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Random phaseless sampling for causal signals in
shift-invariant spaces: a zero distribution
perspective

Youfa Li, Wenchang Sun

Abstract—We proved that the phaseless sampling (PLS)
in the linear-phase modulated shift-invariant space (SIS)
V(e ¢),a # 0, is impossible even though the real-valued
function ¢ enjoys the full spark property (so does e'“ ).
Stated another way, the PLS in the complex-generated
SISs is essentially different from that in the real-generated
ones. Motivated by this, we first establish the condition
on the complex-valued generator ¢ such that the PLS of
nonseparable causal (NC) signals in V' (¢) can be achieved
by random sampling. The condition is established from
the generalized Haar condition (GHC) perspective. Based
on the proposed reconstruction approach, it is proved that
if the GHC holds then with probability 1, the random
sampling density (SD) = 3 is sufficient for the PLS of
NC signals in the complex-generated SISs. For the real-
valued case we also prove that, if the GHC holds then with
probability 1, the random SD = 2 is sufficient for the PLS
of real-valued NC signals in the real-generated SISs. For
the local reconstruction of highly oscillatory signals such as
chirps, a great number of deterministic samples are required.
Compared with deterministic sampling, the proposed random
approach enjoys not only the greater sampling flexibility but
the much smaller number of samples. To verify our results,
numerical simulations were conducted to reconstruct highly
oscillatory NC signals in the chirp-modulated SISs.

Index Terms—Random phaseless sampling, complex (real)-
generated shift-invariant space, generalized Haar condition,
sampling density, highly oscillatory signals.

I. INTRODUCTION

Phase retrieval (PR) is a nonlinear problem that seeks
to reconstruct a signal f, up to a unimodular scalar, from
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the intensities of the linear measurements (c.f.[1], [2], [3],

[4]. [5]. [61. [7])
by = |<faak>|7 ke Pa

where aj, is called the measurement vector.

As stated in Y. Shechtman et. al [7] one of the reasons
for PR in optics is that, for highly oscillatory signals such
as optical waves (electromagnetic fields oscillating at 10'°
Hz and higher), measuring their phases is very difficult or
even impossible for electronic measurement devices. PR
has been widely investigated in engineering and mathemat-
ical problems such as coherent diffraction imaging ([7],
[8], [9]), quantum tomography ([10]), and frame theory
([11], [12]). A concrete PR problem corresponds to the
specific signal class C and measurement vectors (e.g. [13],
[14], [15], [16], [17], [18], [19]). For example, Alaifari
et. al [15] considered the PR of real-valued bandlimited
functions by frame measurement vectors. When f lies
in a function class C and aj; is the shift of the Dirac
distribution, then the corresponding PR is the phaseless
sampling (PLS for short), modeled as

to reconstruct f by the samples |f(z)|,z € Q,

up to a unimodular scalar. In what follows, we introduce
the recent developments on PLS in shift-invariant spaces
(SISs).

A. Related work

SIS has many applications in signal processing. Please
refer to [19], [20], [21], [22] and the references therein
for a few examples. For a generator g : R — C, its SIS is
defined as

V(g) = A{>Xkez cxg(- — k) : {ck}rez € £},

where {c;}rez € €2 means >, , |cx[* < co. Recently,
PLS in SISs received much attention (e.g.[23], [24],
[25], [26], [27], [28]). Particularly, it was investigated
for bandlimited signals in Thakur [25], P. Jaming, K.
Kellay and R. Perez Iii [28] and C.K. Lai, F. Littmann, E.
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Weber [29]. Note that the spaces of bandlimited signals
are shift-invariant and the corresponding generators (sinc
function or its dilations) are infinitely supported (c.f. [30],
[31]). Chen, Cheng, Sun and Wang [26] established the
PLS of nonseparable (the definition of nonseparability
is postponed to section I-B1) real-valued signals in the
SIS from a compactly supported generator. W. Sun [24]
established the PLS for nonseparable real-valued signals
in SISs generated by B-splines.

Note that the generators and signals in [24], [26] are all
real-valued, and the sampling is deterministic. Motivated
by the results therein we will investigate the random PLS
of causal signals in complex (or real)-generated SISs. Here
a signal f € V(g) is said to be causal if

f - ZEOZO Ckg(' - k)a €o # 0.

The set of causal signals in V' (g) is denoted by Vca(g).
Causal signals are an important class of signals (c.f. [19],
[32], [33]). Particularly, the Fourier measurement-based
PR of causal signals in SISs was addressed in [19]. In
what follows, we introduce the motivation.

B. Motivation

1) Full spark property fails for complex-valued case:
Many practical applications require processing signals in
the SISs from complex-valued generators such as chirps
(e.g.[21], [34]). We will investigate the PLS in complex-
generated SISs. To the best of our knowledge, there are
few literatures on this topic. We are greatly motivated by
Theorem 1.1, which will state that the PLS in the complex-
generated SISs is essentially different from that in the real-
generated ones.

Some denotations and definitions are necessary for
Theorem 1.1. A nonzero function f is traditionally denoted
as f £ 0, and f(x) # 0 means that the point 2 is not the
zero of f. The conjugate of a € C is denoted by a. The
real and imaginary parts of a are denoted by R(a) and
S(a), respectively. Any a # 0 can be denoted by |a|e?(®)
where i, |a| and 6(a) are the imaginary unit, modulus and
phase, respectively. For phases 0(a) and 6(b), we say that
0(a) = 6(b) if 6(a) = 6(b) + 2kn for a certain k € Z.
Traditionally, the phase of zero can be assigned arbitrarily.

Throughout this paper the complex and real-valued
generators are denoted by ¢ and ¢, respectively. Without
loss of generality, assume that

supp(¢) € (0,s), supp(p) € (0,s) (1.1
with the integer s > 2. A function 0 £ f € V(¢) (or

V(p)) is separable if there exist 0 £ f; and 0 # fy €

V() (or V(¢)) such that f = fi + fo and fifo = 0.
Clearly, if f is separable then |f| = |f; + €' f2| where

a € (0,27), and consequently it is not distinguishable
from fi + €'® f by the samples of |f|.
For the above real-valued generator ¢, if the matrix

(plax + n))1§k§2571,0§n§571 (1.2)

is full spark (c.f. [35], [36]) for any 2s — 1 distinct points
2k € (0,1),k=1,...,2s—1, namely, every s X s subma-
trix is nonsingular, then it follows from [26] that the real-
valued nonseparable signals in V() can be determined
by sufficiently many samples. The B-spline generators in
[24] satisfy the property. However, the following theorem
implies that the property is not sufficient for achieving
PLS when the generator is complex-valued.

Theorem 1.1: Let ¢ be real-valued such that supp(p) C
(0, s) and the matrix in (1.2) is full spark for any 2s — 1
distinct points x € (0,1), & = 1,...,2s — 1. Define
¢ = i with o # 0. Then the PLS in Vca(¢) can not
be achieved despite the fact that ¢ also satisfies the full
spark property.

Proof: Tt is easy to check that ¢ inherits the full spark
property of ¢. It follows from the full spark property that
{¢(-+ k) : k =0,...,s— 1} is linearly independent.
We first choose 5 € R such that o« — 3 # kn for any
k € Z. Let N > 2. Define a sequence {cy}j_, such
that cg = 1 and ¢; = €¥. It is easy to check that
{ex}ily # €{e? e}V for any 6 € [0,27). By the
above linear independence, we have Ziv:o crp(-— k) #
el SV €29k b(-— k). However, it is easy to check that

N

N
|Z€i2ak5k¢(' — k)| = |ch¢( — k)| (1.3)
k=0

k=0

In other words, the PLS in V¢a(¢) can not be achieved.
O

Motivated by Theorem 1.1, we need to establish a
condition on the complex-valued generator ¢ such that
the PLS in V¢a(¢) can be achieved. The condition will
be established from the zero distribution (or the Lebesgue
measure of zero set) perspective. Our motivation for this
perspective is introduced in what follows.

2) New perspective: zero distribution-based PLS:
We first interpret the full spark property from the zero
distribution perspective. For a function system A =
{g0,---,9L—1}, its span space is defined as

span{A} := {Zf;ol cjg;j 1 cj € R}

It is easy to check that the full spark property of the matrix
in (1.2) is equivalent to that the function system

Ay, ={yp,...

(1.4)

co(-+s—1)} (1.5)



satisfies the (s—1)-Haar condition (HC for short) on (0, 1)
(c.£.[37], [38], [39] for HC). Specifically, A, is linearly
independent and

sup #(ZuN(0,1) <s—1, (L6

0#hespan{A, }
where Z}, is the zero set of h and #(Z, N (0,1)) is the
cardinality of Z;, N (0, 1).

Motivated by the above HC, from the zero distribution
perspective we will establish the condition on ¢ := ¢y +
s such that the PLS in Vea(¢) can be achieved. Inspired
by Theorem 1.1, the zero distribution should not be
correlated with the functions in span{¢, ..., ¢(-+s—1)}.
Instead we will require in section II that the distribution
is related with the functions in span(Z4), where

Ey = {dpon(- + k) + 0305 ( + k), omda (- + k)
dsdn(-+ k) },_, U {oh + 0%}
(1.7)

More specifically, = is linearly independent and

sup p(Z,0(0,1) =0, (1.8)

0#£hespan{=,}

where 4 is the Lebesgue measure and span{=,} is de-
fined via (1.4). Clearly, (1.8) (a measure perspective) is
essentially different from (1.6) (a cardinality perspective).
Compared with the cardinality perspective, we will profit
more from the measure perspective. Details on this will be
given in section I-E. For simplicity we give the following
definitions.

Definition 1.2: If (1.8) holds, then we say that the
system = satisfies the generalized Haar condition (GHC
for short), and ¢ is a complex-valued GHC-generator.

As a counterpart of Definition 1.2, we next define the
GHC related to the real-valued generator ¢ in (1.1).

Definition 1.3: If A, = {¢(- + k) : k=0,...,s — 1}
in (1.5) is linearly independent and satisfies

Sup :u’(Zh N (07 1)) =0, (1.9)

0#hespan{A,}
then we say that the system A, satisfies the GHC, and ¢
is a real-valued GHC-generator.

C. Typical GHC-generators

1) Typical complex-valued GHC-generators: We start
with the amplitude-phase form of a complex-valued func-
tion. Any function (including a generator for an SIS)
F : R — C can be written as the general form
|F (1)) where |F(t)| and A(F(t)) (taking values
on [0,2m)) are referred to as the amplitude function and
the phase (or rotation) function. Therefore, any complex-
valued generator for an SIS can be interpreted as the
(possibly nonlinear) rotation of a real-valued function.

As mentioned before, one of the reasons for PR in
optics is the high oscillation of a signal. Chirps which
take the very general form F(t)ei**() are the typical class
of highly oscillatory signals, where F(t) > 0 and \ is a
(large) base frequency such that the phase function Ap(t)
is varying rapidly over time (c.f.[40]). As stated in [40],
chirps are ubiquitous in nature. They are of interest in
applications such as in analysis of echolocation in bats
([41]) and whales ([42], [40]), and in detecting gravi-
tational waves ([40]). They are also applied in ultrafast
optics ([43]) and ultrashort laser pulses ([44]).

Many chirps such as those in [34, section 6.3] have the
local analytic structure. Employing this, GHC (1.8) can
be easily checked. For example, motivated by [34, section
6.3] we take the chirp-generator

sa(xr— 2
é(z) = 3/2mlble T e

,iM 9 m(z—2)

7 X(0,4) (z),
(1.10)

such that supp(¢) = (0,4), where a # 0 and xp is the
characteristic function of the set £ C R. Clearly, the 7
components of the system =, in (1.7) are essentially the
restrictions of analytic functions. Recall that the zero set
of any nonzero analytic function has Lebesgue measure
zero (c.f. [45]). Hence, if the components g; € Zy, ¢ =
1,...,7, are linearly independent on (0,1) then ¢ is a
complex-valued GHC-generator. The independence can be
achieved if there exists (z1,...,27) € (0,1)7 such that the

COS

determinant
gi(z1)  ga(z1) gr(r1)
: : : # 0. (1.11)
g1(z7)  ga(z7) gr(x7)

Take the parameters (a,b,p) = (4,0.8,1) or (50,0.8,1)
for example. Uniformly choosing (z1,...,27) from
(0,1)7 we found that (1.11) holds with probability 1. Then
¢ in (1.10) is a complex-valued GHC-generator.

2) Real-valued GHC-generators: 1If a real-valued gen-
erator has the local analytic structure, then we can also
address how to check whether it is a GHC-generator by the
similar argument as above. The cardinal B-splines and the
refinable functions ([46], [47], [48]) having positive masks
are the typical examples of real-valued GHC-generators.

D. Contributions

An infinite discrete set E is said to have sampling den-
sity (SD) if SD = limy,_ 0o ZULUOE) o Throughout
this paper, we require that the random sampling points on
any unit interval [n,n + 1] obey the uniform distribution.
Our contributions include:

(i) From a new perspective—zero distribution, we es-

tablish the condition for the PLS of causal signals in the



complex-generated SISs. Specifically, Theorem 2.5 will
state that if ¢ is a complex-valued GHC-generator, then
with probability 1 the random SD = 3 is sufficient for the
PLS of nonseparable signals in Vca(¢).

(i) The PLS of nonseparable and real-valued signals
in real-generated SISs is also investigated from the zero
distribution perspective. Specifically, Theorem 3.1 will
state that if ¢ is a real-valued GHC-generator, then with
probability 1 the random SD = 2 is sufficient for the PLS
of nonseparable and real-valued signals in Vca(p).

(iii) An alternating approach, termed as phase decoding-
coefficient recovery (PD-CR), is established to reconstruct
the nonseparable signals in Vca(¢) and Via(p). By the
random sampling-based PD-CR, Propositions 2.6 and 3.2
will guarantee that the highly oscillatory signals can be
locally reconstructed by using a very small number of
samples. More details about this is given in section I-E-2).

E. Highlights

1) The zero distribution perspective enables us to do
PLS in complex-generated Vea(¢): As mentioned in sec-
tion [-B2, the traditional requirement—full spark property
for PLS of real-valued signals can be interpreted by (1.6),
a cardinality perspective. Theorem 1.1 implies that the
property does not work for complex-valued case. Based
on GHC (a measure perspective), we establish the PLS of
nonseparable signals in Vca(o).

2) Local reconstruction of highly oscillatory signals
costs a small number of samples: 1f p or ¢ is highly oscil-
latory, then the quantities Supgjespan(a,, } #(Z2r1(0,1))
and supgzpespangz,} #(2n N (0,1)) are great. And a
great number of deterministic samples are necessary for
local reconstruction. However, Propositions 2.6 and 3.2
will guarantee that the highly oscillatory signals can be
locally reconstructed, with probability 1, by using a very
small number of random samples. Unlike [24], the number
of samples is independent of the above quantities. To make
this point, we will give a test signal in section III-C (3.46)
and its local restriction in (3.47). Although the restriction
is determined by just two coefficients, one needs at least
259 deterministic samples to reconstruct it. By the PD-CR,
however, with probability 1 it can be reconstructed by just
three random samples.

F. Organization

Section II concerns on the random PLS of nonseparable
signals in Vca(¢), where ¢ is a complex-valued GHC-
generator. Based on the proposed PD-CR, we proved that
when the sampling points obey the uniform distribution
and the random SD = 3, then with probability 1 any
nonseparable signal in Vca(¢) can be determined up to

a unimodular scalar. In section III the PD-CR is modified
such that it is more adaptive to the real-valued case. By
the modified PD-CR, the real-valued and nonseparable
signals in Vca(p) can be determined with probability 1
if the random SD = 2. To confirm our results numerical
simulations are conducted in section II-H and section
III-C. For the local reconstruction, Propositions 2.6 and 3.2
imply that the highly oscillatory signals can be determined,
with probability 1, by using a very small number of
random samples. We conclude in section IV.

II. RANDOM PLS OF CAUSAL SIGNALS IN
COMPLEX-GENERATED SISS

We start with some necessary denotations. As in section
I the conjugate of a € C is denoted by a. The random
variable ¢, obeying the uniform distribution on (0, 1), is
denoted by ¢ ~ U(0, 1). Its observed value is denoted by
t. For an event €, its probability and complementary event
are denoted by P(€) and €€, respectively. For two events
¢, and &, P(@lﬂég) = P(€1|@2)P(@2), where ¢ N ¢y
and P(¢;|€,) are the intersection event and conditional
probability, respectively.

A. Preliminary on complex-valued GHC-generator

The following proposition will be helpful for proving
Theorem 2.5, one of our main theorems.

Proposition 2.1: Let ¢ = ¢x +ips be a GHC-generator
supported on (0,s). Then Ay = {¢(- + k) : k =
0,...,s—1}and Ay :={dop(-+k): k=0,...,s—1}
also satisfy the GHC, namely, (1.8) holds with Z4 being
replaced by Ay 1 or Ag o.

Proof: The proof can be easily concluded by the GHC in
(1.8) associated with Z. O

Note 2.2: Theorem 1.1 implies that Ay, satisfying
GHC is not sufficient for achieving the PLS in Vca(¢).
By the same argument as in the proof of Theorem 1.1, it
is easy to prove that A » is also not sufficient.

B. Phase decoding-coefficient recovery for Veq (o)
As in section I, Vea(¢) is defined by

Vea(d) = {> e cxd(- — k) : {ci} € €2, co #0,¢, € C}.

For f € Vca(¢), call Ny := sup{k : ¢ # 0} the
maximum coefficient index of f. Clearly, if f is compactly
supported (infinitely supported) then Ny < co(= 00). On
the other hand, if the phases of sufficiently many samples
of |f| have been decoded, then the reconstruction of f
can be linear. Motivated by this, we will establish an
alternating approach: phase decoding-coefficient recovery



(PD-CR). Some denotations are necessary for introducing
the approach.

As in section I, ¢ is supported on (0, s) with the integer
s > 2. For n > 1, define the set I,, by

=

For f =372 crkod(- — k) € Vca(¢), define the auxiliary
function v,, s on (0,1) by

{0,1,...,n—1},
{n—s+1,...,n

1<n<s—1,
-1}, n>s.
(2.12)

Un,f(*) = D per, ced(n+ - — k), (2.13)
which together with supp(¢) C (0, s) leads to
fn+z) =v,5(x) + cnp(x),z € (0,1). (2.14)

Based on v, s, define two auxiliary bivariate functions

A"vf( )+ Bn,f(fl',y)
= I\f‘(\"(-’_w [Qg(:v)¢(y)17n( )_Un( )|¢| ( )} (2.15)
and
O"-,f('rvy) )
= (0 + ) = [on, s () + 2R( DLt 0000

LW 720 + ) + v (@),
(2.16)

whenever z,y € (0,1) such that ¢(z) # 0. The values
of the above bivariate functions at (z,y) € (0,1)? are
correlated via the following equation w.r.t the unknown
zeC:

(An,j(2,y) + B s(z,y)i)2? —
+An,f(2,y) — Buy(z,y)i = 0.

The following lemma states that the solutions to (2.17)
can provide a precise feedback on the global phase of
{ck}rer, -

Lemma 2.3: Let v, ;(-) and A, r(-,-) + By, s(-, )i be
defined in (2.13) and (2.15), respectively. Define v, ¢(-)
via (2.13) with {c}res, being replaced by {ci}rer, =
e{cx Y rer, . Moreover, define Anyf(-, O+ Enyf(-, )i and
Ch.s(-,-) via (2.15) and (2.16) with v,, ;(-) being replaced
by ¥y, f(-). For fixed z,y € (0,1) and n > 1 such that
() #0 and A, (x,y) + By, s(x,y)i # 0, suppose that
the two solutions to (2.17) are z; and z». Then the two
solutions to

(gg,f(x, y) + §g7f($, y)i)z? —

Cus@9)z (15,

are €21 and €' 2.

the direct calculation we have

Proof:  Through i
En,f(m)gn,g(y)qu) and

V. (@)Vn . (W)SW) _
o(x)

(x,9)+Bn s (z,y)i _ e—i§

~ i,
= Cn,f(xay)u A L -
(2.19)

Cn’f(x7y) 7l,f(z'ry)+B7l,f(x7y)i

On the other hand,

21,22

_ Cag(@y)E/CF (wy) =4[ An s (2,y)+Bn s (@ y)il?

- 2(An_ s (@,y)+ Bn 5 (2,9)i) ’
which together with (2.19) leads to that the two solutions
to (2.18) are €z, and €l 2. O

Based on Lemma 2.3, the following theorem concerns
on a guarantee for decoding phases.

Theorem 2.4: Let f € Via(¢). Assume that all the
samples

{If@)yu{lf(n+tu)l:5=1,2,3n=1,...,
Nf-l-S—l}
(2.20)

are nonzeros where fg, %, , € (0,1). Then the corre-
sponding phases {0(f(t0))} U {0(f(n +t,,))}n,; can be
determined (up to a global real-valued number) if for every

ne{1,2,...,Ns+s—1}, ¢(tn,) # 0 and the equation
system
(An,f (?@\1 ’ tzl\2) + B"-,f(tzl\l ) ?@\2 )i)z - O"-,f(tnl ) tnz)z
+An,f/(\ n17/\n2) - Bn,f/(\nlv/\tnz)i =0,
(An f(tﬁl ’ tﬁ3) + B"-,f(tﬁl ) tzl\'a )i)z - O"-,f(tnl ) tn%)z
+An f(tnwt 3) - Bn,f(tn1 sty )i =0,
(2.21)

w.r.t the the unknown z € C has a unique solution.
Proof: As previously, denote f = " cp¢(- — k). We
prove the theorem recursively on n. Suppose that

0(f(to)) = 6o

is known as the priori information. Then it follows from

0 # f(to) = cog(fo) that
co = €% f(to)|/(to).

For n = 1, we next address how to determine z :=
?(F (1 +1) 1t follows from (2.14) that

01,7 (t1,) + e1(tr,)| = [F(1+ )],
01,7 (1) + e16(tn, )| = [F(1+ 1)),
|U1-,f(t13) +Cl¢(t13)| = |f(1 +t13)|7

where va(flj),j = 1,2,3, are computed by using (2.13)
and (2.23) as follows,

(2.22)

(2.23)

(2.24)

n n d(14+21,)e0| £ (%
vlvf(tlj) = (b(l + t1; )CO = W (2.25)



By (2.14), [f(1+t,)lz = v1s(t1,) + c16(t1,). Since
¢(t1,) # 0, we have

o = 04 b))z — o1z (hy)
¢(t11 )
which together with the last two identities in (2.24) leads
to

(2.26)

e \f(1+tA11)|Z v1 s@y) 2
‘vlvf(tlj)j‘ #(t1,) ¢(tlg)‘ (2.27)
:|f(1+tlj)| ] =2,3.

By direct calculation, we can prove that (2.27) is equiv-
alent to (2.21) for n = 1. Since there exists a unique
solution to (2.21), z can be determined, and consequently
¢1 can be done by (2.26). Now {0(f(1 + tll)) L # 1}
are determined by 0(f(1+41%1,)) = 0(v1,5(t1,) + c1¢(tll))
with v1, f(tll) given by (2.25). Suppose that {6(f (o))} U
{6(f (k—f—tk ) :ji=1,23k=1,...,n—1}and {c;}},
have been determined, where n < N} + s. Through

the similar procedures as above, z := ei‘g(f (tn141) can
be determined by (2.21), and ¢, = [|f(n + tn, )|z —

n,f(tn,)]/é(tn, ). Then by (2.14), O(f(n +1,,,)) can be
computed. By the recursion on n, the phases {8(f(to))}U
{0(f(n+1a,):5=1,23n=1,..., Ny +s—1} can
be determined.

Recall that the above determination is achieved by the
priori information (2.22). Without this information, now
we assign

0(f(to)) = bo, (2.28)
where 6y € [0, 2m). We next prove that under this
assignment, f := el®0=00) f = S0 G (k) can be de-
termined by the samples in (2.20), where ¢z, = ¢ i(Go— 9°)c
Consequently, {6( f (o)) 460 — 0o YU{O(f (n+1y, ))—H?o—
0p:5=1,23,n=1,...,Ny+s—1} canbe determined.

For (2.28), through the similar analysis as in (2.23) we
have

~ _ d0p@) _ i(Go—b
0= = e

and 0(f(t0)) = 0(s(to)cy) = O(f(ko)) + 6o — fo.
As in Lemma 2.3, define Ay s(x,y) + Bi,¢(z,y)i and
517f(:v,y) via (2.15) and (2.16) with ¢g being replaced
by co. Through the similar analysis as in (2.27), z :=
0t +1) satisfies
12) + B};f(?
(t1,

(Ay g, t 1yt )2? = Gy, 1y)2
+A1 f(%\l’%\12) _ﬁl,f %\ t12)l = O
(Ag,f(fAlAutAls) + Bg,f(tAll ?1 )i)2? = Ch g, t1,)2
+A4; f(tllatls) B, f(tllvtls)l_ 0.

(2.29)

By the same argument as in the proof of Lemma 2.3, we
can prove that

Asg(@y)+Bis(zy)i _

9 9
A f @) T B @i el®0=00) O p(x,y) =

Ol.,f('rv y)a
(2.30)

which together with (2.21) having a unique solution leads
to that (2.29) also has a unique solution. Applying Lemma
2.3 with 0 = 6y — 6o, we have 2z = ei(00—00) i6(f (F1,+1)
Consequently, ¢; = el(®0=%)c,. Suppose that {6(f (%)) +
0y — 6‘0} U {9( (k—f'tk])) +6p—0p :j=1,23Fk=
1,...,n—1} (or ¢ = €l®~%) ;) have been determined.
Define A, ; + By i and C,, ; via (2.15) and (2.16),
respectively, by replacing cx by ¢x. By Lemma 2.3 and
the similar analysis as in (2.30), we can prove that
Cp = el®0=%)c  The rest of the proof can be easily
concluded by the recursion on n. O

The procedures in the proof of Theorem 2.4 for decod-
ing the phases {0(f(t0))} U {0(f(n + tn,))}nj, up to a
global real number, are conducted recursively on n. And
they alternate with those for recovering the coefficients
{¢n}. Next we summarize them to establish the PD-CR.

Approach II-B

Input: Samples {|f(to)[} U {[f(k + t,)| = j =
1,2,3,k=1,.. n}whereto,tk €(0,1) andn<N—|—
s; initial phase G(f( 0)) = 0o and ¢o == e‘9°|f(t0)|/¢( 0)-

Output: {c}7_, and {0(f(t0))}U{O(f (k+1x,)) : j =
1,2.3,k=1,....n

RecAursion assumption: Assume that the phases
{0(fto)U{O(f(k+tr,)) 5 =1,23k=1,...,n—
1} and coefficients {cx}}—, have been recovered. Then
{6(f(n+ tnj)) j=12 3} and ¢,, are recovered by the
following steps:

step 1: Compute vy, s ( n,;) via (2.13) with 1j=1,2,3.
Compute Ay, ( tny) —|— B, ;(t, nl,tn2 )i and
An, f(tnl ) tns) ( nist )l’ Ch, f(tnl ) tnz) and
Cro f(tny s Tng) Via (2 15) and (2 16), respectively.

step 2: 0(f(n + t,,,)) is decoded by computing

A0 (n+En,)

=argmin, , cfz, 1.z} {min{|zn7k —Zn| il = 3,4}}
231

where

Zn,k
Con g (b stny)
2(An,f(t?n1 ,iEAnz)Jan,f(tAn1 ,tAn2 )i)
\/szl,f(%\”l )alg)_4|An,f(al1 )alz)+B",f(all ’alZ )i‘2
2(An,f(?n1 fnz)"'Bn,f(/t\nl 7/"‘\nz i)

+




with k = 1,2, and

Zn,l L
— _ Cﬂf(tnl 7tn3 ),\ _
2(An,f(tn1 )tna)"'Bn,f(t”l ’tns i)
N V2 4y ng) =41 An, 1 By g )+ B, g By sy )il?
Q(An,f(tn17t"3)+Bn,f(tn17t"3)i)

with [ = 3, 4. .
step 3: Compute ¢, = [V Hn))|f(n +¢,,) —
vn_,f(tAm)]/gb(fm). ComEute f(n + tAn].) by (2.14), and

~ f(n+t,.) .
O(f(n+tn,)) = G(W) where j # 1.

C. Random phaseless sampling for Veg(9)

Next we replace the points {Zo} U {tn,, tnys bns bn in
Theorem 2.4 (2.20) by random variables, and establish
our first main theorem as follows.

Theorem 2.5: Let ¢ = ¢ + igg be a complex-valued
GHC-generator such that supp(¢) C (0, s) with the integer
s > 2. Then any nonseparable signal f € Vca(¢) can be
determined (up to a unimodular scalar) with probability 1
by the random samples {|f(to)|} U {|f(n + tn,)], | f(n +
tuo)|s [ f(n4tn,)] :n=1,..., 00}, where the i.i.d random
variables {to} U {tn,,tny,tns :n=1,...,00} ~U(0,1).
Proof: The proof is given in section II-F. |

The following proposition concerns on local reconstruc-
tion.

Proposition 2.6: Let ¢ = ¢» + ids and f be as in
Theorem 2.5. Then for any integer L > 1, the restriction
fio,z; of f on [0, L] can be determined (up to a unimod-
ular scalar) with probability 1, by the random samples

{|f(t0)|} U {|f(n =+ tn1)|7 |f(n =+ tn2)|7 |f(n + tna)|

n = 1,...,L — 1}, where the i.i.d random variables
{to} U{tny tngstng in=1,...,L —1} ~U(0,1).
Proof: The proof is given in section II-G. O

D. Conjugation ambiguity does not occur for Veq (o)

In this section we will compare the result in section II-C
with that in [29] which concerns on the conjugation phase
retrieval. We start with the definition of conjugation am-
biguity (c.f. [29], [14]) of PR in an SIS. The conjugation
ambiguity means that there exists a signal f in an SIS,
which is not real-valued (up to a unimodular scalar), such
that it is not distinguishable from its conjugation f which
still lies in this SIS. For a real-valued generator ¢, it is
clear that

N N
13 e = k) =13 el — )|

k=0 k=0

(2.32)

for any sequence {cj}2_, C C. That is, the conjugation
ambiguity is inevitable for phaseless sampling in a real-
generated SIS. Most recently, C.K. Lai, F. Littmann and
E. Weber [29] investigated the conjugate phase retrieval
of complex-valued bandlimited signals, namely, to recon-
struct them up to the conjugation ambiguity.

It is easy to check that (1.3) leads to (2.32). Despite
all this, the following remark states that there are some
essential differences between the result in Theorem 2.5
and that in [29].

Remark 2.7: (1) Unlike the conjugate phase retrieval,
the conjugation ambiguity does not occur in Theorem 2.5.
Or else, suppose that f(z) = |f(x)e”®) and f(z) =
|f(z)|e~ (=) both lie in Vea(e). Clearly, |f(z)| = | f(x)].
Then it follows from Theorem 2.5 that f(z) = e¥f(x)
which leads to p(z) = ¢/2. This is a contradiction with the
definition of conjugation ambiguity. (2) Our generator is
complex-valued and compactly supported while the gener-
ator in [29] is real-valued and not compactly-supported. (3)
Our sampling is random while that in [29] is deterministic.

E. Some lemmas for proving Theorem 2.5

We start with the so called maximum gap.
Definition 2.8: For f = >"° ( cx¢(- — k) € Vea(o), its
maximum gap is defined as
max{l <y <oo:di>1st ¢y #0,
Cp=...=Cipy-1= 0}, if Hck = 0,
0, else.

Gy =

The following lemma concerns on the relationship be-
tween the maximum gap and nonseparability.

Lemma 2.9: If f = Y 7° (- — k) € Vea() is
nonseparable, then Gy < s — 1.
Proof: Suppose that 0 = ¢; = ... = ¢jyr—1 with i > 1
and L > s — 1. Define f; = 22;10 ckd(- — k) and fo =
Yoneirr ck®(- — k). It is easy to derive from ¢o # 0,
ci+1, 7 0 and ¢ being a GHC-generator that f; # 0, fo #
0. Now supp(¢) C (0, s) leads to f = f1+ f2 and f1f2 =
0. That is, f is separable. This is a contradiction. O

The following lemma concerns on the zero property of
An, 1 (2, y) + Bn p (2, y)i.

Lemma 2.10: Let ¢ = ¢x + ipg be a complex-valued
GHC-generator such that supp(¢) C (0, s) with the integer
s > 2. Moreover, f € Vca(¢) is nonseparable, and {to} U
{tn,stngstng i =1,..., Ny +s—1} ~ U(0,1). Then
P(Ap f(tny tn,) + By, f(tn, tn,)i # 0) =1 for any n €
{1,...,Njy+s—1}, where i = 2,3.

Proof: The proof is given in section V-A. |



Based on Lemma 2.10, in what follows we investigate
the probabilistic behavior of the phase 6(A, f(tn,,tn,)
+iBn7f(tn1 s, ))

Lemma 2.11: Let f, ¢ and {to} U {tn,,tn,,tng : 1 =

Ny+s—1} ~U(0,1) be as in Lemma 2.10. Then
for any fixed a € (0, 27, it holds that

P(H(Anyf(tnl ) tn2) + iBnyf(tfh ) tn2)) # a) =L

Proof: The proof is given in section V-B. |

Based on Lemma 2.11, we next investigate the unique-
ness of (2.21) with tAm. therein being replaced by ¢,, ~
U(0,1).

Lemma 2.12: Let f, ¢ and {to} U {tn,, tny,tn, : 0 =

Ny+s—1} ~U(0,1) be as in Lemma 2.10. Then
for any n € {1,..., Ny + s — 1}, the equation system

(Anvf(tnl ’ tn2) + Bnyf(tnl s ny )i) 22— O"-,f(tnl ) tnz)z
+A"-,f(tn1 ) tnz) - Bnyf(tnl ’ tn2)i =0,
(An.f(tny s tng) 4 Br,p(tny s tng 1) 22 = Cr (b, s Ty )2
+A"-,f(tn1 ) tns) - Bnyf(tnl ’ tn%)i =0,

has only one solution with probability 1.
Proof: The proof is given in section V-C. O

Based on Lemma 2.12 and Approach II-B, we next
prove Theorem 2.5.

FE. Proof of Theorem 2.5

By A4, in Proposition 2.1 satisfying GHC, we have
P(|f(n+tn,)| #0) = P(|¢(tn, )| # 0) = 1. If the phases
{0(fto)U{0(f(n+tpn,)) :n=1,...,00,i =1,2,3}
can be determined (up to a global real number) with
probability 1, then {c,, }52, can be reconstructed by (2.14)
(up to a unimodular scalar) with the same probability. On
the other hand, by supp(¢) C (0, s) and the definition of
Ny, it is sufficient to prove that {6(f(to))} U {0(f(n +
tn,)) :n = 1,...,Ny+s—1,i = 1,2,3} can be
determined (up to a global real number) with probability
1.

As previously, we have P(|¢(to)| # 0) = 1. Following
Approach II-B, let ¢y := €'%|f(to)|/#(to). Then, with
probability 1, ¢o can be determined up to the scalar elf,
where 6 := 6y — 6y with 6y being the exact phase of
f(to). Or with probability 1, 6(f(to,)) can be determined
up to the number 6. For any 0 < n < ./\/'f +s—1,
suppose that the phases {6(f(t0))} U{0(f(k+ty,)) 1 k =
L...,n=1,7=12, 3} have been determined (up to the
global real number ¢/) with probability 1. Correspondingly,
{er}Z) haven been determined (up to the scalar ¢?) with
probability 1. Now by Lemma 2.12, Theorem 2.4 and
Lemma 2.3, 0(f(n + tn,) + 0 can be determined (up to
the global real number ) via Approach II-B (2.31) with

probability 1. Then ¢, can be determined (up to the scalar
¢1%) with probability 1. The proof can be concluded by the
recursion.

G. Proof of Proposition 2.6

By supp(¢) C (0, s) we just need to prove that {c,, }2=}
can be determined with probability 1, up to a unimodular
scalar. As in section II-F, with probability 1, ¢y is deter-
mined by |f (o), up to a unimodular scalar el Suppose
that with probability 1, {cj}}—) are determined up to €.
Then by the same argument as 1n section II-F we can prove
that with the same probability, ¢,, can be determined, up
to €7, by |f(n+tu,)|,i = 1,2,3. The proof is concluded.

H. Numerical simulation: random PLS of complex-valued
and highly oscillatory chirps

This section is to verify Theorem 2.5. Our test SIS
Vea(@ab,p) is related with [34, section 6.3.1]. Specifically,

(ba,b,p(x)
2m[ble X(0,4) ().

By section I-Cl1, both ¢40.8,1 and ¢s50,0.8,1 are GHC-
generators. The test signal

fa() = Zif:o Cnéba,o.&l(il7 —n),

where a = 4,50 and G(f,) < 3. See Fig. IL1 for
their graphs. In Fig. I11.2 we also plot the phase function
0(fa(x)) defined via f,(x) = |fa(z)|eiVa(®) Clearly,
the two signals are highly oscillatory. By Theorem 2.5,
fa(z) can be determined with probability 1, up to a
unimodular, by the random samples {|f, (t0)|} U{|fa(n+
o)l [fan+ )|, [ fa(n+tng)| i n=1,...,18}, where
t0stnystngstns ~ U(0,1). In the noiseless setting, 103
trials are conducted to determine f,(z) by Approach II-B.
The error is defined as

Error(f,,)

= logo(miny e 0,20 [[{ex} — e {Ck HI2/[[{en}]2),
where {¢;} is the coefficient sequence of the reconstruc-
tion version f,(x) = 27115:0 Cna,0.8,1(x — n). Approach
II-B is considered to be successful if Error(f,) < —1.8.
The cumulative distribution function (CDF) of Error(f,)
is defined as

2
a(m27b2) e7ip(:x:bf2) 2 7T(I )

COS

# (Error(f,) < )

103 '

Fig. 1.3 confirms that with probability 1, the signals can
be determined in the noiseless setting.

In what follows we examine the robustness of Ap-

proach II-B to noise corruption. The observed values of

{17 @)} U{lf (n+tn )| [f (0 tn) | [ (0 +ng)| 2 =

CDF(z) =

(2.33)
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; SNREL 59 60 70 80 90 100 110 120 130
A 00070 00940 02800 04830 0.6440 07990 0.8860 0.9410 09970
oo 00240 01770 04040 06270 07330 08430 0.9090 0.9520  0.9880

TABLE II.1: Success rate vs noise level (SNR).

1,...,18} in a trial are denoted by {|f(t0)|} U{|f(n+
nl)l |f(n+tn2)| |f(n+tn3)| n_l 18} WC add
the Gaussian noise £ ~ N(0, 02) to the n01seless samples.
That is, we employ the n01sy samples {|fa(t0)| +etuU
{Ifa(n + LLm)l + &, [ faln + tnz)l + &, [ fa(n + tn3)| +e:

n =1,...,18} to conduct Approach II-B. The variance
o2 is chosen such that the desired signal to noise ratio

(SNR) is expressed by

[[Fall3

e (2.34)

SNR = 101logy, (

):

where [[Fall3 = |fa(fo)® + 3252y S0y | fa(n + B, )
In the noisy setting, 102 trials are also conducted to recon-
struct f4(x) and fso(z), respectively. Their reconstruction
success rates (CDF(—1.8)) are recorded in Table II.1.

III. RANDOM PHASELESS SAMPLING OF CAUSAL AND
REAL-VALUED SIGNALS IN REAL-GENERATED SISS

Throughout this section, let ¢ be a real-valued GHC-
generator such that supp(¢) C (0, s) with the integer s >



2. This section focuses on the PLS of real-valued signals
in

VCEI(@) = {Z;O:O Ck(p(- — k) : {Ck S R} S €2,Co # O}

Some denotations and definitions are helpful for discus-
sion. Suppose that the signal f € Vca(p) is denoted by

f=>0cnp(- — k). (3.35)

As in section II-B denote Ny = sup{k : ¢ # 0}. As in
(2.12), define the index set I,, by

;[0 -1}
"l {n—s+1,...,n—1},

For n > 1 and the signal f in (3.35), define an auxiliary
function

’U?if(l') = per, ckp(n+ax —k),z €(0,1). (3.36)

Moreover, define

1<n<s—1,
n > s.

AR (2,y) = LD o @) oyl (y)
5 ) (3.37)
_Un,f(‘r)(p (y)}u
and
O p(zyy) =|fP(n+y)— R, 2(y)

200 (2)ol ; (W)e(y)

o(x)
2
L1720+ ) + o (@),
(3.38)

+

whenever z,y € (0,1) such that ¢(x) # 0. The maximum
gap Gy is defined via Definition 2.8 with ¢ replaced by
. The sign function sgn(z) takes 1, —1 and 0 when z >
0,z < 0 and = = 0, respectively.

A. Random PLS of real-valued signals in Veq(p)

We next establish the main theorem of this section. It
is the counterpart of Theorem 2.5.

Theorem 3.1: Let ¢ be a real-valued GHC-generator

such that supp(¢) C (0, s) with the integer s > 2. Then
any nonseparable and real-valued signal f € Vca(p) can
be determined (up to a sign) with probability 1 by the
random samples {| £ (t0)[} U {[f(n + tu, )], [ (n + t,)] -
n =1,...,00}, where the i.i.d random variables {to} U
{tnystn, imn=1,...,00} ~U(0,1).
Proof: Since f is nonseparable, by the same argument as
in Lemma 2.9 we have Gy < s— 1, which together with ¢
being a real-valued GHC-generator leads to the probability
P(|f(k+tg,)| >0)=1forany k € {0,...,.Ny+s—1}.
Clearly, P(|¢(tn,)| > 0) = 1. As in section II-F, it is
sufficient to prove that the phases {6(f(to))} U{0(f(n+
tn,)):n=1,...,Ny+s—1,i= 1,2} can be determined,
up to the constant 7, with probability 1.

Denote f = Y7 ckp(- — k). By the similar argument
as in the proof of Lemma 2.10, we can prove that

P(AR ((tny tn,) #0) =1Ln=1,... Nj+s— 1.
(3.39)

Assume that zg = /(%)) € {1 1} is assigned exactly.

As previously, P(|f(n+tn,)] > 0) = P(|e(tn,)] > 0) =
1. Then

f(to) = 20l f(to)l, (3.40)
and ¢y = W with probability 1. We next determine

O(f(t1, +1)) and ¢;. Similarly to (2.24), we have
{ |U1:f(t11) +ecpty) = [f(L+t,)l
[o1 s (t1,) + crp(te,)| = [f(1 +t1,)].

Denote f(1+t1,) := z1|f(1+t1,)] with z; € {1,—1} to
be determined. By the similar argument as in (2.27), we
can prove that 27 is the solution to

(3.41)

Aﬁf(tll,t12)22 — C??f(tll,th)z + Aéﬁj’(tllatlg) =0.
(3.42)

It follows from (3.39) that with probability 1, there exist
at most two solutions to the above equation. Note that
the product of the two solutions is 1. Then there exists a
unique solution with the same probability. More precisely,

_ Crs(tay ty)
2= Sgn(A?ﬁf(tli,tlz))' (3.43)
Therefore under the assumption (3.40), ¢ =

) ons ) wigh probability 1. And 6(f(1+t1,))
can be determined with probability 1. Continuing the
above procedures, {0(f (o))} U{0(f(n + t,,)) : n =
L,...,Ny+s—1,i = 1,2} can be determined with the
same probability.

Contrary to (3.40), we next assign

f(to) = =20l f(to)|-

Under (3.44), we shall prove that {6(f(to)) + 7} U
{0(f(n+tn,))+m:n=1,... . Ny +s—1,i=1,2} or
J =12 o¢kp(-— k) can be determined with probability

(3.44)

1, where ¢ = —c. First it follows from P(|¢(to)| #
0) =1 that
G = 2l — ¢, (3.45)

Then 0(f(to,)) = 6(f(to,)) + 7. By (3.37), (3.38) and
(3.45), we have A?f(tll,tlz) = —Asff(tll,tb) and

Ciﬁf(th,tb) = C’f}(tll,tb). Moreover, as in (3.42),

sgn(f(14t1,)) is the solution to

Asff(th jt1,)2% — Ciﬁf(th Jt,)2 + A?f(tlntb) —0.
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As in (3.43), the solution is given by

(tll t12))

SLptha) M)
f(tll t12)

—sgn (-

AT ((t1y t1y)/”

z= sgn(

Then 9(f(1 +t1,)) = 0(f(1 + t1,)) + m. Consequently,
Cl = —C1 and 9(f(1 + t12)) = 9(f(1 + t12)) + .
By recursion on n, we can prove that {0(f(tg)) + 7} U
{0(f(n+tn,))+m:n=1,....Ny+s—1,i=1,2} can
be determined with probability 1. O

The following proposition concerns on the local recon-
struction. It is the counterpart of Proposition 2.6.

Proposition 3.2: Let © and f be as in Theorem 3.1.
Then for any integer L > 1, the restriction fjo ) of f on
[0, L] can be determined with probability 1, up to a sign,
by the random samples {|f(to)|} U {|f(n + tn, )], | f(n +
tn,)| :m=1,..., L—1}, where the i.i.d random variables
{to} U{tny,tn, :n=1,...,L—1} ~U(0,1).
Proof: The proof is based on that of Theorem 3.1. And
it can be concluded by the similar argument as in section
II-G. O

B. PD-CR for nonseparable real-valued signals in Veg ()

Let {to} U {tn,,fn, : m = 1,...,00} be the observed
values of random variables {to} U {tp,,tn, : n =
1,...,00} in Theorem 3.1. Based on the proof of Theorem
3.1, in what follows we establish an approach for the PLS
of nonseparable real-valued signals in Vea(p).

Approach III-B

Input: Samples {|f (o)} U{|f (k+1x,)| - j = 1,2,k =
1,...,n} where o, ik, € (0, 1) andn</\/f+s—1
A§31gn initial phase 6(f(fo)) = 6y € {0,7}; co =
B . i

Output: {c;.}}_, and {0(f(t0)) }U{O(f(k+tx,)) 1 j =
1,2,k=1,...,n}.

Recursion assumption: Assume that the phases
{0(f(k + 1) : j = 1,2,k = 1,...,n — 1} and
coefficients {c }}—4 have been recovered. Then {0(f(n+

tn;)) : j = 1,2} and ¢, are recovered by the following
steps:
step 1: Compute vffj(tnl) AR (Am,tAm) and

cR j(tm, nz) by (3.36), (3.37) and (3. 38) respectively.
step 2: O(f(n + t,,)) €
computing ei?(f (+tn1)) — sgn(

{O 7} is recovered by

CR (T tny)
n,f\'nyrtny —
p (tnl%)) And ¢,

[ | f (4 T )| = 0 5 (E ) /0y )-

C. Numerical simulation: costing small number of sam-
ples to reconstruct highly oscillatory real-valued chirps

This section is to examine the efficiency of Approach
III-B. The generator ¢ is chosen as ¢q 5 p.%, the real part
of ¢q,p, defined in section II-H. The test signal is

fabp() Z:fOCna(bapr(t

where ¢g o # 0, ¢n,q € R. It is easy to check that f,  ,(t)
can be rewritten as the real-valued chirp form (c.f. [40]):
A(t) cos(Av(t)) with A(-) > 0. By the analysis in section
I-C2, we can check that ¢10,—0.238,1,§R’ ¢50,—0.238,1,§R and
®10-6,—0.0038,0,% are all real-valued GHC-generators. We
choose f10,-0.2381,1> f50,—0.2381,1 and fip-6 _0.0038,0 @S
test signals. Their graphs are plotted in Fig. II1.4 (a, c, e).
Moreover, the phase function 0(f, 5 ,(x)), taking 0 and
m when fop,(x) > 0 and f,pp(z) < 0, respectively, is
plotted in Fig. II1.4 (b, d, f).

Flg 4 (b, d, o 1mp1y that f10,70.2381.,1
and  fs0,—0.2381,1 are much more oscillatory than
f10-6,—0.0038,0- It should be noted that a great number
of deterministic samples are necessary for the local
reconstructions of flO,—0.2381,1 and f50,—0.2381,1- To
make this point, define

(3.46)

n)’

1

ga(t) = Z Cn,a¢a,70.238,1,sﬁ(t - TL), te
n=0
where C€0,10 = 0.7064,01)10 = —0.6183,00750 = —0.5874
and ¢ 50 = 0.2659 are as in (3.46). Clearly,

ga(t) = € (Oa2)7

and the reconstruction of g, is equivalent to ones of cg q
and Cl,a- Suppose that cg , and c; , can be recovered by
any L deterministic samples {|ga(t0)| |9a(14+11,)] 15 =
1,...,L—1}, where to, t1, € (0,1). We next estimate L. It
is required that ¢a7,0_238717m(f0) # 0 such that ¢( , can be
determined, up to a sign, by |g4(to)|. Otherwise, |gq(Zo)]
is useless for determining ¢, . Without loss of generality,
assume that cg o is determined and |g, (1 +11,)| # 0. Next
we need to determine c; ,. Then the determination of ¢q
is equivalent to the determination of z := sgn(gq(1+%1,)).
By the analysis in (3.41), z is the solution to (3.42)
with AT g(t1,,t1,) and ot 4(t1,,t1,) therein replaced
by AT (tll,tl ) and CF (tll,tl ), respectively, where
j # '1 Clearly, z can be determined if and only if
As{fqa (tAll,tAlj) # 0. As an example, we choose ;, = 0.5
without bias. See the graph of AR, (0.5,2) on (0,1) in
Fig. IIL6. Obviously the number of zeros of Af .05, 7)
on (0, 1) is much larger than 2. Especially, we found that
the number of zeros of Af g0 (0.5, ) is not smaller than
256. Then we need at least 257 additional deterministic

samples on (1,2) to avoid AQ{Eg ,(0.5,2) = 0. Therefore

(0,2), (3.47)

fa,—0.2381,1(t), t (3.48)




SNR

o 35 40 50 60 70 80 90 100
Ja,b.p
f50,—0.2381,1 0.0100  0.0590  0.2460  0.5290  0.6870  0.8450  0.9200  0.9620
f10,—0.2381,1 0.0160  0.0470  0.2520  0.4590  0.6570  0.8540  0.9090  0.9560
f10-6. _0.0038.0 0.1100  0.3370  0.7390  0.9080  0.9520  0.9800  0.9850  0.9960

TABLE II1.2: Success rate vs noise level (SNR).

for reconstructing g5, L > 259 although it is determined
by only two coefficients. By Proposition 3.2, however,
go can be determined, with probability 1, by just three
random samples. Allowing for (3.48) we just need to check
the recovery efficiency of f, —¢.2381,1.

In the present simulation, by the random samples

{|fa,b,p(t0)|} U {|fa,b,p(n +tny)l, |fa,b,p(n +tn,)| :
n=1,...,18},
(3.49)

10% trials of Approach III-B are conducted to recover
fap.ps where {to} U {tn,,tn, :n=1,...,18} ~U(0,1).
The recovery error is defined as

Brror(fapp) = logig(minyegr 1y [[{cr.a}

—v{Crall2/[{cka}ll2),
(3.50)

where {¢k o} is the recovery version of {cy,}. As in
section II-H, the approach is considered successful if
Error(fapp) < —1.8, and the cumulative distribution
function (CDF) of the error is defined via (2.33). Clearly,
Flg II1.5 1mp11es that flO,—0.2381,17 f50,—0.2381,1 and
f10-6,—0.0038,0 can be recovered perfectly in the noiseless
setting. To check the stability to noise, we also conduct
103 trials in the noisy setting. As in section II-H, we
add the Gaussian noise ¢ ~ N(0,0?) to the observed
noiseless samples in (3.49). The variance o2 is chosen via
(2.34) with 55 therein replaced by 37 such that the desired
SNR can be expressed. As in the noiseless case, 103 trials
are also conducted. The success rates (CDF(—1.8)) are
recorded in Table II1.2.

Comparing Table II.1 and Table III.2 we found that,
for the low SNR (e.g. < 60), the stability to noise in
the present simulation (real-valued case) is much stronger
than that in section III-C (complex-valued case). We next
interpret this from the phase distribution perspective.

Remark 3.3: For a real-valued signal f € V(yp), its
phase function 0(f(z)) has only two values: 0 and 7.

Since the samples in (3.49) are perturbed, unavoidably so
CT (bny tny)

AR oy g in step 2 of Approach II-B. If the per-

. CF (b, tny) CF +(tny tny)
turbation ¢ OfAiAfyf(tAnpalg) 7A§J(;nl7;n2) l,
then O(f(n+t,,)) can be decoded exactly through step 2.
Unlike the real-valued case, Fig. II.2 implies that the

phases of the complex-valued signals in section II-H are

satisfies |e| < |

much more complicated. Therefore, it is no wonder that
the stability in the present simulation is much stronger
than that in section II-H.

On the other hand, it follows from Fig. I11.4 (b, d, f) that
the phase function of fi9-6 _¢ 00350 varies much more
S]Ole than those of flO,—0.2381,1 and f50,—0.2381,1- And
when SNR (< 50) is low, numerical results in Table I11.2
imply the much stronger stability for f19-6 _0.003s,0-

Recall that the distribution and oscillation of the phase
is the intrinsic property of a signal. Overall, the simulation
results in section II-H and in the present section imply that
the recovery stability to noise is related with the property.

IV. CONCLUSION

We prove that the full spark property is not sufficient
for the phaseless sampling in complex-generated shift-
invariant spaces (SISs) (Theorem 1.1). We establish a
condition for decoding the phases of the samples (Theorem
2.4). Based on Theorem 2.4, we establish a reconstruction
scheme in Approach II-B. Based on Approach II-B and
the generalized Haar condition (GHC), nonseparable and
causal (NC) signals in the complex-generated SISs can
be determined with probability 1 if the random sampling
density (SD) is not smaller than 3 (Theorem 2.5). Ap-
proach II-B is modified to Approach III-B such that it is
more adaptive to real-valued NC signals in real-generated
SISs. Based on Approach III-B and GHC, real-valued NC
signals in the real-generated SISs can be determined with
probability 1 if the random SD is not smaller than 2
(Theorem 3.1). Propositions 2.6 and 3.2 imply that the
highly oscillatory signals can be determined locally, with
probability 1, by a very small number of random samples.

V. APPENDIX
A. Proof of Lemma 2.10

Since ¢, , tn, and ¢,, are i.i.d random variables, we just
need to prove P (Ap ¢ (tn,,tny) + Bn,f(tn,, tn, )i # 0) =
1.

Define an event &, o := {G(tn,)f(n +tn,) # 0} wrt
tn,. By (2.14), we have

€n,O _
= {¢(tn1)(5n,f(tn1)_+ Cn (tm)) # 0}
= {Zkeln Ek(b(tm)‘b(n +in, — k) + 5n|¢|2(tn1) # O}-



First, it is easy to derive from Lemma 2.9 and the defini-
tion of Ay that, for every n € {1,2,..., Ny +s—1} there
exists a nonzero coefficient in {cy : k € I,,}. Moreover,
Ay 2 in Proposition 2.1 satisfies GHC. Then

u({te (0.1): Cyes, ad(®)d(n +1— k)
+alol2(t) = 0}) 5D
= 0.

Therefore P(€,0) = 1. Consequently, P(&, ) = 1

where €, = {% # 0}. Define an auxiliary
ny

(random) function w.r.t ¢,,, and ¢,, by

an f_(tnl ) tn2) + bn,f(tfn 1ty )i
= ¢( )¢( nz)ﬁn,f(tnz) - ﬁn,f(tn1)|¢|2(tnz)'

(5.52)
Direct observation on (2.15) leads to that
An f(tnl ) tn2) + Bn-f(tfh ) tnz)i
[F1(n+tny) ’ o (5.53)
= IML(PTll) (anvf(tnl ) tnz) =+ bn,f(tfh ) tnz)l)'

As previously for every n € {1,2,..., Ny}, there exists
a nonzero coefficient in {c; : k € I,}. Then by (2.13)
we have v, ¢ # 0. Now it follows from Ay 5 in Proposi-
tion 2.1 satisfying GHC that ¢v,, s and |¢|? are linearly
independent, which together with P(&,, o) = 1 leads to
an, f(+,-) + by, f(,-)i # 0. Then

1>P(anf nlvtﬂ2)+bnf(n17tn2)l7éo)
(a" f nl ) tnz + bn,f(tnl ) tn2)l 7£ O|€n=0)P(€n70)
(a" f tn,, tnz + ban(tfh ) tn2)l 7£ O|€n0)

1

where Ay o satisfying GHC is used again in the last
identity. The proof is concluded.

B. Proof of Lemma 2.11

If0 < '@("‘(4) < o0, then it follows from (5.53) that

Q[A" f(tnla nz) + By f( nlatnz)l] = e[an f(tnut?m) +
b"-,f(tnlvt?m) ]’ where an, f(tnlv n2) + bn f( nis tnz)l is
defined in (5.52). By direct calculation, for y € (0,1) we
have

éR(an,,f (tn1 ) y) +
= an,f(tnlvy)
=ur, (0% (Y) + 65 (y))
+ > ker, [t kn (Pn(y)dn(y +n — k)
+o3(y)ds(y +n —k))]
=Y ker, [, ks (03 (W)dn(y +n — k)
—on(y)ds(y +n—k))l,

ib%f(tﬂl ’ y))

and

S(an, f(tn, y) + ibn,f(tm 'Y))
= bn-,f(tnl ) y))
= vt 1 (05 (y) + 05 (v))
+ > ker, [t ks (Pn(y)dn(y +n — k)
+o3(y)ds(y +n —k))]
+ > ker, [t ke (¢ (2)on(y + 1 — k)
—on(y)ds(y +n—k))l,

where Uy, f(tn,) = u, f +ive, f and

Croy e = O(tn, ok =, ko +iC1, k3. (5.54)

As mention in section V-A, there exists at least one
nonzero coefficient in {¢; : k € I,} for every n €
{1,2,...,Ny + s —1}. For any fixed n € {1,...,N¢},
using Ay 1 in Proposition 2.1 satisfying GHC, we have
P(¢(tn,) # 0) = 1, which together with (5.54) leads to
that with probability 1, there exists at least one nonzero
coefficient in {¢;,  : k € I,}. Then

P(ﬂ%(an,f (tnystny) +
> P(R(an,f(tny s tny) +

lbn f( n1 2)) 7é
ibn, f (tn,  tny)) 7 0|€p0)

xP(@mo)
= P(%(an,f(tnutnz) lbnf(tnlv tn,)) # O|€n 0)
= ]_7
where P(@n,o) = 1, derived from section V-A, is

used in the first identity, and the second identity is de-
rived from GHC (1.8). Therefore, P(R(an,f(tn,, tny) +
iby f(tn,,tn,)) # 0) = 1. Similarly, we can prove
that P (S(an,f(tny s tny) + ibn,f(tnystny)) # 0) = 1.
Then P(e[anyf(tnlvtfm) + bnyf( n17tn2)l] = J;) = Y%
where j = 0,1,2,3. Applying the above result to f :=
(379 f € Vea(e), the proof is concluded.

o

C. Proof of Lemma 2.12

Define three random events

€1 = {(An sty o) +Brs (b )
(Anf(tnlvt ) iBy, f( n17tn’3))

('n«17 ) lB"f( n17tn2))
(tnystng) +1Bn ¢ (1 mvtns))}

L (5.55)
(An

and

€ _{Anf(nl’ nz) anf(nla nz)#o}

€3 1= {An 1 (tnys tng) +1Bn,f(tny s tng) # 0}
Next we prove that P(¢;) = 1. By Lemma 2.10, P(¢&;) =
P(€3) = 1. Direct computation gives that

1 > P(@l)
P(@l N @2)
= P(€[€,)P(&2)
— P(¢4]€5).

(5.56)

(5.57)



By (5.55) and (5.56), we have

1| &,y
= {A"»f(tnl ’ tns)

_b(tm ) tnz)(An,f(tm ) tns) + iBn,f (tm ) tns)) 7é O|€2}7

where

- ianf(tnl ’ tn'a)

An,f(tnystng) =iBn 5 (tny stny)

b(t’rn ) t’ﬂz) = Anyf(tn1 ,tn2)+iBn,f(iEn1 ,tn2) :

Applying Lemma 2.11 to A, (tn, s tny) F1Bn, r(tny s o),
it is easy to prove that P(&;|€y) = 1 which together with
(5.57) leads to P(&;) = 1. Now the rest of proof can be

easily concluded.
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