference ¢(w — 1) — ¢(w) by solving a
simple linear equation system.

In order to investigate the solvability of this equation system, we compute the
determinant of the appearing matrix. Here, with the aid of the addition theorem
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for sine, the determinant can be written as

det( gg:g; ::;ﬁg; ) = sina; cosay — cosay sinay = sin(a; — az),
which enforces a unique solution whenever a; —a; does not coincide with a mul-
tiple of . Consequently, we can always determine the required phase difference
d(w — p) — ¢(w) for a certain w.

With the extracted phase difference, the theorem can now be justified as dis-
cussed in the proof of Theorem 15.3. Beginning with an appropriate point wy
together with an arbitrarily chosen phase ¢(wy), we can construct a vector of
relative phases ¢p(wy + pk) for k = 0,...,2N —1, which enables us to recover the
FOURIER transform X by PRONY’s method in Theorem 15.4. Finally, the inverse
discrete-time FOURIER transform leads us to the assertion. O
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CHAPTER V.

Continuous-time phase retrieval

Abstract®—Dissimilar from our previous observations, we will now extend our
investigation to the continuous-time setting. Inspired by the phase retrieval of
linear spline functions with equally spaced knots introduced in [SSD* 06, LT08],
we will firstly restrict ourselves to the recovery of structured signals. We will see
that the phase retrieval problem of structured signals has the same behavior like
the discrete-time problem, which will allow us to transfer our previous findings
to the new setting. For the phase retrieval problem of continuous-time signals
without any structure, we will state the characterization of all occurring ambi-
guities given by HOFSTETTER [Hof64]. With the help of this characterization,
we will examine the relationship between the discrete-time and continuous-time
problem. Finally, we will transfer the approach to exploit additional interference
measures to the continuous-time setting. Here, we will give a series of novel res-
ults, which show that continuous-time signals can be uniquely recovered by using
interferences with an unknown reference signal or with a modulated versions of
the unknown signal itself. <

“Some of the observations in this chapter have been published in [BP15b].

16. Recovery of structured continuous-time signals

Quite different from the chapters before, we now leave the discrete-time phase
retrieval problem and consider the continuous-time setting. As the name implies,
the continuous-time phase retrieval problem describes the problem to recover an
unknown continuous-time signal or, mathematically, a complex-valued function
under suitable assumptions from its FOURIER intensity. The main motivations,
which lead us through this chapter, are the following two questions. Firstly, how
is the discrete-time problem related to the continuous-time case, and secondly,
how far can we generalize our previous findings to the new setting?
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We begin our investigations of the continuous-time phase retrieval problem
with the consideration of a special class of signals which simultaneously com-
bines the properties and characteristics of the discrete-time and continuous-time
settings. More precisely, we examine the phase retrieval of an unknown struc-
tured signal or structured function f: R — C of the form

f(&y=> clnlo(t - n), (16.1)

nez

where ¢ is an a priori given generator function not equal to zero, and where
¢ = (c[n])nez is a complex-valued sequence with finite support.

Similarly to the discrete-time FOURIER transform in Section 1; for a continu-
ous-time signal f: R — C, we here employ the (continuous-time) FOURIER trans-

form defined by the integral

FU10) = T = [ foea

In order to ensure that the FOURIER transform F[ f] itself is a well-defined func-
tion, we assume in the following that the complex-valued signal f is an abso-
lutely integrable function in L! or a square-integrable function in L?, see for in-
stance [SW71, Chapter I]. Firstly, we consider the following special case of the
continuous-time phase retrieval problem.

Problem 16.1. The continuous-time phase retrieval problem for structured signals
is the problem of recovering a continuous-time signal f of the form (16.1) with a
generator function ¢ in L! or L? from its FOURIER intensity | F[f]|.

For a specifically chosen generator function ¢, phase retrieval problems of
this kind are introduced in [SSD* 06, LT08, LTo9]. For example, if we choose the
centred linear B-spline defined by

o(t) = {l—ltl te[-1,1],

0 else

as generator function ¢, then the structured signal f in (16.1) is nothing but a lin-
ear spline function. With the intent to determine a solution numerically, SEIFERT
et al. [SSD*06] and LANGEMANN and TascHE [LTo8] examine the corresponding
phase retrieval problem.
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Similarly to the discrete-time version, the phase retrieval problem for struc-
tured signals (Problem 16.1) cannot be solved uniquely. For example, we can eas-
ily construct further solutions by rotating or shifting an already known solution.
Moreover, if the generator function ¢ is invariant under reflection and conjug-
ation, then reflecting and conjugating a solution of Problem 16.1 also yields a
further solution. More generally, rotation, time shift by an integer, and reflec-
tion and conjugation of a given solution always results in an ambiguity of the
considered problem, which can be proven like Proposition 2.1. For this reason,
we again distinguish between trivial ambiguities (caused by rotation, shift, and
reflection and conjugation) and non-trivial ambiguities.

With the intent to characterize all occurring ambiguities in Problem 16.1, we
briefly consider the FOURIER transform of the structured signal (16.1), which is
determined by

f(o) =) > clne .

nez.

Apart from the FOURIER transformed generator function ¢, we can here observe
that the FOURIER transform is dominated by a trigonometric series, which gath-
ers the time shifts of the generator ¢. More precisely, the obtained series is noth-
ing but the discrete-time FOURIER transform of the coefficient sequence c of the
considered structured signal f. This simple observation allows us to transfer the
characterization of all ambiguities occurring in the discrete-time phase retrieval
problem to the current setting.

Theorem 16.2. Let f be a structured signal of the form (16.1) whose coefficient se-
quence c has a finite support length N, and whose generator function ¢ is contained
in L' or L. Then the FOURIER transform of each structured signal g of the same form
satisfying | F[g]| = |F[f]| can be written as

N-1 N-1
§lw) = @ 5w) | laN =11 |8 [ ] (7 - £)-
Jj=1 Jj=1

where o is a real number, ny is an integer, a is the autocorrelation signal to the
coefficients sequence c, and p; is chosen from the zero pair (y;, ?j_l) of the associated
polynomial to ||

Proof. We begin the proof with the assumption that g is a further structured
signal of the form (16.1) whose FOURIER intensity coincide with the FOURIER in-
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tensity of the given structured signal f. Consequently, we always find an appro-
priate coefficient sequence b such that g can be written as

9(t) —Zb o(t —n).

nez.

Moreover, extending the FOURIER intensities of f and g, we have the pointwise
equality

|.c?<w>|2

Z c[n] e_i”"

nezZ

Z b —1a)n

nezZ

7@ =18

for almost every w in the frequency domain.

Due to the assumption that the generator function ¢ and hence the FOurier
transform ¢ are not constantly zero, we find at least a small interval I where
¢ is non-zero almost everywhere, cf. [Coh80, Proposition 1.4.8]. Dividing the
squared FOURIER intensities by | ¢|®, we thus obtain the pointwise equality

Z —1(/)7’1 Z b —m)n

nez. neZz.

o) = [

with the discrete-time FOURIER transformed coefficient sequences ¢ and b for
almost every w in I. However, since the squared FOURIER intensities on both
sides are trigonometric polynomials, we can continuously extend this equality
to the entire interval I and afterwards to the complete frequency domain.

The coefficient sequence b, which completely determines the structured signal
g, thus has to satisfy the equation |F[c]| = |F[b]]. Interpreting the coefficient
sequences ¢ and b as discrete-time signals, we can now apply the characteriza-
tion in Theorem 5.1 to conclude that the discrete-time FOURIER transform of the
sequence b can be written in the form

b(w) = @™ ||a[N —1|1_[|/31 n(_lw 'BJ)

with a real number «, an integer ny, and corresponding zeros f; chosen from the
zero pairs (y, ?j_l) of the associated polynomial to |c]?. Moreover, a[N — 1] here
denotes the leading coefficient of the autocorrelation signal to the coefficient
sequence c. Considering the FOURIER transform ¢ of the generator function im-
mediately leads to the assertion. O
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Remark 16.3. The main idea of the proof of Theorem 16.2 is to reduce the con-
sidered continuous-time phase retrieval problem for structured signals to a dis-
crete-time phase retrieval problem. To determine the required discrete-time
FOURIER intensity of the coefficient sequence ¢, we employ the given FOURIER
intensity F[ f] over an entire interval. In other words, we make use of infinitely
many function values.

Especially for an arbitrary generator function ¢ in L?, this approach is ne-
cessary since the FOURIER transform ¢ is again a square-integrable function in
L* and hence only determined up to a set with zero LEBESGUE measure. Con-
sequently, without further appropriate restrictions, the actual value of p(w) for
a certain o in the frequency domain is not well defined and cannot be employed
directly.

Anyway, if we assume that the generator function is an absolutely integrable
function in L!, then the FOURIER transform ¢ is uniformly continuous, see for
instance [SW71, Theorem 1.1]. Thus, the FOURIER transform is uniquely defined
everywhere, and we can make use of the function values ¢(w) themselves. Since
the discrete-time FOURIER transform of the coefficient sequence c is also con-
tinuous, we can completely determine the required FOURIER intensity |c| from
only 2N — 1 samples of the known quotient |7[f11?/|#[¢]|? at appropriate points,
see Remark 3.5. O

Remark 16.4. Different from Theorem 5.1, we have characterized the ambigu-
ities of the phase retrieval problem for a structured signal by Theorem 16.2 in
the frequency domain. The reason for this approach is that the linear factors
e™% — B; are neither absolutely integrable nor square-integrable, and that the
(inverse) FOURIER transform of these factors thus is not covered by the L! or L?
theory.

Using the theory of distributions, we can nevertheless transfer the charac-
terization to the time domain. For this purpose, we denote by §, the Dirac
delta distribution, whose FOURIER transform can be interpreted as the constant
function identical to one. Consequently, the inverse FOURIER transform of the
exponential el which is nothing but a modulation of the constant function,
is a shifted version of the Dirac delta distribution. Similar to the discrete-time
setting, we denote the shifted Dirac delta distribution by d,,.

In this manner, we can thus determine the inverse FOURIER transform g in
Theorem 16.2 by applying the convolution theorem for distributions and obtain
the characterization

N-1 N-1

g=e\[laN -1 ]|B]" [ox6m = 3K (8- 580)|.  (62)

]:1 ]:1
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of all occurring ambiguities of the phase retrieval problem for structured signals
(Problem 16.1) in the time domain. O

Although the phase retrieval problem for structured signals is located in the
continuous-time setting, the ambiguousness of Problem 16.1 only depends on the
appearing ambiguities of the discrete-time phase retrieval problem to recover
the coefficient sequence. This behaviour can especially be observed within the
characterization of all possible solutions in the time domain, see Remark 16.4.
Considering equation (16.2), we can interpret an arbitrary structured signal as
convolution of the generator function ¢ with an appropriate impulse train or a
suitable discrete-time signal. Moreover, all occurring ambiguities in the recov-
ery of a structured signal can be obtained by convolving the generator function
with the solutions of the discrete-time phase retrieval problem to recover these
impulse trains.

Example 16.5. Intending to give an explicit instance of the continuous-time
phase retrieval problem for a structured signal, we try to recover a sum of shifted
Gaussian functions from its FOURIER intensity. More detailed, we here assume
that the generator function ¢ and hence the FOURIER transform ¢ are GAussian
functions of the form

o(t) = e s and @(w) = \/ﬁe_%z

respectively, see for instance [DMi2, p. 132].
For the coefficient sequence c of the resulting structured signal

f(t)y =Y el e,

nez

we again employ the discrete-time signal examined in Example 1.1. We choose
the coeflicient sequence c of the structured signal f as

¢ = = ( .., 0,55 —15i, -84 + 871,34 + 82i,

204 — 1201, —16 + 161, —96,128, 0, . . )

In this manner, we obtain the continuous-time signal f and the FOURIER intensity
| #[f]] illustrated in Figure 16.1 on the next page.

Looking back at Theorem 16.2, we can now construct all further non-trivial
solutions of the considered phase retrieval problem by reflecting some of the
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Figure 16.1.: Continuous-time phase retrieval problem for structured sig-
nals with a full solution set of 2° non-trivial ambiguities

corresponding zeros f3; in
B=1{1+i3-2i,-3-i—-4+2i4+4i2- 4

at the unit circle similarly to the discrete-time setting. The reflection of the entire
corresponding zero set again results in the reflection and conjugation of a certain
solution since our generator function is conjugate symmetric. Thus, we can find
exactly 2° = 32 further non-trivially different solutions. Graphically, these non-
trivial ambiguities are also presented in Figure 16.1. O
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17. Avoiding ambiguousness in the phase retrieval of struc-
tured signals

The close relation between the discrete-time phase retrieval problem and the
continuous-time problem for structured signals allows us to transfer most of our
findings in the previous chapters to the new setting without circumstances. For
example, the number of possible non-trivially different solutions can be deter-
mined as in Proposition 6.1. Nevertheless, some results, especially our invest-
igations of phase retrieval problems with a priori restrictions or additional data
in the time domain, cannot be adopted straightforwardly because an arbitrary
generator function in L' or L? does not allow the direct utilization of individual
function values or the hidden coefficient sequence.

To overcome these difficulties, we restrict ourselves if necessary to structured
signals (16.1) with an appropriately chosen generator function ¢. On the one
hand, we assume that the generator function ¢ is continuous everywhere, which
avoids that the generator ¢ is merely defined up to a set with zero LEBESGUE
measure and allows us to examine additional data from individual points in the
time domain. On the other hand, we assume that the generator function ¢ is
a LAGRANGE function. In other words, we assume that ¢ fulfils the LAGRANGE
condition

1 n=0,
?n) = don = {0 else
for every integer n, where 8y, denotes the KRONECKER delta, see for instance
[Buhos, p. 51 et seq.]. In this manner, we directly have access to the coeflicients
of the structured signal by

fley = clnlp(k —n) = c[k] (17.)

nez.

for every integer k.

For some statements, especially in Chapter II and Chapter III, we have iden-
tified the considered discrete-time signal with a real-valued or complex-valued
finite-dimensional vector by normalizing the support of the signal. For struc-
tured signal (16.1), we pursue a similar approach. Since a time shift of a structured
signal f by an integer, which is equivalent to a shift of the coefficient sequence
¢, always results in a further solution of the problem, we can normalize the sup-
port of the coefficient sequence c to the index set {0, ..., N — 1} without loss of
generality. Here N denotes the support length of the coeflicient sequence c. In
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other words, we assume that the unknown structured signal f can be written as

z

f(t) =) cln]o(t—n) (17.2)

S
Il
o

for an appropriate generator function ¢.

Since the time shifts of the generator function ¢ are always linearly inde-
pendent, the structured signals of the form (17.2) with normalized coefficient
sequences form a complex or real N-dimensional vector space. More detailed,
the linear independence follows by considering an arbitrary structured signal
(17.2) equal to zero and its FOURIER transform. In this manner, we obtain the two
identities

z
z

c[n]o(-=n)=0 and @ Y c[n]e™™ =o0.

n

Il
o
Il
o

n

Similarly to the proof of Theorem 16.2, we can always determine the trigono-
metric polynomial appearing in the frequency domain and hence its coefficients
c[n]. Since the trigonometric system {e™": n € Z} is an orthonormal set over
[-m, ) and therefore linearly independent, see for instance [Rud7o, p. 89], the
entire coefficient sequence has to be zero. In other words, we can never describe
the generator function ¢ by a non-trivial linear combination of finitely many
translations. Consequently, we can identify a structured signal with its unique
coeflicient sequence and hence again with an N-dimensional or 2N-dimensional
real vector according to whether the considered functions are real-valued or
complex-valued.

After these preliminary considerations, we are now ready to transfer our pre-
vious observations for the discrete-time phase retrieval problem to the recovery
of structured signals. Here we begin with the main result of Chapter II and
consider a structured signal with non-negative real generator function and real-
valued coefficient sequence.

Corollary 17.1. Let ¢ be a non-negative and symmetric real-valued generator
function in C° N L' or C® N L? fulfilling the LAGRANGE condition, and let ¢ be a real-
valued coefficient sequence with normalized support of length N with N > 3. Then
the structured signals (17.2) that can be recovered uniquely up to reflection as well
as the signals that cannot be recovered uniquely up to reflection from their FOURIER
intensities are unbounded sets containing a cone of infinite LEBESGUE measure.
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Proof. Due to the assumption that the generator function ¢ is a continuous
LAGRANGE function, the components of the coeflicient sequence c coincide with
certain function values of the wanted structured signal. More precisely, the com-
ponents are directly given by c[n] = f(n) for all integers n as discussed in (17.1).
Consequently, the structured signal f is non-negative if and only if the coefli-
cient sequence is non-negative.

Considering that the FOURIER intensity |c| of the coefficient sequence can be
computed from the given intensity | [ f]| as shown in the proof of Theorem 16.2,
we can reduce the entire problem to the phase retrieval of the unknown non-
negative sequence c¢ from its FOURIER intensity. Now, the assertion simply fol-
lows from Theorem 9.15. ]

Remark 17.2. Obviously, the reflection of a non-negative structured signal is
non-negative too. However, if the generator function ¢ is not an even function,
then this reflection cannot be written in the form (16.2), which implies that the
reflected signal is not a valid solution of the considered problem. The reflection
of the coefficient sequence c is nevertheless a solution of the underlying discrete-
time phase retrieval problem. Starting from a non-symmetric generator function
¢, we hence always find a second non-trivially different solution corresponding
to the reflected coefficient sequence. O

Remark 17.3. If the centred linear B-spline is chosen as generator function ¢,
we obtain the phase retrieval problem to recover a non-negative linear spline
function from its continuous-time FOURIER intensity. This specific phase re-
trieval problem was introduced by SEIFERT et al. in [SSD*06], who developed
a method to solve this problem numerically. O

The additional restriction that a real-valued structured signal is non-negative
can again reduce the set of occurring non-trivial ambiguities but cannot enforce
the uniqueness in general. Like for the discrete-time analogue, we can observe
that neither the uniqueness nor the ambiguousness is a rare exception. We now
return to the phase retrieval problem of complex-valued structured signals and
assume that we have additional access to at least one absolute value or two
phases in the time domain. Adapting the main results in Chapter III, we obtain
the following two corollaries.

Corollary 17.4. Let ¢ be a complex-valued generator function in C°NL! or C° N L2
fulfilling the LAGRANGE condition, let ¢ be a complex-valued coefficient sequence
with normalized support of length N, and let { be an arbitrary integer between 0
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and N — 1. Then the phase retrieval problem to recover the structured signal in
(17.2) from its FOURIER intensity | F[f]| and the absolute value | f[N — 1 — ]| is
almost always uniquely solvable up to rotations whenever { # (N-1)/2. In the special
case that £ = (N-1)/2, the reconstruction is only unique up to rotation and conjugate
reflection of the coefficient sequence c.

Proof. Since the generator function ¢ satisfies the LAGRANGE condition, we can
use (17.1) to obtain the identity

[e[N-1-£]| = |fIN-1-{]].

Determining the FOURIER intensity |c| from the given intensity |F[f]]| as dis-
cussed in the proof of Theorem 16.2, we can thus reduce the considered prob-
lem to the recovery of the coefficient sequence c from its discrete-time FOURIER
intensity |c| and the additionally given moduli |¢[N — 1 — £]|. Now, applying
Theorem 10.11 yields the assumption. O

Remark 17.5. If we have access to the moduli | f(n)| for every integer n, Co-
rollary 17.4 obviously remains valid. Choosing the centred linear B-spline as
generator function as mentioned above, we exactly obtain the phase retrieval
problem investigated by SEIFERT et al. in [SSD*06] or LANGEMANN and TASCHE
in [LTo8]. Moreover, in [LTog], LANGEMANN and TascHE adapt their developed
numerical methods to a specifically constructed LAGRANGE function. O

Corollary 17.6. Let ¢ be a complex-valued generator function in C°NL' or C° N L2
fulfilling the LAGRANGE condition, let ¢ be a complex-valued coefficient sequence
with normalized support of length N, and let £, and {, be different integers between
0 and N — 1. Then the phase retrieval problem to recover the structured signal in
(17.2) from its FOURIER intensity | ¥ f]| and the two phases arg f (N —1— ¢;) and
arg f(N —1— {,) is almost always uniquely solvable whenever {; + {, # N — 1. If
t; + €, = N — 1, then the reconstruction is only unique up to the conjugation and
reflection of the coefficient sequence c, except for the special case where {; and ¢,
correspond to the two end points 0 and N — 1.

Proof. The assertion can be justified similarly to Corollary 17.4. More precisely,
using that ¢ is a LAGRANGE function together with (17.1), we obtain the identities

argc[N—-1-6] =arg f(N-1-¢;) and argc[N—-1-{;] =arg f(N-1-¢;).
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Since we can recover the FOURIER intensity of the coefficient sequence ¢ from
the given intensity |F[f]| as shown in the proof of Theorem 16.2, a certain
instance of the considered problem can be reduced to the discrete-time phase
retrieval problem with two additional given phases in the time domain; so the
assertion can simply be established by applying the discrete-time analogue in
Corollary 11.8. O

Remark 17.7. Although Corollary 17.6 contains the special cases {1+, = N —1,
the basic statement is simply that we can recover almost every structured signal
f from its FOURIER intensity | F[f]| and the phases arg f(n) for all integers n
in the time domain. In other words, using this additional phase information, we
can recover almost all structured signals without any ambiguousness. O

Finally, we try to enforce uniqueness of the phase retrieval problem for struc-
tured signals by exploiting additional interference measurements as considered
in Chapter IV. Since the interference measurements are located in the frequency
domain, we can drop the additional conditions in the time domain. In other
words, the generator function can again be an arbitrary function not equal to
zero in L' or L%, In the following, we assume the unknown signal f and the
reference signal h are structured signals based on the same generator function.
This allows us to adapt the main results for a known or unknown reference signal
straightforwardly.

Corollary 17.8. Let f and h be two complex-valued structured signals of the form
(16.1) based on a complex-valued generator function ¢ in L' or L%, where the non-
vanishing reference h is known beforehand. Then the structured signal f can be
recovered from the FOURIER intensities

|FUf1l and  |F[f +h]|

except for one ambiguity at the most.

Proof. Due to the assumption that f and h are based on the same generator
function, we can write these signals as

ft) = Z c[n]o(t—n) and h(t) = Z b[n] o(t - n)

nez. neZz.

with appropriate coefficient sequences ¢ and b. Obviously, the interference f + h
is again a structured signal with the same generator function ¢ and the coeflicient
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sequence ¢ + b. As a direct consequence, we can extract the FOURIER intensity
| F[c]| and also | F[c + b]| from the given intensities | F[f]| and | F[f + h]|, and
the assertion immediately follows from Theorem 13.4. O

Corollary 17.9. Let f and h be two complex-valued structured signals of the form
(16.1) based on a conjugate symmetric generator function ¢ in L' or L?. If the cor-
responding zero sets of the coefficient sequences of f and h are disjoint, then both
structured signals f and h can be recovered from the FOURIER intensities

|1, |F[hll,  and |[F[f + ]|

uniquely up to common trivial ambiguities.

Proof. In the same way as in the previous proof, we can reduce the considered
phase retrieval problem to the recovery of the coefficient sequences ¢ and b of
the structured signals f and g from the discrete-time FOURIER intensities | F[c]],
| F[b]], and |F[c + b]|. Since the corresponding zeros of the sequences c and
b are disjoint by assumption, we can make use of Theorem 14.1 and obtain the
assertion. |

Remark 17.10. Similarly as before, the conjugate symmetry of the generator
function ensures that the conjugation and reflection of a structured signal and
the signal with the conjugated and reflected coefficient sequence coincide, cf. Re-
mark 17.2. If we abandon this additional assumption, the phase retrieval problem
in Corollary 17.9 can possess one further non-trivially different solution. More
precisely, this second solution can be obtained by reflecting the coefficient se-
quences of the structured function f and h of the first solution. O

Besides the interference measurements with a known or unknown reference
signal, we also consider interferences of the wanted signal with a modulated
version of itself. If we generalize this idea to the phase retrieval problem of
structured functions (16.1), we assume now that we have access to the FOURIER
intensity of the signal

f+e%e f,

where o and p are two real numbers, cf. Section 15.
Unfortunately, the additional modulation changes the structure of the signal
f such that the considered interference is no longer a structured function of the
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form (16.1) with the original generator function ¢. Moreover, if we look at the
FourIER intensity, which can be written in the form

b

| [f +el% et f ‘ (w) Z ]e7 " + §(w — p) e Z c[n] e7H@—Hn

nez nez

we cannot directly determine the required FOURIER intensity | F[c + e!* e¥* c]|
to reduce the problem to a discrete-time version. In spite of this difficulties, we
can nevertheless generalize the results about interference measurements of this
kind to the new setting by adapting the corresponding proofs appropriately.

Theorem 17.11. Let f be a complex-valued structured signal of the form (16.1)
with a generator function in L' or L?. If p + 2mp/q for every p € Z and every
q € {1,...,N — 1}, and if the generator function satisfies

() @(-—p) % 0, (17.3)

then the structured signal f can be uniquely recovered up to a rotation from its
Fourikr intensity | [ f]| and the interference measurements

| 7| f+ate™ fl| (k=o0.....k-1)

for every integer K > 2.

Proof. In analogy to the proof of the discrete-time version in Theorem 15.3, we
apply the polarization identity (Lemma 15.1) to the given interference measure-

ments o . e
|F[f+ & ]| = [FO) +&E FC=-w)
fork =0,...,K — 1. We then obtain the pointwise identity

—Zdé|f )+ Flo-p = F@) flo-p

for every w in the frequency domain. Remembering that the FOURIER transform
of the structured function f in (16.1) can be written as F[f] = F[¢] F[c], we
can rearrange the right-hand side and get

—ZgKlf )+ G flo - w| = 50) 90 - 1) Tw) 8w - p).

for almost every w in the frequency domain.
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Exploiting the additional assumption (17.3), we can now determine

() ¢ - p) (17.4)

for almost every w in a small interval. Since the FOURIER transformed signals
¢(+) and ¢(- — p) are continuous trigonometric polynomials due to the finite sup-
port of the corresponding sequences in the time domain, we can extend (17.4) to
the entire frequency domain. Following the lines of the remaining proof of The-
orem 15.3, we can use (17.4) to determine the required relative phases and apply
PronNY’s method to recover the coefficient sequence ¢ and hence the structured
signal f itself up to rotations. m|

With an analogous approach as in the discrete-time setting, we can also ensure
unique recovery of a structured signal by employing only two different interfer-
ence measurements. However, in order to determine the required relative phases
for the underlying discrete-time problem in the following proof, the generator
function of the structured signal have to be conjugate symmetric.

Theorem 17.12. Let f be a structured signal of the form (16.1) with a conjugate
symmetric generator function in L' or L?. If u # 2mp/q for every p € Z. and for
everyq € {1,...,N — 1}, and if the generator function satisfies

o) p(- —p) %0,

then the structured signal f can be uniquely recovered up to a rotation from its
Fourikr intensity | [ f]| and the two interference measurements

|5f[x + el ei“'f” and |5‘[f+eia2 ei“'f”

where oy and o, are two real numbers satisfying oy — a; # mk for all integer k.

Proof. As before, the crucial point to transfer our previous observations is the
reduction of the considered phase retrieval problem to a discrete-time version.
For this purpose, we exemplarily investigate the first interference measurements

|F[f +e e £l =|FC) +e™ f(- - )|

of the structured signal f in (16.1). Extending the squared measurements, we
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obtain the pointwise identity

@)+ flo-w| -|F@)] -|Ffw-n|

= 7% f(w) f(o - p) + € f(0) flo - p)

7(@) plo — ) [ T(0) T — 1) + €9 T(w) T — )|

for every w in the frequency domain.

Since we have assumed that the prefactor on the right-hand side is not con-
stantly zero, we can now determine the trigonometric polynomial

e T(w) Tw — ) + € Tw) T — p) = 2 R [ Fw) T — )]

for almost every w on an appropriate interval and hence for all @ in the frequency
domain. Writing the discrete-time FOURIER transform ¢ in its polar representa-
tion |¢|e!?, where ¢ denotes the phase of ¢, and dividing the equation by the
occurring moduli, we can thus extract

R[e@omm-d@rm)]  and R [ello-n-do)a)]

from the given FOURIER intensity and the interference measurements whenever
|c(w)| and |c(w — p)| are non-zero. Following the proof of Theorem 15.11, we
can now recover the unknown coeflicient sequence ¢ and hence the unknown
structured function f from these values up to a unimodular constant, which
finishes the proof. O

Remark 17.13. In some special cases, we can drop the additional assumption
that the generator function ¢ have to be conjugate symmetric. For instance, if
we consider the two interference measurements

|7U+Wf” md|3U—mwﬂ|

in analogy to the discrete-time problem in Theorem 15.9, then we can separately
determine the real and imaginary part

—~

R[FOF-m| and 3[F0)FC-p)]

with a similar computation as shown in the corresponding proof. Following
the lines that lead us to Theorem 17.11, we can now determine the unknown
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coefficient sequence c and hence the wanted structured function f without using
the conjugate symmetry of the generator function. O

18. Phase retrieval of arbitrary continuous-time signals

The considerations of structured functions in the previous two sections have
been the first step in order to investigate the continuous-time phase retrieval
problem. As we have seen, the phase retrieval problem for structured functions is
closely related to the discrete-time problem such that the appearing ambiguities
of both problems can be characterized completely analogously. Furthermore,
most of the approaches to reduce the set of ambiguities or to enforce uniqueness
can be transferred. In this section, we will show that the phase retrieval problem
for arbitrary continuous-time signals has a completely different behaviour than
the discrete variants. To be more precise, we consider the following continuous-
time version of the phase retrieval problem.

Problem 18.1. The continuous-time phase retrieval problem is the problem of re-
covering a continuous-time signal f in L? with compact support from its FOURIER
intensity | F[f]].

The ambiguousness of this variant of the phase retrieval problem has been
studied by Axutowicz [Akus6, Akus7], WALTHER [Wal63], and HOFSTETTER
[Hof64], for example. In order to deduce similar characterizations like The-
orem 5.1 and Theorem 5.5 for the continuous-time setting, we follow the exam-
inations of HOFSTETTER in [Hof64], where the possible solutions of the phase
retrieval problem are presented as an infinite product with respect to the zero
sets of the analytic continuations of there FOURIER transforms.

With the intent to determine the analytic continuation of a FOURIER trans-
formed signal, we replace the imaginary variable iw in the definition of the
continuous-time FOURIER transform by the complex variable . This means that
we consider the (two-sided) LAPLACE transform of a function f: R — C, which
is defined by

F(O) = LIFIQ) = f Ftye
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see for instance [LeP61, Section 10-2] or [CL72, Section 3.1]. The FOURIER trans-
form F[f] itself now coincides with the two-sided LAPLACE transform on the
imaginary axis. More precisely, both transforms are obviously related for a real
@ by the pointwise identity

flo) = f £(t) e dt = F(iw).

Due to the restriction that the unknown continuous-time signal f in Prob-
lem 18.1 has to have a compact support, we can apply the PALEY-WIENER theorem
to deduce that the LAPLACE transform L[ f] is an entire function or an integral
function of exponential type, see for instance [Boas4, Theorem 6.8.1]. If we in-
stead adapt the PALEY-WIENER theorem to the LAPLACE transform defined above,
then the theorem can be stated in the following version.

Theorem 18.2 (PALEY-WIENER). The function F: C — C is an entire function of
exponential type and belongs to L* on the imaginary axis if and only if the function
F is the LAPLACE transform of a square-integrable function with compact support.

In this context, a function F: C — C is called entire if the function is analytic
over the whole complex plane. If the entire function F moreover grows no faster
than an exponential, which means that F can be bounded by

|F()| < AePlél,

then the entire function F is of exponential type, see for instance [You8o, p. 53].
Consequently, together with the identity theorem for holomorphic functions, see
for instance [Rem84, Kapitel 8, §1], the theorem of PALEY-WIENER implies that
the LAPLACE transform F of a function f with compact support is the unique
analytic continuation of the FOURIER transform F[f] from the imaginary axis
to the complex plane because the restriction F(i-) of the holomorphic LApLACE
transform F to the imaginary axis coincides with the considered FOURIER trans-
form.

To recover the unknown LAPLACE transform F and therewith the signal f it-
self, we need a suitable representation of the given FOURIER intensity. Like in
the discrete-time setting, the key instruments are again the autocorrelation sig-
nal and the autocorrelation function. For the sake of consistency, we here use
a slightly different definition of the continuous-time autocorrelation than Hor-
STETTER in [Hof64].
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Definition 18.3. Let f be a continuous-time signal. The autocorrelation signal

a of the signal f is defined by

a(t) = f f(s) f(s+1t)ds.

The autocorrelation function is the LAPLACE transform A of the autocorrelation
signal a.

Assuming that the unknown continuous-time signal f has a compact support,
we can observe that this property is inherited to the corresponding autocorrela-
tion signal a, which also possesses a compact support. Since HOLDER's inequality
implies that the autocorrelation signal a can be bounded by a suitable constant
almost everywhere, we can furthermore conclude that the autocorrelation signal
a also belongs to L*. Hence, the autocorrelation function A is always well defined
and can be interpreted as the analytic continuation of the FOURIER transform a
from the imaginary axis to the complex plane. Similarly to Proposition 3.4, the
defined autocorrelation is closely related to the given FOURIER intensity.

Proposition 18.4. Let f be a continuous-time signal in L?> with compact support.
Then the autocorrelation function A is the analytic continuation of the squared
FOURIER intensity | F[f]|* from the imaginary axis to the complex plane.

Proof. Using the definition of the continuous-time autocorrelation in Defini-
tion 18.3, we can write the autocorrelation function A of the considered signal f
as

A(g”):ffmf(s+t)e'§tdsdt.

-0 —00

Since the autocorrelation function is well defined, we can now change the order
of integration. Shifting the variable of the inner integral, and separating the now
independent integrals, we can finally represent the autocorrelation function f
in terms of the LAPLACE transform F. We obtain the pointwise identity

A@) = f f f(s) f(t)e ' e deds = F(Z) F(=0). (18.1)
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If we especially consider the restriction of this identity to the imaginary axis,
we have

Aio) = F(i0) Fio) = f(0) f(@) = |f(@)

which implies that the restriction of the autocorrelation function A coincides
with the squared FOURIER intensity | F[f]|? as claimed. Because the autocor-
relation function A is furthermore a holomorphic function by the theorem of
PALEY-WIENER, the assertion follows. O

2
’

After this preliminaries, we are now ready to present the main statement of
this section: the characterization of all occurring ambiguities in the continuous-
time phase retrieval problem as stated by HOFSTETTER in [Hof64, Theorem I].

Theorem 18.5 (HOFSTETTER). Let f be a continuous-time signal in L? with com-
pact support. Then the LAPLACE transform of each continuous-time signal g in L*
with compact support and the same FOURIER intensity |F[g]| = |F[f]| can be
written in the form

G() = CLmedY ﬁ (1— %)e%
j=1

where the absolute value |C| and the imaginary part 3y of the complex constants
C and y coincide for all signals g, and where 1); is chosen for each j from the zero

pairs (&, —Ej) of the autocorrelation function A.

Astonishingly, the assertion can be easily deduced by applying the HApam-
ARD factorization theorem, see for instance [Boas4, Theorem 2.7.1] or [Tit39,
Theorem 8.24], which allows us to write an entire function of finite order as an
infinite product with respect to its zeros. For entire functions of exponential
type, we obtain the following special case, see [Hof64, p. 122].

Theorem 18.6 (HADAMARD). If F is an entire function of exponential type with
an m-fold zero at the origin, then the entire function F can be represented by

F() =cgme5Yﬁ(1—§j)e%,
j=1

with the non-zero zeros & of F and with the complex constants C and y, where the
possibly infinite product converges absolutely in the whole complex plane.
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Proof of Theorem 18.5. In order to establish the theorem, we follow the lines
in the corresponding proof given by HOFSTETTER in [Hof64, p. 122] and adapt
them to the slightly different autocorrelation in Definition 18.3. Since the con-
sidered signals f and g have a compact support by assumption, the theorem of
PALEY-WIENER yields that the LApLACE transforms F and G are entire functions
of exponential type. Moreover, HADAMARD’s factorization theorem now enables
us to represent both LAPLACE transforms by

(o)

g
F(Z) = G {™ efn ]‘[ (1 - g) e¥
]:
and
= <
G() =™ e | | (1 - %)
j=1

with respect to their non-zero zeros &; and ;.

Next, considering the second assumption |#[g]| = |F[f]|, we can conclude
that the autocorrelation functions of the continuous-time signals f and g have
to coincide since the autocorrelation function is the unique analytic continu-
ation of the squared FOURIER intensity, see Proposition 18.4. Using (18.1), we can
thus represent the common autocorrelation function A in terms of the LAPLACE
transform F or G. In this manner, we obtain the identity

A@) = F(¢) F(-2) = 6(¢) 6(-7). 182)

Due to this factorization, all zeros of the autocorrelation function A obviously
occur in pairs of the form (¢, —Ej), where £ is a zero of F. Since an analogous
observation follows from the factorization with respect to the LAPLACE transform
G, we can resort the zeros ; so thatn; = &, orp; = —EJ-. Further, we can conclude
that the multiplicities m; and m;, of the zero at the origin must be equal because
the above observation is not restricted to the non-zero zeros. Consequently, the
possibly infinite products in the factorizations of A coincide, and we can reduce
(18.2) to

|C1|2 eév(}’1_?1) = |C2 |2 eév(Yz_Yz) or |Cl|2 eZQVS[Yl] — |C2 |2 eZ{S[yZ],

which shows that the absolute values |C; | and | C; | and also the imaginary parts
Jy1 and Ty, coincide. O

Similarly to the discrete-time setting, we divide the occurring ambiguities
characterized by Theorem 18.5 in two different classes. Since the rotation, the
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time shift by a real number, and the reflection and conjugation of a solution al-
ways result in a further solution of the considered phase retrieval problem, cf.
Proposition 2.1, these ambiguities are called trivial. In Theorem 5.5, we have been
able to show that every non-trivial ambiguity of the discrete-time phase retrieval
problem can be represented by an appropriate convolution in the time domain.
For the non-trivial ambiguities of the continuous-time problem, we can at least
achieve an analogous representation in the frequency domain.

Proposition 18.7. Let f and g be two continuous-time signals in L* with com-
pact support and the same FOURIER intensity | F[f]|. Then there exist two entire
functions F; and F, of exponential type such that

F(0) = Fi({) F2(0)

and

G() = e e R (-Z) B(2),

where a and ty are suitable real numbers.

Before we can prove this statement, we need the converse of HADAMARD’s
factorization theorem, which is also known as BOREL’s theorem, see for instance
[Mar77, Theorem 10.6]. For this purpose, we define the convergence exponent of
a sequence (&;)jen of non-zero complex numbers as the infimum of the positive
real numbers « for which the series

(o)

LR

Jj=1

converges, see [Boasg, Definition 2.5.4]. If the sequence (;)jen does not pos-
sess infinitely many components, then the series becomes a finite sum, which
implies that the convergence exponent is zero. Adapting BorReL’s theorem to the
special case of entire functions of exponential type, we can state the converse of
Theorem 18.6 in the following form.

Theorem 18.8 (BoREL). Let (&j)jen be an infinite sequence of non-zero complex
numbers with convergence exponent less than or equal to one. Then the infinite
product

(o)

F(0) :Cgvmegvyl—[(l—%)e'%

j=1

represents an entire function of exponential type for every complex numbers C and
Y and every non-negative integer m.
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Remark 18.9. Obviously, the statement of BOREL’s theorem remains valid if we
replace the infinite sequence (;)jen by a finite one. In other words, we replace
the infinite product in Theorem 18.8 by

J ¢
—comely _S)e¥
F({)=C{™e ]—[(1 Srj)ef
j=1
for a non-negative integer J. O

Proof of Proposition 18.7. Applying HOFSTETTER’s characterization in The-
orem 18.5, we can represent the LAPLACE transforms F and G by

FO = emen] | (1-£)e

J

j=1
and
= I
G() =Gt | | (1 - ni) e’
j=1

with |G| = |C;], Oy = By, and n; € (&, —¢;) due to the assumption that the
FOURIER intensities | F[f]| and | #[g]| coincide. In analogy to the modified zero
sets in the discrete-time setting, we can here resort the zeros of G such that

_ _zj gj € A’
nj=
fj else

for an appropriate subset A of the corresponding zero set = := {{;: j € N} of f.
Based on this subset, we define the two possibly infinite products F; and F;, by

Fl(g):]—[(l—gj)e% and FZ(g):clgmeé’Yl]—[(1—§)e%.

J
fjeA é‘/]GE\A

Due to the fact that the convergence exponent of the zeros of an entire function
is always less than or equal to the order of the entire function, see for instance
[Boasg, Theorem 2.5.18], the zeros &; of the LAPLACE transform F can at most
have the convergence exponent one. Since the zeros of F; and F, are merely
subsets of the zeros of F, the corresponding convergence exponents thus have
to be less than or equal to one too. BOREL’s theorem now implies that F; and F,
are entire functions of exponential type.
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By the construction of the entire functions F; and F,, we obviously have the
factorization F = F; F,. In order to achieve the factorization of G, we consider
the reflection of the first factor given by

A= []0-4) 7

5j€A

Hence, the reflection F;(—) obviously possesses the zeros ; = —EJ. for all £ in A,
which implies that the zeros of the product F;(—~) F; and the LAPLACE transform
G coincide.

Finally, since the absolute values |C;| and |C,| and the imaginary parts Jy;
and Jy, have to be equal by the characterization in Theorem 18.5, the entire
functions F;(—) F, and G can only differ by a rotation e!* and a time shift e 5%,
Choosing the real numbers « and t, suitably, we obtain the wanted factorization
in the assertion. O

Remark 18.10. Although the ambiguities of the phase retrieval problem to re-
cover continuous-time signals can be represented in the frequency domain sim-
ilarly to Theorem 5.5, we unfortunately cannot retransform the found factoriza-
tion to describe the ambiguities by a convolution of two continuous-time signals
in the time domain. Here the main problem is that we cannot ensure the square
integrability of the factors F; and F, along the imaginary axis. For example, if
the subset A only contains a finite number of zeros, then the factor F; is obvi-
ously the product of a polynomial and an exponential, whose restriction to the
imaginary axis cannot belong to L,. Consequently, the entire functions F; and F,
do not have to be the LAPLACE transform of a square-integrable continuous-time
signal with compact support as stated by the theorem of PALEY-WIENER (The-
orem 18.2). Even if we use the theory of distribution, we cannot ensure that the
factors F; and F, are the LAPLACE transform of two distribution with compact
support. O

Remark 18.11. Applying PALEY-WIENER’s theorem, we can interpret Propos-
ition 18.7 in a slightly different way: if the restrictions of the entire functions F
and G of exponential type to the imaginary axis coincide and belong to L?, we
can always find two entire functions F; and F, to factorize F and G in the manner
of Proposition 18.7. This observation can now be generalized to entire function
of arbitrary order, where the additional assumption of the square-integrable re-
striction can be revoked, see [Mari4, Lemma 1]. O
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19. The relation between the discrete-time and continuous-
time problem

Comparing the characterization of the arising ambiguities in the discrete-time
and continuous-time phase retrieval, we observe that both problems have a quite
different behaviour. The discrite-time phase retrieval problem possesses only a
finite number of non-trivial solutions, whereas the continuous-time counterpart
usually has infinitely many. In this section, we now study the issue: how are the
discrete-time and continuous-time versions of one and the same phase retrieval
problem related?

For this purpose, we revert to the phase retrieval problem of structured func-
tions. Looking back at Theorem 16.2, we notice that the solutions can be rep-
resented similarly to the characterization in Theorem 5.1 for the discrete-time
setting. The main reason for this behaviour is that the phase retrieval prob-
lem to recover a certain structured function can be completely reduced to the
discrete-time phase retrieval problem to recover the coefficient sequence.

Nevertheless, a structured function is a continuous-time signal, and if the gen-
erator function is contained in L? and possesses a compact support, then the res-
ulting structured functions are square-integrable functions with compact sup-
port too. Consequently, the ambiguities of the continuous-time phase retrieval
problem to recover such a structured function can be characterized additionally
by Theorem 18.5.

All in all, the phase retrieval problem to recover a structured function unifies
the characteristics of the discrete-time and continuous-time setting. To compare
the characterization of all possible solutions in Theorem 5.1 and Theorem 18.5, we
firstly determine the zero set of the LAPLACE transform of a structured function.

Proposition 19.1. Let f be a structured function of the form (16.1) whose generator
function ¢ is contained in L* and possesses a compact support. Then the zeros of
the LAPLACE transform F are given by the union

{nj:jeN}U {-In|g;| —iarg f; +2mit: j=1,....N-1,L € Z},

wheren; denotes the zeros of the LAPLACE transform @ of ¢ and p; the corresponding
zeros of the coefficients sequence ¢ with support length N.

Proof. Using the properties of the LAPLACE transform, we can represent the
structured function (16.1) in the frequency domain by

F@) = L] Y elnlp( = m)]|©) = #(@) Y clnl e

nez nez
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where the sum on the right-hand side is the discrete-time LAPLACE transform
of the discrete-time signal c. In complete analogy to the FOURIER transform of
a discrete-time signal with finite support, we can now write the corresponding
LAPLACE transform of ¢ as an algebraic polynomial in e™¢. More precisely, assum-
ing that the support of the coefficient sequence c is given by {ny, ..., ng+ N —1},
we renumber the coefficients by c[k + ny] — c[k]. In this manner, the LAPLACE
transform F becomes

z

Nl
F()=e™ma() > cln]e™" = e ™) c[N e = B),

n

Il
o

J:1

where we have factorized the occurring polynomial with respect to its zeros f;.

Consequently, the LAPLACE transform F is zero if and only if the LAPLACE
transform @ of the generator function is zero or the exponential e¢ coincides
with at least one of the corresponding zeros f;. Since the values { that fulfil the
second condition are given by

—In|B;j| —iarg B + 2mil (19.1)

for every integer ¢, the assertion follows. O

If we consider the relation between the corresponding zeros f; of the coeffi-
cient sequence and the zeros of the LAPLACE transform ¢; in (19.1), we can ob-
serve that each zero f; corresponds to an infinite set of zeros ¢; lying on the line
—In| ;| +iR. Since the non-trivial ambiguities in the phase retrieval of a struc-
tured function f can be constructed by reflecting the corresponding zeros f; of
the coefficient sequence on the unit circle, we investigate the influence of such
a reflection to the zeros of the LAPLACE transform F.

Proposition 19.2. The reflection of a corresponding zero f; of a structured func-
tion f results in the reflection of the related zeros (19.1) of the LAPLACE transform F
on the imaginary axis.

Proof. As discussed in the proof of Proposition 19.1, each corresponding zero
p; is related to the zeros (19.1) of the LAPLACE transform F. If we now replace
the zero f; by its reflection at the unit circle, then the values ¢ that satisfy the
equation

-1
et = /3]-
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are obviously given by
—ln|Bj_1| - iargﬁj_1 + 2mil = ln|ﬁj| —iarg f; + 2mil

for every integer £. In other words, we reflect all related zeros (19.1) at the ima-
ginary axis as claimed. O

In summery, the phase retrieval problem for structured functions interrelates
the discrete-time and continuous-time versions of the phase retrieval problem.
As seen in Proposition 19.1, each zero f; of the underlying discrete-time coeffi-
cient sequence is related to infinitely many corresponding zeros ¢; of the gc_t}lal
continuous-time signal on the line —In|f;| + iR, while the reflected zero f§; is
related to the parallel line In|8;| + iRR.

Theoretically, the reflection of an arbitrary set of corresponding zeros ¢; at
the imaginary axis now yields a further solution of the continuous-time phase
retrieval problem, see Theorem 18.5. However, this solution usually violates the
assumed structure in (16.1). In order to preserve the structure of the function,
we have to reflect all zeros &; related to a subset of the corresponding zeros f;
at the imaginary axis, see Proposition 19.2. Thus, the additional structure of the
function in (16.1), or the additional structure of a discrete-time signal, always
reduces the usually infinite set of non-trivial ambiguities in the continuous-time
setting to a finite set.

Although the phase retrieval problem for structured function can be inter-
preted as a special case of the continuous-time problem for generator functions
in L? with compact support, the original definition of a structured function in
(16.1) is not restricted to those generators. In this manner, the assumed structure
of the unknown continuous-time signal allows us to characterize the ambigu-
ities appearing in the continuous-time phase retrieval problem also for signals
without a finite support, which is not covered by the characterization in The-
orem 18.5.

20. Ensuring uniqueness in the continuous-time phase re-
trieval

Differently from the discrete-time phase retrieval problem and the phase re-
trieval problem for structured functions, the continuous-time version to recover
a certain signal usually possesses infinitely many non-trivial ambiguities. Hence,
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we are once more faced with the question: how can we ensure the unique recov-
ery of the unknown signal, or how can we at least reduce the occurring ambigu-
ities to a sufficiently small set.

Unfortunately, the lack of an explicit representation of the appearing ambi-
guities in the time domain in analogy to Theorem 5.1 or Theorem 5.5 prevents
a direct generalization of our findings in Chapter II and III, where we have in-
vestigated the additional non-negativity of the wanted signal and further given
moduli or phases of the signal values in the time domain. With a completely dif-
ferent approach and suitable assumptions, KLiBANOV, SAcKs, and TIKHONRAVOV
show that additional information about the unknown signal in the time domain
can still be exploited to achieve the uniqueness of the continuous-time problem,
see [KSTog5]; so a continuous-time signal f: (0, c0) — C is uniquely determined
by its FOURIER intensity | 7[f]| and the initial segment f/ ) for any £ > 0.

In order to overcome the difficulties in the time domain, we restrict our en-
deavours to achieve the desired uniqueness of the continuous-time phase re-
trieval problem to the generalization of our findings in Chapter IV. In other
words, we try to enforce the uniqueness of Problem 18.1 by employing different
kinds of interference measurements. Once more, we start our investigations by
considering the interference of the unknown signal with a known reference.

Similarly to the discrete-time version in Theorem 13.4, KLIBANOV et al. show
that the additional interference measurement with a known reference can nearly
ensure the unique recovery of a distribution with compact support, see [KST9s5,
Proposition 6.5]. Adapting the proposition of KLiBaNOV et al. to the phase re-
trieval problem of continuous-time signals in L* with compact support, we have
the following statement.

Proposition 20.1 (KLiBANOV et al.). Let f and h be two continuous-time signals
in L? with finite support, where the non-vanishing reference signal is known before-
hand. Then the signal f can be recovered from the FOURIER intensities

|FUfIl and |F[f +h]|
except for at most one ambiguity.
Proof. Adapting our findings in Section 13.2, we here give a proof that differs

from the argumentation given by KLiBaNOV et al. Writing the FOURIER trans-
forms of the signals f and h in their polar representations

FIf1=17[f1le¥ and F[h]=|F[h]|e",
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where ¢ and ¢ denote the corresponding phase functions, we can again deter-
mine the phase difference ¢ — ¢/ for every w in the frequency domain by

|FLf + h(0) I - 1F[fl(e) * - | F[h](a)
2|7 [fU )| 1F[h](w)]

#(w) — ¥ (w) = +arccos ( ) + 21tk

(20.1)
with an appropriate integer k whenever [ f](w) and & [h](w) are non-zero.
Due to the fact that the FOURIER transforms of f and h are no longer trigono-
metric polynomials, we here need different arguments to conclude that at most
two distinct phase differences can occur. As restriction of an entire function, the
FouriER transforms F[f] and F[h] are continuous, which implies that we can
find a small interval where the sign of the phase difference ¢—1/ in (20.1) is every-
where plus or minus. Further, since ¢ — 1/ is obviously the phase function of the
product F[ f]F[h], which is the restriction of the entire function F(-) H(—") to
the imaginary axis, we can extend ¢ — i/ uniquely from the interval to the com-
plete frequency domain. Consequently, there exist at most two distinct phase
differences ¢ — ¢.
Following the proof of Theorem 13.4, the FOURIER transform of the possible
second solution of the considered phase retrieval problem has to be of the form

FIf1=|F[f]|e 9+, (20.2)

which completes the proof. O

Remark 20.2. The main benefit of the proof of Proposition 20.1 given above is
that we obtain an explicit representation of the second possible solution. Consid-
ering the FOURIER transform (20.2), we can have doubts whether the correspond-
ing continuous-time signal is a really signal with compact support and hence a
valid solution of the problem.

Indeed, the FOURIER transform (20.2) does not have to be the restriction of an
entire function or even a continuous function at all because the phase ¢ of the
continuous function F[h] itself can possesses discontinuities. Here the theorem
of PALEY-WIENER implies that the second solution f does not have a compact
support and is thus an invalid solution of the considered continuous-time phase
retrieval problem. O

Next, we replace the known reference signal h within the interference f +h by
an unknown reference. Based on the proof of Theorem 14.1, we can now show
that the continuous-time signal f together with the unknown reference h are
uniquely determined by the FOURIER intensities of f, h, and f + h up to com-
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mon trivial ambiguities. This means that we can recover f and h up to common
rotations or time shifts or up to the reflection and conjugation of both signals.

Theorem 20.3. Let f and h be two continuous-time signals in L* with compact
support. If the non-zero zeros of the LAPLACE transformed signal F and H form
disjoint sets, then both signals f and h can be recovered from the FOURIER intensities

\FUf1N, 1F[h]l,  and, |F[f +h]|

uniquely up to common trivial ambiguities.

Proof. Let f and h be a further solution pair of the considered problem with

%

\FIFN =171, |1F[h]l = |F[R]l, and |F[f+h]l=|F[f +A]l.

Applying Proposition 18.7, we can represent the two solution pairs in the fre-
quency domain by an appropriate factorization of the LAPLACE transform F and
H of the original signals. In this manner, we obtain the factorizations

FQ) =R FQ) and F() =e“ e F(-{) B(Y)

and further

H() = Hi(§) Ho(0) and  H(() = e et Hy(-{) Hy({)

for some real numbers a3, a», t;, t, and entire functions Fi, F,, H;, H,.

In the next step, we consider the analytic continuation of the squared inter-
ference measurement or the corresponding autocorrelation function, see Prop-
osition 18.4. With the representation in (18.1), we can now write the given inter-
ference measurement as

(F(&) +1(0)) (P(=2) + H(-2)) = (F(¢) + H()) (F(-2) + 71(-2)

or in the simplified form

F(¢)H(=¢) + F(=0) H(¢) = F(¢) H(-C) + F(-2) H(¢).

Incorporating the found factorizations of F and H, we obtain

A(8) 2(¢) (=) He(~C) + F(~0) (=) 0 (¢) Ha(¢)
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= ) HR(-) Ry (1) 1 ¢) Ha(-T)
et 00, 0) () (D) )

and thus

o= ) R - LT )
: [eial eI F, (g) H, (—Z) — el etk F, (—?) H, (g)] =0.

(20.3)

Remembering that Fy, F,, Hy, and H, are entire functions, we observe that both
factors in (20.3) are entire functions too, and that at least one of both factors thus
has to be constantly zero. In order to investigate the two different cases more
precisely, we look back at the explicit construction of the entire functions F; and
F, in the proof of Proposition 18.7. Using a similar procedure for H; and H,, and
denoting the sets of all non-zero zeros of F and H by =; and =, respectively, we
can represent the four functions by

() = ]_[( —%)e%’ and Fz(g):clg’meé’hﬂ( _g)ef%

J

§j€A1 §j€51 \A;
and further
< g
BO =[] (1-£)e" and Bm@)=Crmen[](1-£)en
€A nj€E2\A2

where A; and A, are appropriate subsets of =; and =.
In the following, we firstly assume that the second factor of (20.3) is zero,
which directly implies that the equation

- . - £ £
(=1)™ C; Cp 0 {2 et (hntT) 1_[ (1 - ?é:) el 1_[ ( —~ —in,) e

&iez\A nj€52\ Az ( )
20.4
Z
(1M oz pmytmy =L (t247,-y2) _ ¢ E _ L) e
= ()™ T Gl 1 ]_[(1 —E,) ]_[( U}_)e;
&iez\A nj€=2\A2

holds for every { in the complex plane. Since the possibly infinite products above
are again entire functions by construction or by BoreL’s theorem (Theorem 18.8),
the zeros on both sides of the equality have to coincide. However, due to the as-
sumption that the zeros &; and 7; of the LAPLACE transforms F and H are pairwise
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distinct, the zero sets =1 \ A; and =5 \ Ay of F, and H, have to be invariant under
reflection at the imaginary axis.

Based on this observation, we can immediately conclude that the entire func-
tions F, and H, are invariant under reflection and conjugation up to an additional
rotation and modulation. More precisely, we obtain the identities

7 (-7) <
Fz(—Z) = ()™ C M e 1_[ (1 -4 ) et

&ieE\N B
— (_1)m1 e—ziargcl e—zgvﬁ%[yl] Fz(év)
and similarly

HZ(_Z) — (_1)m2 e—ZiargC2 e—2§%[y2] Hz(év)

Incorporating these identities in the representation of F and H, we can describe
the second solution pair in the frequency domain by

F(g) = (-1)™ ella+2argCr) —{(n-2R[n]) F(_Z)

and

H() = (_1)m2 el(@+2argCy) e—év(tz—Z%[Yz]) H(—?)

Hence, the continuous-time signals f and h are merely rotations and shifts of
the original signals f and h.

It remains to prove that the occurring rotations and shifts coincide. For this
purpose, we revisit equation (20.4). Considering that the zeros and hence the
possibly infinite products on both sides are equal, we can reduce (20.4) to

(_1)m2 G 52 eial e‘(@r)’ﬁ?g) — (_1)’"1 El C, eiaz e—((t2+?1—y2)
or, by rearranging and combining the individual factors, to
(_1)m1 elai+2arg Gy e—((tl—Z‘R[)/l]) — (_1)mz eltz+2arg Cy e—((tz—Z‘R[yz])’
which verifies our conjecture that the second solution pair f and h coincides
with first solution pair f and h up to common trivial ambiguities.

For the second case, where the first factor of (20.3) is constantly zero, an ana-
logous and slightly simpler argumentation yields the representations

F({) =e®e " F({) and H({) =e™e " H(Q),
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where the occurring rotations and time shifts again coincide. In other words,
since we have el® e ¢!l = el® e7¢%  the signals f and h of the second solution
pair are trivial ambiguities of the original signals f and h caused be the same
rotation and shift. O

The last approach to achieve the uniqueness of the continuous-time phase re-
trieval problem considered in this section is again the idea of using interference
measurements of the unknown signal with a modulated version of the signal
itself. Generalizing the main results of Section 15, we will establish two differ-
ent theorems, which show that each continuous-time signal in L, with compact
support can be uniquely recovered from an appropriate set of interference meas-
urements.

Theorem 20.4. Let f be a continuous-time signal in L?> with compact support.
Then the signal f can be uniquely recovered up to a rotation from its FOURIER in-
tensity | [ f]| and the interference measurements

|7 [f+&Fe f]| (k=o0,... . K-LpeM)

for every integer K greater than two and every open neighbourhood M around zero.

Proof. Due to the assumption that the unknown signal f is a square-integrable
function with compact support, the theorem of PALEY-WIENER (Theorem 18.2)
implies that the FOURIER transform F[ f] is the restriction of an entire function
and thus has to be continuous. Consequently, if the signal f does not vanish
everywhere, we can find a point o, together with an open neighbourhood where
the FOURIER transform F[ f] is non-zero.

Similarly to the discrete-time version in Theorem 15.3, the key element of the
proof is now to exploit the additional interference measurements

|7 [f+aFe™ f]|=FO) +&EFC -]

by using the polarization identity in Lemma 15.1. In this manner, we obtain the
pointwise identity

>

-1

G | Flwo) + & Flan — w[ = Flewo) Flao -

0

1
K

~
Il
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for every p in the open set M. Writing the FOURIER transform F[f] in its polar
representation | F[f]|e!?, where ¢ denotes the corresponding phase function,
we can now extract the relative phases ¢(wo — 1) — ¢(wp) from
1 & -~ -~ 2 =~ ~
= 2 5[ Fl@) + 5 Floo = | = | flan) || flwn - py|elermmdten,
k=0

—_

Like the discrete-time counterpart, the considered phase retrieval problem in
the assertion can merely be solved up to rotations. This enables us to define the
phase ¢(wy) of the specific point wy in the frequency domain arbitrarily. Begin-
ning from this initial phase, we can further determine the complete phase func-
tion ¢ and hence the FOURIER transform F[ f] in a small open interval around wy
by using the extracted relative phases. Since the unknown FOURIER transform
F[f] is the restriction of an entire function as discussed above, the unknown
function F[f] can be uniquely extended from the small interval to the complete
frequency domain. Using the inverse FOURIER transform, we finally obtain the
desired signal f. O

Theorem 20.5. Let [ be a continuous-time signal in L* with compact support.
Then the signal f can be uniquely recovered up to a rotation from its FOURIER in-
tensity | #[ ]| and the interference measurements

|5[f+ei“1ei”'f]| and |9°[f+ei“2ei“'f]| (u € M)

where oy and a; are two real numbers satisfying oy — ay # mk for all integers k,
and where M is an open neighbourhood around zero.

Proof. Again, the crucial point to verify the assertion is the extraction of the
relative phase from the given FOURIER intensities

|7 [f + e f]| = |FC) +e™ f- - )|
and

|7 [f+e® e f]| = |F() + = F(- = p)

for every u of an open neighbourhood around zero. Letting ¢ be the phase func-
tion of the unknown FOouURIER transform F[f], and following the lines in the
proof of the discrete-time counterpart (Theorem 15.11), we can determine the
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values
%[ei((ﬁ(w_ﬂ)_(]ﬁ(w)*'al)] and Q&[ei(eb(w—ﬂ)—sb(w)wz)]

and further the relative phase ¢(w—p)—¢(w) whenever F[ f ](w) and F[ f](w—p)
are non-zero by solving the linear equation system.

Based on the extracted relative phases ¢(w — 1) — ¢(w), we now can recover
the unknown FOURIER transform F[ f] of the non-vanishing signal f on a small
interval around a suitable point wy in the frequency domain as discussed in the
previous proof of Theorem 20.4. Since the FOURIER transform of f is the restric-
tion of an entire function, we can uniquely extend F[ f] from the interval to the
entire frequency domain. Finally, applying the inverse FOURIER transform, we
obtain the original signal f up to a rotation, which completes the proof. m|

Remark 20.6. Looking back to the discrete-time counterparts in Theorem 15.9
and Theorem 15.11, we can enforce uniqueness of the phase retrieval problem by
employing the interferences with one specific modulation e x of the unknown
discrete-time signal x. The key element of the corresponding proof is that we
can reconstruct the unknown trigonometric polynomial #[x] from finitely many
samples at suitable equally spaced points in the frequency domain.

In the continuous-time setting, where the trigonometric polynomial F[x] is
replaced by the restriction # [ f] of an entire function, it is no longer possible to
recover the unknown function 5[ f] completely from finitely or even countably
many equally spaced samples. To overcome this difficulty, we determine F[f]
in a small interval in the frequency domain, which allows the reconstruction of
the complete function, by increasing the number of the employed modulations.
In fact, Theorem 20.4 and Theorem 20.5 require the interference measurements
with the modulations e x for all y in an open neighbourhood around zero. In
other words, we consider the interferences between the unknown signal and
infinitely many modulations. O
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CHAPTER VI

Phase retrieval from FRESNEL magnitudes

Abstract—Up to this point, we have assumed that the intensity in the frequency
domain arises from the FOurier transformed signal. Now, we will replace the
FourieR transform by the FRESNEL transform. In other words, we would like
to recover a discrete-time or continuous-time signal from its FRESNEL intensity.
Using the close relation between the FRESNEL and the FOURIER phase retrieval
problem, we will here characterize all occurring ambiguities in analogy to the
FOURIER setting. Moreover, we will be able to directly transfer most of the ap-
proches to reduce the solution set and to enforce uniqueness of the problem. Next,
we will establish a convolution theorem for the FRESNEL transform by adapting
the results of ZAYED [Zay98] for the fractional FOURIER transform. Based on this
convolution theorem, we will finally define a structured function such that the
continuous-time FRESNEL phase retrieval problem can be reduced to a completely
discrete problem. <

21. The FRESNEL transform

In the previous chapters, we have investigated several types of the phase re-
trieval problem and sought for suitable a priori conditions and additional in-
formation about the unknown signal to ensure a unique recovery. Until now we
have thereby always assumed that the given magnitudes in the frequency do-
main arise from the discrete-time or continuous-time FOURIER transform. Phys-
ically, one can interpret these magnitudes as intensity measurements of a wave
on a plane in the far field, see for instance [Goo96, Section 4.3]. In the follow-
ing sections, we will now consider the question: what happens if we replace the
intensity measurements in the far field by intensity measurements on a plane in
the near field? Can we transfer our previous findings to the new phase retrieval
problem?
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Mathematically, the change from the far field to the near field means that
we replace the FOURIER transform model in the phase retrieval problem by the
FrRESNEL transform model, see for example [Goog6, Section 4.2]. Like the FOUur-
IER transform, the FRESNEL transform of a continuous-time signal can be defined
in various ways. In order to define the FRESNEL transform in analogy to the em-
ployed continuous-time FOURIER transform, we here use an adapted version of
the definition given by Gort1 in [Gor81, p. 294].

Definition 21.1. Let f be a complex-valued continuous-time signal. For the real
parameter 7, the (continuous-time) FRESNEL transform of the signal f is defined

by
&[f1(0) = Fi(w) = f 1) e’ ar.

Remark 21.2. If we expand the exponent of el"@=D" in the definition of the
FRESNEL transform, then the defining integral can be written as

(gr[f] (a)) — ff(t) eirw2 e—Zith eirl‘2 dt.

Consequently, we can also define the FRESNEL transform directly by using the
continuous-time FOURIER transform. In this manner, the (continuous-time) FREs-
NEL transform can be alternatively defined by

& fl(w) = elre’ Sf[eif'z f] (2rw). (21.1)

As a first consequence, the FRESNEL transform is obviously well defined for ab-
solutely integrable and square-integrable functions. O

Remark 21.3. As mentioned before, the FRESNEL transform in Definition 21.1 is
closely related to the intensity measurements of a wave on a plane in the near
field. If the intensity is instead considered on a sphere, then the corresponding
measurements in the near field can mathematically be described by the so-called
fractional FOURIER transform, see [PFg4]. This specific integral transform can
also be defined by using the usual FOURIER transform. More precisely, for o ¢
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nZ, the fractional FOURIER transform of a continuous-time signal f is given by

7, [f] (0) = ¢, e—inwz cota o [e—in-zcotaf] (si;;)a)’

where ¢, = |sin a|™"2 /?(@="/2) Further, for an integer k, the fractional FOURIER
transform is defined by

Foknlf]l = f and 5((2k+1)n[f] = f(-),

see for instance [Jamauy4, Section 3.3.1].

If we compare the FRESNEL transform in (21.1) with the fractional FOURIER
transform, then we observe that, for 7 := —m cot o # 0, the different definitions
coincide except for a scaling in the argument of the defining FOURIER transform
and the prefactor. In the following, we will restrict our observations to the FREs-
NEL transform. However, due to the close relation between both transforms, we
can immediately transfer all results to the fractional FOURIER transform. O

Similarly to the original FRESNEL transform defined by Gorr in [Gor81], we
can invert the FRESNEL transform &; in Definition 21.1 by applying the FRESNEL
transform &_; with the negated paramater —7. Considering the prefactor in the
next statement, we can deduce that, for 7 # 0, the inverse FRESNEL transform is
given by 7' = |2tl/2n &__.

Proposition 21.4. Let f be a continuous-time signal in L? and t be a real number
unequal to zero. Then the FRESNEL transform &.[f] can be inverted by

f=2e [&[f]]

Proof. The assertion can easily be verified by using the definition of the FRESNEL
transform in (21.1). We obtain

el = Bl e [ [ o] (2o,

Further, with the well-known identities

Flg(2r)] = |2_1r| g“[g](g) and F7[f]= ﬁ FI1(=)
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for an arbitrary function g in L?, this equation can be simplified to

2

L2l g [6.[f1) = e 7 [7[e7 f]] = £

Due to the fact that e’ f is again a square-integrable function, the FOURIER
inversion theorem yields the assertion. m|

Looking back to the previous chapters, most of the time we have considered
different variants of the discrete-time phase retrieval in Problem 1.2. If we want
to exploit the corresponding findings for the phase retrieval from FRESNEL mag-
nitudes, we have to define an appropriate discrete-time version of the FREs-
NEL transform in Definition 21.1. Analogously to the approach in [LP12, Sec-
tion 3.2.1], where the FRESNEL transform is numerically computed by applying
the fast FOURIER transform, we define the discrete-time FRESNEL transform of a
discrete-time signal x by

& [x](w) = elre* Qf[ei"zx] (2Tw). (21.2)

Using the definition of the discrete-time FOURIER transform, we can thus de-
termine the discrete-time FRESNEL transform of the signal x by

(gr [x] (a)) — eirwz Z (eirn2 x[n]) e—ZiTa)n — Z x[n] eiT(a)—n)Z.

nez nez

Consequently, the discrete-time FRESNEL transform can simply be deduced from
the continuous-time definition by discretizing the occurring integral.

Unfortunately, we cannot invert the FRESNEL transform &, [x] of the discrete-
time signal x simply by applying the transform &_; because &,[x] is no longer a
discrete-time signal. Reverting the operations in the definition in (21.2), we can
nevertheless recover the original discrete-time x from the FRESNEL transform
& [x].

Proposition 21.5. Let x be a discrete-time signal with finite support and T be a
real number unequal to zero. Then the discrete-time FRESNEL transform &, can be
inverted by

T
|27 |

6 ]l = % X, (w) e 7@ 4y
TT
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Proof. In order to deduce the inversion formular, we rescale and rearrange the
FOURIER representation (21.2) to
02 oy
e o x,(%) = G[e” x] (w).

Applying the inverse discrete-time FOURIER transform, we can recover the com-
ponents of the signal x by

T

1 . 2 _e? .
x[n] = —e™™" e ' x(2) e do.
27T T\2r

-7

With the substitution & := ©/2r, the integral can now be rewritten to

T T
l27 |

27 . P 2T ~ L on it .
x[n] _ |2 | e—lrnz f e—lrwz xT(a)) eerwn do = | | f xT(a)) e ir(0-n)? do,
JT

n
127 |27 |

yielding the claimed representation of the inverse discrete-time FRESNEL trans-
form. ]

22. Ambiguities of the FRESNEL phase retrieval problem

With the definitions of the continuous-time and discrete-time FRESNEL transform
in Section 21, we are now ready to investigate the phase retrieval problem from
FRESNEL magnitudes. Different from our procedure above, we start with the
continuous-time formulation.

Problem 22.1. The continuous-time FRESNEL phase retrieval problem is the prob-
lem of recovering a continuous-time signal f in L? with compact support from
its FRESNEL intensity |&.[ ]| for a fixed real number 7 unequal to zero.

To characterize the solutions of this phase retrieval problem, we exploit the
close relation between the FRESNEL and FOURIER transform. Using the definition
in (21.1), we can hence represent the given FRESNEL intensity by

|6:f)(@)] = |7 [ ] 2ro)| (221)
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Except for the additional dilation by 27, the given FRESNEL intensity is thus the
FOURIER intensity of the modulated signal el f. Consequently, we can reduce
the considered FRESNEL phase retrieval problem completely to the continuous-
time phase retrieval problem from FOURIER magnitudes, which gives us full ac-
cess to our findings in Section 18 and Section 2o0.

Although the phase retrieval problems from FRESNEL and FOURIER magnitudes
nearly coincide, the additional modulation by el marginally changes the beha-
viour of the given intensity with respect to a time shift or the conjugation and
reflection of the original signal. More precisely, the FRESNEL transform of a shif-
ted and a reflected and conjugated signal is given by

E:Lf (- —t)](@) = & [flw—to) and & [f(—)](w) = E[f](-0). (22.2)

Here both identities can be verified by a simple substitution.

Hence, the time shift or the reflection and conjugation of a signal f causes a
shift or conjugation and reflection of the corresponding FRESNEL transform. The
reflection and conjugation additionally negates the parameter 7. Consequently,
the trivial ambiguities of the FOURIER phase retrieval problem caused by shifts or
reflection and conjugation are no valid solutions of the FRESNEL phase retrieval
problem. Considering the shift and the reflection and conjugation together with
appropriate modulations, we can nevertheless construct very simple ambiguities
of Problem 22.1.

Proposition 22.2. Let f be a continuous-time signal in L* with compact support
and FRESNEL intensity |8, [f]]. Then

(i) the rotated signal e f for real a
(ii) the shifted and modulated signal e™27" f (- — t,) for real t,
(iii) the reflected, conjugated, and modulated signal e 2t f(-)

have the same FRESNEL intensity |E.[f]].
Proof. Using the FOURIER representation of the FRESNEL transform in (21.1), we

can justify the assertion by transferring the lines in the proof of Proposition 2.1
to the continuous-time setting.

(i) The FrResNEL transform of the rotated signal is obviously given by

8| f](@) = € &[f1(w).
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Since the prefactor e'* is a unimodular constant, the FRESNEL intensity of
the rotated signal coincides with |&.[f]].

(if) Using the representation of the FRESNEL transform in (21.1) and completing
the square in the exponent of the inner modulations, we can write the
FRESNEL transform of the shifted and modulated signal as

&[0 £ = 1) | (@) = €7 F [ e £(. — 15)] (27 0)

= ™ ™ F [T (- — 1) ] (270).

Since a shift in the time domain corresponds to a modulation in the fre-
quency domain, we finally obtain

&, [C_Zirto-f(' _ to)] (a)) eirtg e—2irwt0 eirwz g[eir.zf] (21_0))

— e Tty e—21‘z’wt08 [f](C())

Consequently, the FRESNEL transform of the shifted and modulated signal
coincides with &,[ f] except for a rotation and modulation, which leads us
to the assertion.

(iii) To determine the FRESNEL transform of the reflected, conjugated, and mod-
ulated signal, we exploit the representation in (21.1). In this manner, we
obtain

& ()] (@) = " F e F(=)] (2ro)
= i’ Sf[eif(")z f(—)] (2rw).
Exploiting that the reflection and conjugation of a signal in the time do-

main results in the conjugation of the FOURIER transformed signal now

yields

6. [e—zir-z ﬁ] () = e’ gf[eif'z f] (2rw) = 47 & [f](w).

Taking the absolute value, we observe that the FRESNEL intensities of both
signals coincide as conjectured. O

Remark 22.3. All three ambiguities in Proposition 22.2 arise from the trivial
2

ambiguities of the underlying phase retrieval problem to recover ' f from its

FouRriEer intensity. Especially, the modulations for the shifted and the reflected
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and conjugated signal compensate the shift or the reflection and conjugation
of the additional modulation e”. In analogy to the FOURIER phase retrieval
problem, we call the three ambiguities in Proposition 22.2 caused by rotations,
shifts, and reflection and conjugation together with the appropriate modulations
trivial. The remaining ambiguities are non-trivial. O

Remark 22.4. Quite different from the phase retrieval problem from Fourier
magnitudes, all three trivial ambiguities of the FRESNEL phase retrieval problem
can be easily avoided by assuming that the unknown signal is real-valued and
non-negative. The main reason for this behaviour is that the ambiguities caused
by time shifts or by reflection and conjugation only occur with an additional
modulation, which prevents that the arising ambiguity is again real-valued and
hence a valid solution of the restricted problem. O

Due to the close relation between the FRESNEL and FOURIER phase retrieval
problem, we can characterize all possible solutions of the continuous-time phase
retrieval problem from FRESNEL magnitudes (Problem 22.1) similarly to The-
orem 18.5.

Theorem 22.5. Let f be a continuous-time signal in L* with compact support.
Then each continuous-time signal g in L* with compact support and the same FRES-
NEL intensity |8;[g]| = |&:[f]| for a certain t is characterized via the LAPLACE
transform by

I[eif'zg] Q)y=czm elY ﬁ (1 — ’%) e’fij
j=1

where the absolute value |C| and the imaginary part 3y of the complex constants
C andy coincide for all signals, and where ; is chosen from the zero pairs (§;, —¢;)
of the autocorrelation function A of the signal eiT'zf.

Proof. As seen in (22.1), the continuous-time signal g is a solution of Prob-
lem 22.1 if the FOURIER intensity |5 [eif'2 g]| coincide with |F [eif'2 f1l. In other
words, the function ei™” g is a solution of the underlying FOURIER phase retrieval
problem, which leads us to the assertion by applying Theorem 18.5. O

Remark 22.6. The fundamental idea behind Theorem 22.5 is to solve the con-
. . . . ir.2

tinuous-time phase retrieval groblem to recover the unknown signal e f from
its FOURIER intensity |F[e'" f]|. Afterwards, we can determine all solutions
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of original FRESNEL phase retrieval problem by multiplying each solution of the
underlying FOURIER phase retrieval problem with e™7".

Based on this approach, we can now adapt our findings in Section 20 to en-
sure the uniqueness by employing additional interference measurements to the
phase retrieval problem from FRESNEL magnitudes. Especially, Proposition 20.1
and Theorem 20.3 for known and unknown reference signals can be transferred
without circumstances. Further, since the FRESNEL transform of the interference
between the unknown signal f and the modulated version e e f can be writ-
ten as

61 + e eb p]| = |F[emf + el et e ] 2|
= |5"[eir'2f] (27) + €* Sf[eif'zf] 2t - —y)|

by using the FOURIER representation in (21.1), we can also employ Theorem 20.4
and Theorem 20.5 to enforce the uniqueness of the continuous-time FRESNEL
phase retrieval problem. O

In the remaining part of this section, we consider the discrete-time version
of Problem 22.1. In other words, we want to recover an unknown discrete-time
signal from the magnitude of its FRESNEL transform. Analogously to the proced-
ure in Chapter I, we here restrict ourselves to the reconstruction of discrete-time
signals with finite support.

Problem 22.7. The discrete-time FRESNEL phase retrieval problem is the problem
to recover a discrete-time signal x with finite support from its FRESNEL intensity
|&;[x]]| for a certain real number 7 # 0.

Like for the continuous-time problem, we can exploit the close relationship
between the FRESNEL and FOURIER transform in (21.2). In this manner, we can
reduce the discrete-time FRESNEL phase retrieval problem by

& [x](@)| = |7 [ x] (270)| (223)

to the reconstruction of the discrete-time signal el™ x from its FOURIER intensity.
As discussed in Proposition 22.2, we can transfer the concept of trivial and non-
trivial ambiguities by considering the additional modulation el appropriately.
Moreover, each occurring ambiguity — trivial or non-trivial — can be explicitly
characterized in the time domain similarly to Theorem 5.1.
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Theorem 22.8. Let x be a discrete-time signal with finite support and support
length N. Each discrete-time signal y satisfying |&;[y]| = |&;[x]| can be written
in the form

o N1 N-1
y=e%e" |a[N—1]|1_[|.Bj| ' [5710 g * (51_:8]'50)]’
j=1

Jj=1

where « is a real number, n is an integer, a is the autocorrelation signal to ei™’x and
R 0 . ir.2
P; is chosen from the zero pairs (y;, ¥ ; ') of the associated polynomial to| F [ x]|%.

Proof. The characterization in the assertion can be immediately deduced from
the underlying FOURIER phase retrieval problem. More precisely, equation (22.3)
implies that y is a solution of the considered problem if and only if eiT'zy is a
solution of the phase retrieval problem to recover ei™’ x from its FOURIER intens-
ity. The other way around, we obtain all solutions of the discrete-time FRESNEL
problem by multiplying the solutions of the underlying FOURIER problem in The-
orem 5.1 with the exponential e™i™*, which yields the claimed representation. O

Remark 22.9. In the same manner as discussed in Remark 22.6 for the continu-
ous-time FRESNEL phase retrieval problem, we can transfer our findings to en-
force uniqueness by exploiting additionally interference measurements like in
Chapter IV to the discrete-time FRESNEL problem.

Moreover, since the moduli of the discrete-time signals x and el™’x coincide,
and the phases only differ by the known modulation €™ we can easily adapt our
results in Chapter III to the phase retrieval problem from FRESNEL magnitudes.
In other words, almost every discrete-time signal x with normalized support can
be uniquely recovered from its FRESNEL intensity | &;[x]| and one given absolute
value |x[n]| in the time domain up to trivial ambiguities. An analogous obser-
vation holds for the recovery of x from its FRESNEL intensity |&,[x]| and at least
two phases arg x[n].

Unfortunately, we cannot transfer our findings about the non-negativity re-
striction in Chapter II to the new setting. Here the main obstacle is the addi-
tional modulation in the FOURIER representation (22.3) of the FRESNEL phase re-
trieval problem. More precisely, the non-negativity restriction for the solutions
of the underlying FOURIER phase retrieval problem in (22.3) corresponds to the
assumption that the components x[n] of the unknown signal x in the FRESNEL

case possess the phases —7n?. O
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23. Establishing a FRESNEL convolution theorem

By generalizing our findings for the discrete-time phase retrieval problem to the
continuous-time problem in Chapter V, we learned that the phase retrieval prob-
lem to recover a continuous-time signal with a certain structure from its FOURIER
intensity has exactly the same behaviour as the investigated discrete-time prob-
lem. In other words, for structured signals of the form (16.1), we can completely
reduce the continuous-time phase retrieval problem to an underlying discrete-
time problem. Based on this observation, can we find an analogous structure in
the FRESNEL setting?

The main reason for the behaviour of the structured functions in the FOURIER
setting is hidden in the convolutions theorem for the FOURIER transform. Fol-
lowing the arguments in Remark 16.4, we can represent each structured function
f based on the generator function ¢ in L' or L? by

fi= Y elnlot=m=px () clnls) (23

nez nez.

where c is a complex-valued sequence with finite support. Since the impulse
train on the right-hand side merely consists of finitely many shifts of the Dirac
delta distribution, the convolution is well defined, see for instance [HS94, Sec-
tion 2.1.3]. With the convolution theorem for the FOURIER transform of distribu-
tions, see [HS94, Theorem 3.28], we can now separate the FOURIER intensity of
the generator function and the impulse train by

S = 17101l |7 3, cln 8n)

nelN

= |ellel, (23.2)

which leads us to the underlying discrete-time phase retrieval problem to recover
the coefficient sequence from its FOURIER intensity |c].

Unfortunately, the above employed convolution * is not compatible with the
FrRESNEL transform. More precisely, if we restrict ourselves to continuous-time
signals in L! or L?, where the convolution f * g can be written as the integral

(f * g)(t) = f £5) gl - 5) ds,

then the FRESNEL transform of the convolved signal f * g is given by the double
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integral

SUwuo‘fffﬁ (t - ) €O s db.

-0 —00

Changing the integration order and substituting f := ¢ — s yields

&1f *g jiff@ (I g ds

JJ (23.3)
- (f*gf[g])(w) = (é’f[f] *g)(w)-

Hence, the FRESNEL transform of two convolved functions results in a convolu-
tion where one factor is transformed. This behavior is different from the convo-
lution theorem for the FOURIER transform, where we obtain the product of the
two transformed signals.

Using the identity (23.3) or (22.2), the FRESNEL transform of the structured
function in (23.1) is given by

&:[f1= ) cln] &:[p](- - n).

nezZ

In other words, we again obtain a structured function that is based on the trans-
formed generator &;[f]. Thus, the FRESNEL transform does not separate the
generator function ¢ and the coefficient sequence ¢ as seen in (23.2), and we
cannot reduce the continuous-time FRESNEL phase retrieval problem to recover
a structured signal of the form (23.1) to a discrete-time problem.

To overcome this difficulty and to transfer our findings about the FOUuRIER
phase retrieval problem for structured signals, we will define an appropriate con-
volution whose FRESNEL transform is the product of the transformed factors. In
other words, we will establish a convolution theorem for the FRESNEL transform.
For this purpose, we adapt the convolution defined by ZAYED in [Zay98, p. 102]
for the fractional FOURIER transform to the FRESNEL transform in Definition 21.1.

Definition 23.1. For the real parameter 7, the convolution f*.g of the complex-
valued functions f and g is defined by the integral

(f* g ) _ e—th ff S) elTs g(t ) ir(t— 3)2 ds.
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In analogy to the convolution defined by ZAYED for the fractional FOUuRIER
transform, the FRESNEL transform of the convolved signal f %, g results in the
product of the transformed factors &.[f] and &;[g]. More precisely, the convo-
lution *, fulfils the following convolution theorem.

Theorem 23.2. Let f, g, and f *; g be continuous-time signals in L' or in L. The
FRESNEL transform of the convolved signal f *; g is given by

8eLf e 91(0) = e 8. [£)(0) &[] (®).

Proof. We adapt the proof of the corresponding statement for the fractional
FouriER transform by ZAYED in [Zay98, p. 102]. Using the definitions of the
continuous-time FRESNEL transform and the convolution %, defined in Defini-
tion 23.1, we can write f %, g as

&:[f *r gl(o) = f eirt’ f £(s) €™ g(t — 5) e €7@ D" g5 g,

After changing the order of integration, the substitution f := ¢ — s yields

gr[f *, g] (a)) — f ff(s) eirsz g(z) eirfz e—ir(f+s)2 eir(w—f—s)z di ds

_ f ff(s) g(z) eir(w2+f2+sz—2wf—2a)s) di ds

By completing the square in the exponent, we can separate the integrations over
t and s and obtain

gr[f *, g] (0)) — e—i‘[w2 ( ff(s) eiT(w—S)Z dS)( fg(;) ei‘[(w—f)z d;)’

—0o0

which finishes the proof. ]
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Remark 23.3. Alternatively, the convolution theorem for the FRESNEL trans-
form in Theorem 23.2 can be proven by writing the convolution f %, g as

(f *e 9)(t) = ™ [ (€7 f) = (€7"g) | (1)

and using the FOURIER representation of the FRESNEL transform in (21.1). More-
over, this representation allows us to transfer the properties of the standard con-
volution * to the modified convolution *.. Especially, we can straightforwardly
generalize the convolution %, and the corresponding convolution theorem to
distributions. O

Although we can already use the convolution theorem for the FRESNEL trans-
form in Theorem 23.2 to define an appropriate structure that allows the reduction
of the corresponding continuous-time phase retrieval problem to a discrete-time
problem, we will modify the convolution in Definition 23.1 to avoid the addi-
tional modulation ™", For this purpose, we determine the pre-image of the
signal e%7* under the FRESNEL transform and convolve it with f*rg

Lemma 23.4. The inverse FRESNEL transform of the signal e?ir”’ forT # 0 is given
by
[ 2ir- ](t) _ [|2r Zsgnt e—ZiTtZ

Proof. Using Proposition 21.4 together with the FOURIER representation of the

FRESNEL transform in (21.1), we can determine the inverse FRESNEL transform of
. 1 02

the signal %" by

[ 2ir- ](t) |21’|(g [ 2ir- ](t) |2r| —1rt g[ i ](ZTt).

Due to the fact that €™ is neither absolutely integrable nor square-integrable,
the occurring FOURIER transform is not covered by the L' or L? theory. How-
ever, if we interpret ei™ as generalized function and hence as distribution, the
required FOURIER transform is given by

(e o = e

see for instance [Mit13, p. 447]. The inverse FRESNEL transform is thus given by

[ 2ir- ](t) — [|2r sgnre—Zirtz. O
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Based on our previous observations, we now modify the convolution %, by an
additional convolution with the pre-image of the signal e*”” under the FRESNEL
transform.

Definition 23.5. For the real parameter 7, the convolution f ®; g of the
complex-valued functions f and g is defined by

f @ g = (f *;g) *; Or,

. _[l2z] LiZsgnr  -2irs?
19T(t) =5 € 180T o 0

where 9, is given by

Although the continuous-time signal J; is neither absolutely integrable nor
square-integrable, the defined convolution ®; is well defined for signals f and g
in L' and L? because the signal &, obviously is continuous and bounded. More-
over, the FRESNEL transform of the convolution f ®; g finally results in the
product &;[f] and &;[g].

Theorem 23.6. Let f, g, and f &, g be continuous-time signals in L' or in L. The
FRESNEL transform of the convolved signal f &, g is given by

8r[f @ g] = gr[f] gr[g]

Proof. The assertion simply follows from Theorem 23.2 and Lemma 23.4. More
precisely, the FRESNEL transform of f ®; g is given by

E:Lf @ () = 8L *e gk 1(w) = €4 & [f1(w) E¢[9)(©) &[0 (w).

Since the FRESNEL transform &,[J;] cancels with the modulation e27" the de-
sired convolution theorem follows. O

Remark 23.7. In order to determine the convolution ®; of two signals f and g,

we have to convolve the signal h := f %, g with J;. This additional convolution
can be written as

(h' *’[ '9'[)(t) = 1’% el% sgnt e_iTtZ f h(s) eiTSZ e—i’[(t—s)z ds
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or, by combining the occurring exponentials and using the definition of the
continuous-time FOURIER transform, as

(h % 9:)(t) = 12l el 807 720 [ p)(—201).

Consequently, the additional convolution with J; results in a FOURIER transform
and a modulation. O

Remark 23.8. Since the convolution ®; in Definition 23.5 is completely based
on the convolution x, in Definition 23.1, we can again straightforwardly gener-
alize the convolution ®, and the corresponding convolution theorem to distri-
butions and discrete-time signals, cf. Remark 23.3. O

Remark 23.9. The continuous-time FRESNEL transform in Definition 21.1 can
also be interpreted as a linear canonical transform. More detailed, for the real
parameters a, b, ¢, d satisfying ad — bc = 1, the linear canonical transform of a
continuous-time signal is defined by the integral

f f(t) K(a,b,c,d)(a)a t) dt,

where K denotes the kernel of the transform

1:Ta 2 d
K(a,b,c,d)(a)’ t) — \/ﬁ eEI[FtZ_za)t+5w2]’

see [WRL" 09, p. 853 et seq.]. If we now choose the four parameters
a=1 b==L, ¢=0, and d=1,

we obtain the FRESNEL transform &.[ f] except for a multiplicative constant.
For every possible choice of the four parameters; WEL RaN, L1, MA, and TaN
establish a suitable convolution such that the convolution of two continuous-
time signals in the time domain results in the multiplication of the corresponding
linear canonical transformed signals in the frequency domain, see [WRL 09,
Theorem 1]. In the light of this more general convolution theorem, we can deduce
Definition 23.5 and Theorem 23.6 by adapting the results of WEI et al. to the
FrRESNEL transform defined in Definition 21.1. O
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24. Phase retrieval of structured signals from FRESNEL mag-
nitudes

With the established convolution theorems for the FRESNEL transform, we can
now define an appropriate structure for continuous-time signals that allows us to
reduce the corresponding continuous-time FRESNEL phase retrieval problem to a
discrete-time problem. For this purpose, we determine the convolution between
a generator function ¢ in L! or L? and an impulse train whose coefficient se-
quence ¢ possesses a finite support. Starting with the convolution x, in Defini-
tion 23.1 and using the representation in Remark 23.3, we obtain

oxe (2 elndn) = e (o) x (7 ) elnl )

nez. nezZ

_ e—ir-z Z eirnz c[n] eif('—n)z (- —n).

nezZ

Similarly to Section 16, we now define the structured signal with respect to the
convolution *; by

ft) = e irt? Z el c[n] elrt=n)? o(t —n), (24.1)

nezZ

where ¢ is an a priori given generator function not equal to zero, ¢ := (c[n])nez is
a complex-valued sequence with finite support, and 7 is a non-zero real number.
Together with the obvious observation that the FRESNEL transform of a shifted
Dirac delta distribution §, is given by

8:[8x](w) = @™’

and hence coincides with the discrete-time FRESNEL transform of the shifted unit
sample signal, the convolution theorem for *,; in Theorem 23.2 yields

E[f] =& [p*e (D cln)8n)] = e &clp] &lc].

nez.

Consequently, the FRESNEL intensity of the structured signal in (24.1) is given
by the product

|81[f]| = |81[(P]| |6 [c]l.

Since the generator function ¢ and hence |8;[¢]| are not constantly zero, and

since |&.[c]|? = |F [eif'zc] |? is again a trigonometric polynomial as the autocor-
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relation function of the discrete-time signal eiT'zc, we can reduce the continuous-
time phase retrieval problem to recover the structured signal f from its FRESNEL
intensity |8.[f]] to the discrete-time problem to recover the coefficient sequence
c from | €, [c]|. The ambiguities of the phase retrieval problem to recover a struc-
tured signal of the form (24.1) can thus be characterized by Theorem 22.8 for the
discrete-time setting. Moreover, we can directly transfer our findings to enforce
uniqueness of the phase retrieval problem for structured functions from FOURIER
magnitudes in Section 17.

For the second convolution ®; in Definition 23.5, we obtain similar results.
More precisely, the convolution ®; of a generator function ¢ with an impulse
train whose coeflicient sequence has a finite support is given by

0 (D cln]8n) = g xc (D cln] 8y) %- O

nez. nez

e a0 (g, ) ),

nez

Hence the convolution ®; leads us to structured signals of the form

f(t) = omitt? Z oitn’ c[n] olr(t=n)? (QD *, ST)(t —n), (24.2)

neZz.

where the additional convolution with J; is merely an additional FOURIER trans-
form of the generator function ¢, see Remark 23.7. If the continuous-time signal
¢ ®; U, is absolutely integrable or square-integrable, we can reduce the phase
retrieval problem to recover a structured signal f of the form (24.2) from its
FRESNEL intensity

|6:[f1] = |&c[@] &c[c]] = |E-[@]|1E[c]]

to the discrete-time problem to recover the coefficient sequence c.

Although the structured signals of the form (24.1) and (24.2) are a bit cumber-
some, they link the continuous-time and discrete-time FRESNEL phase retrieval
problem in exactly the same manner as the structured signals of the form (16.1)
the corresponding problems in the FOURIER setting. Once more, the additional
structure of the unknown signal here reduces the usually infinite set of non-
trivial ambiguities in the phase retrieval to a finite set. Furthermore, with a sim-
ilar argumentation as in Remark 16.3, the FRESNEL intensity |E.[f]]| of a struc-
tured function of the form (24.1) or (24.2) with a generator function ¢ in L! is
completely determined by 2N —1 samples at appropriate points in the frequency
domain, where N denotes the support length of the coefficient sequence c.
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Conclusion and Outlook

We have started this thesis with a series of questions like: Knowing the mag-
nitude of a FOURIER transformed signal, can we uniquely recover this signal?
How do the ambiguities of this problem look, and how can we ensure that we
find the correct signal? In order to answer these questions, we have surveyed
the available literature about the ambiguousness of the one-dimensional phase
retrieval problem and have extend the existing theory by further contributions
to ensure a unique recovery of the unknown signal.

More precisely, we have given a novel and complete proof to characterize all
occurring ambiguities in the discrete-time phase retrieval of complex-valued sig-
nal. Here we have obtained an explicit product representation in the frequency
domain and a corresponding convolution representation in the time domain.
Moreover, we have showed that all ambiguities arise from appropriate convolu-
tions and the rotation, shift, reflection and conjugations of the occurring factors.
We have observe that the number of non-trivially different solutions of the phase
retrieval problem is bounded by 2=, where N denotes the support length of the
original signal. In contrast to other statements in the literature the number of
non-trivial solutions depends on the given FOURIER intensity; it can be distinctly
smaller than 2¥~2 and in some special cases, the solution is even determined
uniquely.

In order to enforce uniqueness of solution, we have investigated the additional
a priori condition that the components of the unknown signal are real and non-
negative. Although the assumed non-negativity can avoid the appearance of any
ambiguities, uniqueness cannot be ensured in general. More precisely, we have
deduced that neither the set of signals that can be uniquely recovered nor the
set of signals without a unique reconstruction is negligible.

Based on the observation in [XYC87] that almost every real-valued signal can
be uniquely recovered if one of the end points in the time domain is exactly
known, we have examined different kinds of additional information about the
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unknown signal in the time domain. Here our novel approaches have shown
that almost every complex-valued signal is uniquely determined by its FOURIER
intensities and one additionally given absolute value in the time domain. Fur-
thermore, we have obtained an analogous statement for two additionally given
phases.

Looking back at earlier literature, we have considered the recovery of an un-
known signal from the FOURIER intensities of appropriate interference meas-
urements. Here one of our main results have been that almost every pair of
two unknown complex-valued signals is uniquely determined by the FOURIER
intensities of both signal and of the interference. Giving a new and complete
proof for the complex setting, we have been able to improve the corresponding
statement in [RDN13], which require the FOURIER intensity of a further interfer-
ence. Moreover, we have adapted the ideas in [ABFM14, CESV13] to our specific
discrete-time phase retrieval problem. In this manner, we have shown that each
discrete-time signal with finite support can always be uniquely reconstructed
from the FOURIER intensities of suitable interferences with a modulation of the
unknown signal itself.

In order to extend our investigation to the continuous-time setting, we have
considered the recovery of a structured signal from its continuous-time FOURIER
intensity. Here we have shown that the corresponding phase retrieval prob-
lem can be reduced to a discrete-time problem, which has allowed us to trans-
fer our previous findings for the recovery of discrete-time signals to the new
setting. Moreover, we have studied the relationship between the discrete-time
and continuous-time problem. Transferring the previous approaches to exploit
additional interference measures, we have observed that each continuous-time
signal with compact support can be uniquely determined by additional inter-
ference measurements with an unknown reference or with a modulation of the
signal itself.

Finally, we have replaced the FOURIER transform by the FRESNEL transform.
Based on the close relation between both phase retrieval problems, we have
transferred most of our previos findings to the FRESNEL setting. Moreover, we
have deduced a structured signal, which has allowed us to reduce the corres-
ponding continuous-time FRESNEL phase retrieval to a completely discrete prob-
lem.

Looking back at this thesis, we have mainly investigated the question how
to ensure the unique recovery of an one-dimensional discrete-time signal from
its FOURIER intensity. This leads us to some possible starting point for further
research.
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One of the most obvious questions is: can we generalize our observations to
the multidimensional phase retrieval problem? As mentioned in the introduc-
tion, one can here construct all further solutions of the phase retrieval problem
to recover a specific signal by factorizing a multivariate algebraic polynomial,
see [Hay82]. In view of the fact that the union of all reducible polynomials is a
negligible set [HM82], the multidimensional phase retrieval problem is almost
always uniquely solvable.

Similarly to the one-dimensional case, one can easily show that the squared
FOURIER intensity coincides with the multidimensional autocorrelation function
and is hence a multivariate non-negative trigonometric polynomial. Here the
question arises: can we always find a signal whose squared FOURIER transform
coincide with a given non-negative trigonometric polynomial? Does the corres-
ponding phase retrieval problem possesses at least one solution?

In some applications, the considered signal always corresponds to a reducible
polynomial, and the uniqueness of the multidimensional phase retrieval prob-
lem cannot be generally ensured in this cases, see [Milgo]. Can we here use or
extend our findings in the one-dimensional setting to ensure the uniqueness in
the multidimensional case?

As we have seen, the phase retrieval problem for continuous-time signals has
a completely different behavior than the discrete-time version. By transferring
our results about additional interference measurements to the continuous-time
setting, we have done a first step to combine the theory of both settings. Here a
natural direction for further investigations is the question whether the remain-
ing results, which are based on additional assumptions in the time domain, can
also be generalized to the continuous-time problem, and conversely, whether
the existing results for the continuous-time setting can be exploited to achieve
uniqueness in the discrete-time phase retrieval problem.

Using the close relation between the FOURIER and FRESNEL transform, we have
been able to transfer most of our previous findings to the phase retrieval problem
from FRESNEL magnitudes. Based on this observation, we could possibly extend
the findings for the FOURIER phase retrieval problem to more general transform-
ations.

Finally, some of the a priori conditions and additional information considered
in this thesis are inspired by numerical approaches, see for instance [BCLoz2,
LBLo2, SSD*06] and references therein. Consequently, we can hope to exploit
our observations for a better understanding of the ill-posedness of the under-
lying problem and the missing stability of the corresponding algorithms. More
generally, here the question arises: how can we combine the developed theory
with already available numerical methods? How can we exploit our findings to
construct efficient and stable algorithms?
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Glossary of symbols

Number systems and spaces

C

CO
Ll
LZ

0

NZOZ?Z

complex numbers

continuous functions
absolutely integrable functions
square-integrable functions
natural numbers without zero
natural numbers including zero
rational numbers

real numbers

integers

Mathematical constants

i)

EULER’s number
imaginary unit
pi

Transformations

8¢
F
L

Variables

A

N S R) R
@ Q

=

FRESNEL transform
FOURIER transform
LAPLACE transform

autocorrelation function (continuous-time)
autocorrelation signal

autocorrelation function (discrete-time)
LarLACE transformed signals
continuous-time signals

reference signal

trigonometric polynomials
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GLOSSARY OF SYMBOLS

SR R
3’1Q @)

< &Y
<=
~.

algebraic polynomials

support length

discrete-time signals

corresponding zero sets (discrete-time)
corresponding zeros (discrete-time)

Kth root of unity

chart of a manifold

corresponding zero set (continuous-time)
corresponding zeros (continuous-time)
phase functions

generator function of a structured signal

Functions and Operators

arcsin, arccos
arg

det

J

JF

R

Se

sin, cos
sgn

8o, On,
6On

A

or

Miscellanea

inverse trigonometric functions
argument

determinant

imaginary part

JAacoBI matrix of F

real part

elementary symmetric polynomials
trigonometric functions

sign function

Dirac delta distribution or unit sample signal

KRONECKER delta
LEBESGUE measure

modified elementary symmetric polynomials

absolute value

Fourier transformed signal

FRESNEL transformed signal
convolution for the FOURIER transform
convolutions for the FRESNEL transform
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— arbitrary point, 8895, 172f.

— end point, 82-88

— entire signal, 95-100
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— frequency domain

— — known reference, 127-138, 174, 190
— — modulated signal, 149-161, 176f., 195f.
— — unknown reference, 138-149, 175, 192
— non-negativity, 49-80

— time domain

— — moduli, 81-100, 172f.

— — phases, 100-123, 173

— — signal values, 124f.

algebraic variety (uniqueness condition)
— for additional moduli, 91

— for additional phases, 103f., 112
ambiguity

— characterization

— — FOURIER phase retrieval, 29f., 35, 165,

182
— — FrESNEL phase retrieval, 206, 208
— common trivial, 139
— non-negative, 64-72
— non-trivial, 12-20
— number of, 4aff.
— representation by
— — convolution, 35, 38, 167f., 208
— — product, 165, 182, 184, 206
— trivial, 12-20, 23, 204
ambiguousness by using
— interference measurement
— — known reference, 135-138

— — unknown reference, 145, 147ff.

— moduli of entire signal, 98

— non-negativity, 8o, 171

— phases of entire signal, 123
antipalindromic, conjugate, 25

a priory conditions and data

— frequency domain

— — known reference, 127-138, 174, 190
— — modulated signal, 149161, 176f., 195f.
— — unknown reference, 138-149, 175, 192
— non-negativity, 49—-8o

— time domain

— — moduli, 81-100, 172f.

— — phases, 100-123, 173

— — signal values, 124f.

argument of

— entire signal, 122f.

— one arbitrary point, 101-109

— two arbitrary points, 109-122, 173
associated polynomial, 24

— corresponding zero set, 24-29

— factorization, 29—32

autocorrelation

— polynomial, 24

— signal and function, 20f., 181

—B—

B-Spline, centred linear, 164
BOREL’s theorem, 184

—C—

centred linear B-spline, 164
characterization solution set
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— Fourier phase retrieval

— — entire functions, 182

— — frequency domain, 29f., 184

— — structured signals, 165

— — time domain, 35, 38, 167f.

— FRESNEL phase retrieval, 206, 208
— HOFSTETTER, 182

coefficient sequence, 164

common trivial ambiguity, 139
condition

— ambiguousness by using

— — additional moduli, 82, 89, 91

— — additional phases, 102, 109, 111f.
— LAGRANGE, 170

— non-negativity, 49-80

— uniqueness by using

— — additional moduli, 85, 91

— — additional phases, 103f., 112
conjugate

— antipalindromic polynomial, 25
— palindromic polynomial, 24

— symmetric, 20

conjugation and reflection, 12-16, 37, 204
constraint

— corresponding zero set, 49f.

— last zero pair, 57, 61, 69
continuity of

— corresponding zeros, 72f.

— solution set, 74-77
continuous-time

— autocorrelation, 181

— characterization solution set, 182, 206
— convolution, 209

— FOURIER intensity, 164, 181

— Fourier phase retrieval problem, 164, 179

— FOURIER transform, 164

— FRESNEL intensity, 203

— FRESNEL phase retrieval problem, 203
— FRESNEL transform, 200

— interference measurements

— — known reference, 190

— — modulated signal, 195f.

— — unknown reference, 192

— inverse FRESNEL transform, 201
— LAPLACE transform, 179

— phase retrieval problem

— — FOURIER magnitudes, 164, 179
— — FRESNEL magnitudes, 203

— signal, 163

convolution

— adapted, 210, 213

— continuous-time, 209

— discrete-time, 16

— representation, 16f., 35, 38, 167f., 208
convolution theorem

— FOURIER transform, 16

— FRESNEL transform, 211, 213
corresponding

— polynomial, 24

— zero set, 37

— — extension, 65-68

— — modified, 83, 88

— — reflection, 188

— — restriction, 49f.

— — structured signal, 187

—-D—

data, additional

— frequency domain

— — known reference, 127-138, 174, 190
— — modulated signal, 149161, 176f., 195f.
— — unknown reference, 138-149, 175, 192
— time domain

— — moduli, 81-100, 172f.

— — phases, 100-123, 173
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derivative of associated polynomial, 26
DESCARTES’s rule of signs, 55

Dirac distribution, 167
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— characterization solution set

— — Fouriker phase retrieval, 29f., 35

— — FRESNEL phase retrieval, 208

— convolution, 16

— convolution theorem, 16

— discretization FOURIER domain, 22

— equivalent problem, 23

— FOURIER intensity, 12, 21

— Fourier phase retrieval problem, 12
— FOURIER transform, 10

— FRESNEL intensity, 207

— FRESNEL phase retrieval problem, 207
— FRESNEL transform, 202
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— impulse, 34

— inverse FOURIER transform, 12

— inverse FRESNEL transform, 202

— phase retrieval problem

— — FOURIER magnitudes, 12

— — FRESNEL magnitudes, 207

— signal, 9

discretization in FOURIER domain, 22

—E—

elementary symmetric function, 56, 68

enforcing uniqueness

— additional moduli

— — arbitrary point, 95, 172f.

— — end point, 87

— — entire signal, 96

— additional phases

— — entire signal, 123

— — one arbitrary point, 108

— — two arbitrary points, 121f,, 173

— additional signal values, 124f.

— interference measurements

— — known reference, 128, 131, 174, 190

— — linear phase reference, 134

— — modulated signal, 152, 157, 159, 176f,
195f.

— — unknown reference, 139, 175, 192

entire function, 180, 182

equivalent problem, 23

— characterization solution set, 29f.

— solvability, 32

existence phase retrieval problem with

— several non-negative solutions, 77

— unique non-negative solutions, 78

exponential type, exponential function of,
180

extension, zero set, 59-63, 65-68

—F—

factorization theorem, HADAMARD’s, 182
finite support, 10

fixed support, 14

formulae VIETA’S, 56

formulation
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— discrete-time problem, 9-12, 207

FOURIER convolution, 16, 209
FOURIER convolution theorem, 16
FourieEr domain

— characterization solution set, 29f.
— discretization, 22

— equivalent problem, 23

— linear phase, 133

— solvability, 32

— trivial ambiguity, 23

FOURIER intensity, 12, 21, 164, 181
Fourier phase retrieval problem
— continuous-time, 164, 179

— discrete-time, 12

FOURIER transform

— continuous-time, 164

— discrete-time, 10

— fractional, 201

— inverse discrete-time, 12

— linear phase, 133

— unit sample, 34

fractional FOURIER transform, 201
frequency domain

— characterization solution set, 29f.
— discretization, 22

— equivalent problem, 23

— linear phase, 133

— solvability, 32

— trivial ambiguity, 23

FRESNEL convolution, 210, 213
FRESNEL convolution theorem, 211, 213
FRESNEL intensity, 203, 207
FRESNEL phase retrieval problem
— continuous-time, 203

— discrete-time, 207

FRESNEL transform

— continuous-time, 200

— convolution, 210, 213

— discrete-time, 202

— inverse continuous-time, 201
— inverse discrete-time, 202
function

— autocorrelation, zof., 181

— elementary symmetric, 56, 68
— entire, 180, 182

— generator, 164

— LAGRANGE, 170

— structured, 164, 215f.
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generalized polarization identity, 150
generator function, 164

—H-—

HADAMARD’s factorization theorem, 182
HOFSTETTER, characterization, 182
Hurwitz

— polynomial, 56

— signal, 64

identity, polarization, 150

impulse, 34

infinite product, 182, 184

information, additional

— frequency domain

— — known reference, 127-138, 174, 190

— — modulated signal, 149161, 176f., 195f.

— — unknown reference, 138-149, 175, 192

— time domain

— — moduli, 81-100, 172f.

— — phases, 100-123, 173

— — signal values, 124f.

intensity

— FOURIER, 12, 21, 164, 181

— FRESNEL, 203, 207

interference with

— known reference signal, 127-138, 174, 190

— linear phase reference signal, 134

— modulated signal, 149-161, 176f., 195f.

— unknown reference signal, 138-149, 175,
192

inverse

— continuous-time

— — FRESNEL transform, 201

— discrete-time

— — FOURIER transform, 12

— — FRESNEL transform, 202

—K-—

known reference signal, 127-138, 174, 190

—L—

LAGRANGE condition, 170
LAGRANGE function, 170
LAPLACE transform

— continuous-time, 179

— discrete-time, 188

last zero pair

— positivity constraint, 57, 61
— reflected constraint, 69
length, support, 20f., 36
linear

— B-spline, 164

— phase, 133

locus (uniqueness condition)
— for additional moduli, 91
— for additional phases, 103f., 112

—M—

magnitude of

— arbitrary point, 8895, 172f.

— end point, 82-88

— entire signal, 95-100

manifold (uniqueness condition), 85
MERCEDES-BENZ polarization identity, 150
method, PRONY’S, 153

modified zero set, 83, 88

modulated signal, 149-161, 176f., 195f.
modulus of

— arbitrary point, 88-95, 172f.

— end point, 82-88

— entire signal, 95-100

—N—

non-negative

— signal, 49-53

— solution, 64-72

— trigonometric polynomial, 22f.
non-trivial ambiguity, 12-16, 20
non-trivial ambiguousness

— interference measurement

— — known reference, 135-138

— — unknown reference, 145, 147ff.
— moduli of entire signal, 98

— non-negativity, 8o, 171

— phases of entire signal, 123

Robert BEINERT



INDEX

233

non-trivial solution, 16
non-uniqueness by using

— interference measurement

— — known reference, 135-138

— — unknown reference, 145, 147ff.

— moduli of entire signal, 98

— non-negativity, 8o, 171

— phases of entire signal, 123
normalized support, 14

number of non-trivial ambiguities, 41ff.

—_P—

PALEY-WIENER’s theorem, 180
palindromic, conjugate, 24

phase, linear, 133

phase of

— entire signal, 122f.

— one arbitrary point, 101-109

— two arbitrary points, 109-122, 173
phase retrieval problem

— additional signal information, 81-125
— continuity, 72-80

— continuous-time, 179, 203

— discrete-time, 12, 207

— equivalent, 23

— FOURIER magnitudes, 12, 164, 179
— frequency domain, 20

— FRESNEL magnitudes, 203, 207

— non-negative signals, 49—-80

— structured signals, 164

— trivial and nontrivial ambiguities, 12-20
polarization identity, 150
polynomial

— associated, 24

— conjugate

— — antipalindromic, 25

— — palindromic, 24

— Hurwrrtzian, 56

— positive, 54f.

— trigonometric, 10, 22f.

positive polynomial, 54f.

product, infinite, 182, 184

product representation, 29f., 165, 182, 184, 206
PrONY’s method, 153

—R—

real-valued

— signal, 32f.

— trigonometric polynomial, 22

recovery, unique

— additional moduli

— — arbitrary point, 95, 172f.

— — end point, 87

— — entire signal, 96

— additional phases

— — entire signal, 123

— — one arbitrary point, 108

— — two arbitrary points, 121f,, 173

— additional signal values, 124f.

— interference measurements

— — known reference, 128, 131, 174, 190

— — linear phase reference, 134

— — modulated signal, 152, 157, 159, 176f.,
195f.

— — unknown reference, 139, 175, 192

reference

— known signal, 127-138, 174, 190

— linear phase signal, 134

— modulated signal, 149-161, 176f., 195f.

— unknown signal, 138-149, 175, 192

reflection and conjugation, 12—-16, 37, 204

related polynomial, 24

— corresponding zero set, 24-29

— factorization, 29—32

relationship between problems, 187ff.

representation by

— convolution, 16f., 35, 38, 167f., 208

— product, 29f., 165, 182, 184, 206

restriction by

— additional moduli

— — arbitrary point, 89, 91

— — end point, 82

— additional phases

— — one arbitrary point, 102

— — two arbitrary points, 109, 111f.

restriction of corresponding zero set, 49f.

RiEMANN sphere, 58

root of

— trigonometric polynomial, 24-34

— unity, 150

rotation, 12f., 204

rule of signs, 55
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—S—

SARD’s theorem, 86

sequence, coefficient, 164

shift, 12f., 204

signal

— autocorrelation, 20f., 181

— continuous-time, 163

— DIRAC, 34

— discrete-time, 9

— Hurwitzian, 64

— length, 21, 36

— linear phase, 133

— non-negative, 49-53

— real-valued, 32f.

— reflected and conjugated, 12-16, 204

— rotated, 12f., 204

— shifted, 12f., 204

— structured, 164, 215f.

— unit sample, 34

solution

— characterization

— — FouRIER phase retrieval, 29f., 35, 38, 165,
167f., 182, 184

— — FRESNEL phase retrieval, 206, 208

— continuity, 74-77

— convolution representation, 16f.

— non-negative, 64-72

— non-trivial, 12-20

— number of, 4aff.

— real-valued, 32f., 42

— representation by

— — convolution, 35, 38, 167f., 208

— — product, 165, 182, 184, 206

— trivial, 12-20, 204

solvability of phase retrieval problem, 32

sphere, RIEMANN, 58

squared FOURIER intensity, 21, 181

structured signal, 164, 215f.

— additional moduli, 172f.

— additional phases, 173

— characterization solution set, 165

— corresponding zero set, 187

— interference measurements

— — known reference, 174

— — modulated signal, 176f.

— — unknown reference, 175

— non-negativity, 171

— phase retrieval problem, 164
submanifold (uniqueness condition), 85
support

— finite, 10

— length, 20f., 36

— normalized, 14

symmetric

— conjugate, 20

— elementary, 56, 68

—T—

theorem of

— BOREL, 184

— HADAMARD, 182

— PALEY-WIENER, 180

— SARD, 86

time domain

— additional information, 81-125

— convolution representation, 16f., 35, 38,
167f., 208

time shift, 12f., 204

trigonometric polynomial, 10, 22f.

trigonometric root polynomial, 24-34

trivial ambiguity, 12—20, 23, 139, 204

two-sided LAPLACE transform, 179

—U—

uniqueness by

— additional moduli

— — arbitrary point, 95, 172f.

— — end point, 87

— — entire signal, 96

— additional phases

— — entire signal, 123

— — one arbitrary point, 108

— — two arbitrary points, 121f,, 173

— additional signal values, 124f.

— interference measurements

— — known reference, 128, 131, 174, 190

— — linear phase reference, 134

— — modulated signal, 152, 157, 159, 176f,
195f.

— — unknown reference, 139, 175, 192

— non-negativity, 8o, 171

uniqueness condition

— for additional moduli, 85, 91
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— for additional phases, 103f., 112
unit sample signal, 34
unknown reference signal, 138-149, 175, 192

N VA

variety (uniqueness condition)
— for additional moduli, 91

— for additional phases, 103f., 112
VIETA’s formulae, 56

—7Z—

zero locus (uniqueness condition)
— for additional moduli, 91

— for additional phases, 103f., 112
zero set

— associated polynomial, 2429
— corresponding, 37

— extension, 59—-63, 65—-68

— modified, 83, 88

— reflection, 188

— restriction, 49f.

— structured signal, 187
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