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THE NEWTON METHOD FOR AFFINE PHASE RETRIEVAL

BING GAO

ABSTRACT. We consider the problem of recovering a signal from the magnitudes of affine measurements, which
is also known as affine phase retrieval. In this paper, we formulate affine phase retrieval as an optimization
problem and develop a second-order algorithm based on Newton method to solve it. Besides being able to
convert into a phase retrieval problem, affine phase retrieval has its unique advantages in its solution. For
example, the linear information in the observation makes it possible to solve this problem with second-order
algorithms under complex measurements. Another advantage is that our algorithm doesn’t have any special
requirements for the initial point, while an appropriate initial value is essential for most non-convex phase
retrieval algorithms. Starting from zero, our algorithm generates iteration point by Newton method, and
we prove that the algorithm can quadratically converge to the true signal without any ambiguity for both
Gaussian measurements and CDP measurements. In addition, we also use some numerical simulations to
verify the conclusions and to show the effectiveness of the algorithm.

1. INTRODUCTION

Phase retrieval problem arise in a wild range of applications in science and engineering, where one seeks
to recover an image (a signal) or determine the structure of an object from various phaseless measurements,
such as crystallography [I8/[19], diffraction imaging [4], optics [2I] and astronomy [9]. Symbolically, phase
retrieval problem can be viewed as recovering a signal x € H" (H = C or R) from a quadratic system:

(L.1) {y; = l(a;,x)[*,j =1,...,m},

where {ai,...,a,,} C H" are the measurements and y;, j = 1,...,m are the observations. For problem
(1), since the signal multiplied by a unit constant does not change the observed value, it’s easy to find
that any e¢x, 0 € [0,27) is also a solution to the system, so the best we can do is to recover the signal x
under a global phase factor. For classical phase retrieval, in which the measurements are Fourier transforms,
it is more challenging to obtain the solution as there are extra trivial and non-trivial ambiguities [3]. To
recover the signal, prior information such as positivity, sparsity [I5,[16] and structured measurements [5,[14]
are usually imposed in solving the phase retrieval problem.

Affine phase retrieval [I0] is a related problem in which we aim to recover a signal from the magnitudes
of linear measurements, i.e., to investigate how to recover a signal x € H" from their affine quadratic
measurements:

{yj = [y, x) +b5% ) =1,....m},

where {ay,...,a,,} C H" are the measurements and b = (by,bs, ..., by,)" € H" is a known vector. When the
vector b = 0 (zero vector), the problem is directly a phase retrieval problem. So affine phase retrieval can also
be viewed as phase retrieval with side information. Affine phase retrieval arises in holography [2L17]/phase
retrieval with reference signal [IL12,[I3], phase retrieval with background information [8/23]. In holographic
phase retrieval, a known reference signal at a certain distance from the unknown signal of interest makes
the recovery measurements linear. In phase retrieval with background information, the known part of the
signal helps us to obtain the amplitudes of linear measurements.

In this paper, we propose to give a mathematical framework and develop a recovery algorithm for affine
phase retrieval problem. Obviously, if weset a; = (a, E)T e H" and x = (x 1)T € H"!, then |(a;,x)+
bj|* = |(a;,x)|?, i.e., the affine quadratic measurements in x is the same as the quadratic measurements in x.
Thus, by this way, affine phase retrieval problem can be reformulated as a phase retrieval problem. On the
other hand, if we know some elements of the signal in advance, e.g., for x = [x1,%3]" € H" assuming that
xo € H"™" is known, then the measurements |a§x|2 = |aj(1 : n1)x1 +aj(n1 +1: n)xo|?, which indicates
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that the phase retrieval problem can be rewritten as an affine phase retrieval problem. Although the two
problems are interconvertible, there are fundamental differences. For example, the affine phase retrieval
problem can recover the signal precisely while the phase retrieval cannot.

In recent years, many generative models with spectral initialization have been proposed for various phase
retrieval problems [6l[7)11120,22]. These non-convex algorithms can be divided into two steps: the first step
is to generate a good initial point, and then the second step is to refine the initial point gradually through
first-order optimization methods. The commonly used models are as follows:

. 1 Uk 2 2 . 1 = 2
znel(lcr,g%;(Kaj,ZH —y)*, Znelgclgl%;(Kaj,ZH — Vi)
or
1 m
min —

min o3[y 2) [~y log (1(ay,2) ).
7=1

For the analysis of the theoretical convergence of these non-convex algorithms, an appropriate initialization
is crucial. Regarding affine phase retrieval, there are some algorithms given for Fourier measurements. In
paper [2], the authors propose a referenced deconvolution algorithm, which transforms the problem into a
linear deconvolution. In papers [IL[13], the authors use side information or reference signals to regularize
the classical Fourier phase retrieval algorithms and demonstrate that the algorithm provides significant
improvement over the original algorithm.

1.1. Targets and Motivations. In this paper, we aim at providing a non-convex formulation and devel-
oping a second-order algorithm to solve affine phase retrieval problem. When obtaining the measurements

{y; = l(a;,2) + b;|*,j = 1,...,m}, we reformulate the problem as:
1 m
) . 2 2
(1.2) min f(z) Zgg;%;maj,@ + b — ;).

Then we build up our algorithm based on solving (L2]).

Next we provide some insight as to why we expect to use second-order algorithms to solve affine phase
retrieval problem. In paper [I1], we use Gauss-Newton method to solve phase retrieval problem when the
measurements are in the real number field. The same approach can’t be generally extended to the complex
case because the Jacobi matrix is not invertible for complex measurements. In contrast, the corresponding
Jacobi matrix for affine phase retrieval problem is invertible as long as the complex measurements are affine
phase retrievable (Lemma [6.T]). This makes it possible for the second-order algorithms to be used in solving
affine phase retrieval problem in complex domains.

1.2. Contributions. Since the affine phase retrieval problem can be rewritten as a phase retrieval problem,
all the algorithms used in phase retrieval can be used for affine phase retrieval. In particular, when b is
a Gaussian random vector, the conclusions of most phase retrieval algorithms are also applicable to affine
phase retrieval. By exploiting the linear observations, we give a second-order algorithm under complex
measurements for affine phase retrieval problem. This is the first time a second-order algorithm has been
proposed for affine phase retrieval. Our contributions are summarized as follows: This iterative algorithm can
allow exact recovery of the signal under noiseless measurements. The sequence of iterates can quadratically
converge to the exact solution, and there are no special requirements for initial value. Our contributions are
summarized as follows:

e Based on solving (I.2)), we develop an iterative algorithm to solve the affine phase retrieval problem.
We prove that the algorithm can quadratically converge to the exact signal without any ambiguity.
The algorithm converges for both real and complex observations and has no special requirements on
initial point.
The proof is given under the measurements following both the Gaussian model and the admissible
CDPs model.

Remark 1.1. In our algorithm, we use Newton method to solve (I.3). The same proof technique can also
be used to prove the convergence of other second-order algorithms, such as the Gauss-Newton method.
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1.3. Notations. Throughout the whole paper, we reserve C, ¢ and -, and their indexed versions to denote
positive constants, whose values may change at each occurrence. All the signals and measurements are given
in the complex domain. We use x € C™ to represent the precise signal we want to recover and use z; € C"
to represent the k-th iteration point. Without losing generality and to simplify the explanation, we shall
assume |x|| = 1. When no subscription is used, || - || denotes the Euclidian norm, i.e., |- | = || - [|2. Here we
suppose the sampling vectors a; € C", j = 1,...,m are distributed according to Gaussian model (Definition
(TI)) or admissible CDPs model (Definition (L2])). And b € C" is a vector where each element is b € C or
each element is independently and identically distributed under a random distribution which is bounded by
|b|, i.e., |bj| < |b]. For a vector s, we use s' to represent the transpose of s, use s* to represent the conjugate
transpose of s and use S to represent the conjugate of s. Denote z;, as the k-th iteration point and S; as the
line segment between z; and x, i.e.,

Sp = {tx+(1—t)z: 0<t<1}.

Definition 1.1 (Gaussian model). We say that the sampling vectors follow the Gaussian model if each
a; € C K N(0,1/2) +iN(0,1/2).

Definition 1.2 (Admissible coded diffraction patterns (CDPs) model). We say that the sampling vectors
follow the admissible CDPs model if a; = aq ) = a[;/n], (j modn)—1) = Difi (1 <1< L, 0<k <n—1), with
Dy be the diagonal matriz with the modulation pattern dift] (t =1,...,n) on the diagonal and £} be the rows
of the Discrete Fourier Transform (DFT) matriz. Here the patterns di[t] are i.i.d. with each entries sampled
from a symmetric distribution d. The distribution obeys |d| < M, E(d) = 0, E(d?) = 0, E(|d[*) = 2E(|d|?)?.
Throughout this paper, we assume E(|d|?) = 1 and |d| < /6. For a fized l, this model collects the DFT of
the signal modulated by di[t] (t = 1,...,n). So the total number of measurements is nL. More details can

be found in [56].

1.4. Organization. The rest of the paper is organized as follows: In section 2, we develop the iterative
algorithm for (I.2)), which is based on Newton method. In section 3, we give the convergence analysis of the
algorithm and prove that the algorithm has second-order convergence rate. In section 4, we provide some
numerical tests to verify the conclusions we have obtained. In the end, some useful lemmas and proofs are
given in the appendix.

2. THE ALGORITHM-NEWTON METHOD

Suppose we have already obtained an initial guess zo which satisfying ||x —zo|| < /6 for a constant § > 0,
next we develop the Newton iterative step to solve the optimization problem (L.2)).
Here function

f(z) = Z(!(aj,z>+bj\2—yj)2

1
2m o
is a real-valued function over complex variables and can be written in the form

= 1~ oTe =T 2 2
f(z,2) = — Z(z aja;z + 2bja z + |bj|” —y;)”.
j=1
Throughout the paper, we make use of the Wirtinger calculus and Wirtinger Derivatives, which use coordi-
nates

z . _ )
[Z}G(Cz”, z=127r+1z; and Z=zp — iz

for complex variables instead of (zg,z7) € R?" for brevity of expression.

2.1. Newton iteration. For the function f(z), given a vector z; € C™ and incremental Az, =z —z; € C"
and we define the gradient and Hessian in a way based on Wirtinger Derivatives (more details can be found
in paper [0]), such that the Taylor’s approximation takes the form

@) = Jlan+ da) = 0 + (V7)) (3t + 3 (Ak) 2stn70) (42t
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Then based on the current iteration zy, z;; can be obtained by solving

i ) + (V7)) (57 2) 43 (27 2) V) (57 2).

Thus we get the Newton iteration

(2.3) <Z’f_+1> = <Zi> — (V2 f (2, 70)) "'V f (2. 7).

Zi+1 zy;
In detail,
V(o) = (0f/0)|,_,,  0f/02)],_,)
1 & ('a 2, + by —ya)( ajzi +bj)a;
o ; (‘a;'zk +b;)% — ?/a) (zra; + bj)a;
and

el (8_> el 8f>*
V2f( _) 0z \ Oz 0z \ 0z
Z,Zk) = . ¥
o (ﬂ) i) (ﬂ) -
0z \ 0z 0z \ 0z 2=2), =2k
1 f: (2|a;'fzk +b; K — yj)ajal 3 (a;zk + bj)zajajT
meia (zra; + b;)*&ja) (2lajzy, + bj|* — yj)aza)

In the next section, we will prove that under certain conditions the matrix V2 f(zy,zy) is invertible.

2.2. The Newton Method with Re-sampling. The algorithm proposed in this paper is simply using
iteration (Z.3]) to generate the solution. In theoretical analysis, we need the current measurements to be
independent of the last iteration point, so we resample the measurement matrix A at each iteration step, as
in paper [I1]. We can achieve this by dividing the measurements a;, b; and observations y; into disconnected
blocks of equal size and choosing one of them for each iteration.

Algorithm 1 The Newton Method with Re-sampling for Affine Phase Retrieval

Input: Measurement matrix: A € C™*" and a fixed vector b = (b,b,...,b) € C", observations: y € R™
and the required accuracy e> 0.

1: Set T' = clog log = where c is a sufficiently large constant.

2: Partition y and the corresponding rows of A and the vector b into T equal disjoint sets:
(y©@, A0 b)) (yO A0 bW . (yT) AT bT)), The number of rows in AU is m/ = m/T.
Choose zg = 0 as the initial guess.

4: For k=0,1,...,T —1do

() = (2) - (2 aw,0) 914 a0,

Zj+1 Zj;

@

in which f*+1) are defined by measurements in (y*+1), A(k+1) plk+1)),
5: End for
Output: z7.

In Algorithm [Il we set b to be a fixed vector whose entries are equal to b (b is a constant). We can
alternatively assume that b is a random vector with independent elements that follow a same bounded
distribution. In Step 3, the initial point can also be determined by a randomly chosen vector, for the sake
of simplicity, we start from O.
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3. CONVERGENCE PROPERTY OF THE NEWTON METHOD WITH RE-SAMPLING

To study the convergence of the algorithm, we observe two consecutive iterations when the current esti-
mated value is independent of the measurements. Without loss of generality, we assume that ||x|| = 1. Before
giving the main theorem, we first prove some useful lemmas. First, to ensure that the Newton iteration is
well-defined, we prove that the matrix V?f(z,Z) is invertible under mild conditions.

3.1. Two crucial Lemmas.

Lemma 3.1. Suppose that ||z, — x|| < V6, where zp,x € C" with ||x|| = 1 and 6 > 0 is a constant.
Suppose that the measurement vectors a; € C", j = 1,...,m are distributed according to Gaussian model
or admissible CDPs model, which are independent with z;, and x. Set b = (b,b,...,b) € C" with |b|*> >
4(|1x[12 + [|z]|?) > 4(2 + 6 — 2V/3). For any e = 1/12 > 0 and . > 0, when the number of measurements
m > Cnlogn in the Gaussian model and L > C'log®n in the admissible CDPs model for a sufficiently large
constant C, matriz V? f(zy,,25) is invertible and

b

4
holds with probability at least 1 — ¢y exp(—ven) — ca/n? and 1 — c3(2L + 1)/n3 for Gaussian and admissible
CDPs, respectively. Here ¢y, co and cg are positive constants.

)\min(v2f(zk7 ﬂ)) Z

Proof. Set S = V2f(zy,7z;) to simplify the symbol. Recall that

) 1 I [ (2lajzg +b; |2 — yj)a;aj (ajzg + bj)zajajT
S = V zk,zk — Z 9 T
- mH (zpa; + bj)*ajal (2]ajzy, + bs|* — y;)aja,;
As vectors x, z; and scalars b; = b, j = 1,...,m are all independent of a;, j = 1,...,m. So according to
Lemma [6.4] we know the expectation
E(S) = 2llzl® = [1x[1* + [b]*) I, + 22425 — xx* 22,2,
2zy.7;, 2llzrll* = 111> + [b]*) 15 + 225z, —%xT

_ (@lzell? = Il + [ L — xx” 0 z\ — T
_< 0 (@l |2~ xI2 + )2, —=x" ) T\ (% 2c)-

Based on Lemma B35, when € = 1/12 > 0, m > Cnlogn in Gaussian model and L > Clog®n in the
admissible CDPs model for a sufficiently large constant C,

1
15 =ES)|| < EIIE( ) = 15 Amax (E(5))

holds with probability at least 1 —c; exp(—vyn) —ca/n? and 1 —c3(2L+1)/n? for the Gaussian and admissible
CDPs, respectively. Here ¢q, ¢ and c3 are positive constants. Then using the Wely theorem, we have

1

[Amin(S) = Amin (E(5))[ < [|S —E(S)[| <
which implies that
1
12
To obtain the lower bound of Ayin(.S), we only need to study the eigenvalues of E(S). For this Hermitian
matrix E(S), set 2|z ||? — ||x[* + |b|* = 8, x = u and z; = v, then

E(S) = <5In 6 uu’ aI, ?ﬁu—'—> +2 <;> (v vT).

When [b? > 4(||x[|* + [l %),

(3.4) Amnin(8) = Amin(E(S)) — —= Amax (E(S)).

B = 2lz|® — IIxII* + b]* > [Ix]1?,
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according to Lemma [6.6] we know that the matrix E(S) is invertible. Besides, we have

b 2
(35) Muin(B(S) = B — I = b + 2 — x]?) > -
(3.6) Amax(E(S)) < B+ 4lzg|* = [b* + 612k |* — [|x||* < 3[b]*.
Putting (3.3 and ([3.6]) into ([B.4]), we obtain
1 2
Min(9) 2 AuinE(S)) — 1 A (B(5)) 2 10

O

Under conditions in Lemma [B.I] we showed that for each iteration zj, the Hessian matrix V2 f(zy,Zx) is
positive definite with minimum eigenvalue no less than |b|/4. In the following Lemma, we will commit to
proving the Lipschitz property of V2f(s,3).

Lemma 3.2. Suppose that ||z, — x|| < V6, where zp,x € C" with ||x|| = 1 and 6 > 0 is a constant.
Suppose that the measurement vectors a; € C", j =1,...,m are distributed according to Gaussian model or
admissible CDPs model, which are independent with z and x. Then for any e = 1/12 > 0 and . > 0, when
m > Cnlogn in the Gaussian model and L > C'log®n in the admissible CDPs model for a sufficiently large
constant C,

V2 f(s1,87) — V2 f(s2,82)|| < Ly <H51 - S2H>

[Ene
holds with probability at least 1 —cy exp(—ven) —ca/n? and 1 —c3(2L+1)/n? for the Gaussian and admissible
CDPs, respectively. Here c1,ca, 3,7 are positive constants, s1,80 € S, = {tx+ (1 —t)z : 0 <t <1} and
Ly =12(1+4¢€)(1 +V6) = 13(1 + V9).

Proof. As before, we set S = V2f(s1,57) — V2f(s2,5z) for simplicity, then based on Lemma [6.4] we have
(IIse ]I = [Is2]|*)In, + s18T — s2s5 s1S{ — S28g )

SIS} — s283 (IIstl* = lIs2ll*)In + 18] —S389

(3.7) E(S) = 2 (
=[P~ ool + (2) 51 1) - (2) (5 5D

By Cauchy-Schwarz inequality,

(3.8) [lIs1l* = lIs2 1%l

1 * *
5‘(51 + 52) (Sl —s2) + (Sl —s92)*(s1 + Sg)|
< Is1 + szlllls1 — s2|-

And using the fact that ||s|| = ||S||, we have

ST\ (ax oT)_ (52 (ax oT
(3.9) H <§> (st s]) <§> (s3 s5) H
1 S1 + s2 * * T T S1 — S9 N . T T
:§H <§+§> (51—52 Sy —Sz)+ S-5 (Sl+52 s/ _,_52)H
51—52
< 9ls + s <H§—§H> |

Inserting (B.8]) and ([B.9) into ([B7), we obtain
(3.10) IE(S)]| < 6(]ls1 +ss]) (”Sl - 52”) .

51 — 52|
Besides, as s1,s9 € Sy, := {tx + (1 — t)z,t € [0,1]}, ||z& — x|| < V6, so we have
1— V6 < ||zl <1+ V6
and

(3.11) ls1 + sall = [|(t1 + t2)x + (2 — t1 — t2)zp]| < 2(1 + V).
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Combining B.I1) and (3I0), we have
3.12 E(S)|| < 12(1 + 3 HS_l_Sﬁ”).
.12) )l <120+ V5) (|72
According to Lemma B3], for € = 1/12 > 0, m > Cnlogn in Gaussian model and L > C'log® n in admissible
CDPs with a sufficiently large constant C|
15 —E(S) < ellE(S)

ie.,

< (14 |E(S)|| < 12(1 + e)(1 Is1 =21y _ 139 Is1 —s2|
I8 < (L + IES) < 120+ 91+ (27 2) =13+ v5) ([ 22
holds with probability at least 1—c; exp(—ven) —c2/n? and 1—c3(2L+1)/n3 for the Gaussian and admissible
CDPs, respectively. Here c1, ca, 3,7 are positive constants. ]

3.2. The main Theorem. Based on Lemma[B.Iland Lemma[B.2] we are ready to obtain the main theorem,
i.e., the algorithm converges quadratically to the optimal solution.

Theorem 3.1. Let x € C" with ||x|| = 1 be an arbitrary vector and suppose ||zx —x|| < V3. Let y; = alix +
bj|2, where a; € C", j = 1,...,m are distributed according to Gaussian model or admissible CDPs model,
which are independent with x and zy. Suppose b = (b,b,...,b)T € C™ be fized with |b]> > max{26+/5(1 +
V8),4(2 + 0 —2V6)}. The zy11 is defined by the update rule (Z3). Then when m > Cnlogn in Gaussian
model or L > C'log®n in admissible CDPs, with probability at least 1 — c/n? or 1 —cL/n?, we have

(3.13) |1Z41 — x| < B+ [lz — x|* < ||z — x],
where

26 1
(3.14) 8=+ Vi) <

Proof. As x is the solution to (I2)), so we have V f(x,X) = 0. From the iteration step

(Zm) - (—k> = (V2f (2, 70)) "'V f (21, 75),

m Zp,
we have
<Z:—i:§> = <§—::§> — (V2 f (7))~ (Vf (2, 75) — VF (%))

= (V" o 70) [V 70) (2

Zr — X

) ~ (Vo 7m) - Vi)
= (V2 (2. 70)) ! | V2 f (20, 7 (;::;) - /01 V2 f (g EF) <Zk —f) at|

Zr — X

-l
= (V*f(zr,75) " / (Vf(21:25) — V7 £ (g, 8F) (j_’“_f> at|.
LJo k X
Here g, = zy, + t(x — zx), t € [0, 1]. Taking Euclidian norm on both sizes,

1
15 ([ ) < 19w [ 19 m - el ([ )

|1Z2+1 — || 1z& — ||

According to Lemma [3.2] with high probability we have

1
(3.16) /O V2 f (2, Z5) — V2 (g, 50) | dt
<1y 1 <I'Z_k—%”> at
<L) |z - =)
sz—xu> /1 L <sz—xu>
= [ IR tdt = =% - s
f(uzk—xu ; > \Jzr - x|

with L; = 13(1 +V/0).
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As |b]? > 4(2 + § — 2V/6), then based on Lemma B.1], we have

(3.17) (V2 f (2 70)) | < ﬁ

with high probability. Taking use of the fact that ||zg11 — x|| = ||Zg+1 — X||, we only need to trace the first
half elements. Then inserting (317), (3.I6) into (B.IH), we obtain

Iz = x| < 5 - Sl — x|

4

|b]?
26

=(1+ \/S)WHZk —x|%.

Based on requirement |b|? > 261/6(1 4+ v/4), we also know

26 1
1+V6)— < —.
UEOe = 75
Then ||z — x|| < %sz —x||? < ||z — x|| < V0, so that the results can be maintained as the iteration
processes. ]

For Algorithm 1, we further prove that if there are enough measurements and the value of |b|? is large
enough, it can converge to the true signal quadratically.

Theorem 3.2. Suppose that x € C™ with ||x|| =1 is an arbitrary vector, and aj, j =1,...,m are distributed
according to Gaussian model or admissible CDPs model and b = (b,b,...,b)" is fived with |b|*> > 52. Suppose
€ > 0 is the target accuracy. When m > C'log log% -nlogn i Gaussian model or L > C'log log% log3n in
admissible CDPs model for a sufficiently large constant C, with probability at least 1 — &/n? for Gaussian or
1 —¢&L/n? for admissible CDPs (¢ > 0), Algorithm 1 generates zr satisfying

lzr — x| <e.

Proof. In Algorithm 1, we choose T' = cloglog 1 and m’/ > Cinlogn in Gaussian model and L' > C, log® n
in admissible CDPs model, where C4 is a constant depending on C,c. Starting from zg = 0, we have
|20 — x|| <1 =/ and we have [b]? > 52 = max{26V/5(1 +V/4),4(2 + § — 2v/5)}. Under these conditions,
using the conclusion derived in Theorem BT times, we conclude that

lzr — x| < Bllzr—1 — x|
T_ T
< 5% “Mlzo — x|?

<e€

holds with probability at least 1 — &/n? for Gaussian model or 1 — ¢L/n? for admissible CDPs model. [

4. NUMERICAL SIMULATIONS

We perform numerical tests on two types of measurements to illustrate the effectiveness of our method. All
tests are performed in the complex domain. We take the dimension n = 128 and the exact signal x € C'28,

4.1. Convergence Rate. We first verify the quadratic convergence rate of our algorithm. In the first test,
we take m = 4n for Gaussian model and L = 6 in admissible CDPs. Set b = 52||x|| and initial point zy = 0.
We use the relative error ||x — zg||/||x|| to measure the recovery performance of the algorithm. Figure 1
illustrates the quadratic convergence of our algorithm.

4.2. Success Rate. Theoretically, to obtain accurate recovery, the number of measurements we need is
O(nlogn) in Gaussian model or O(nlog®n) in admissible CDPs model. In this test, we vary the number
of measurements and record the success rate for each m/n or L. Here for each m/n or L, we perform 100
replicates to calculate the success rate. In our experiments, we set the maximum number of iterations to 15
and claim that a trial is successful when the relative error is less than 107°. For Gaussian model, m/n was
varied in the range [1,5] with a step size 0.1. For admissible CDPs model, L was varied in the range [3,10]
with a step size 1. The results are shown in Figure 2, indicating that we do not need so many observations
in practice.
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Relative error vs Iteration-Gaussian Model
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Relative error vs Iteration-Admissible CDPs Model
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Ficure 1. Convergence experiments: record the relative error of each iteration step. Here
n = 128 and m = 4n in (a) Gaussian model and L = 6 in (b) admissible CDPs model.

Success rate vs m/n-Gaussian model Success rate vs L-admissible CDPs model
: 7 :
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FIGURE 2. Success rate: record the success rate under 100 trials of different measurement

numbers. Here n = 128 and m/n € [1,6] in (a) Gaussian model and L € [3,10] in (b)
admissible CDPs model.

5. CONCLUSIONS

In this paper, we reformulate the affine phase retrieval as an optimization problem and develop a second-
order algorithm, the Newton method with resampling, to solve it. Starting from zero, the algorithm iter-
atively refines the estimate value by Newton method. When the measurements follow the Gaussian model
or the admissible CDPs model, we proved that the algorithm converges quadratically to the exact solu-

tion. Using these analytical techniques, we can also develop other second-order algorithms for affine phase
retrieval.

6. APPENDIX
Lemma 6.1. [Theorem 3.1 in [10]] Let A = (ay,...,a,)" € C™" and b = (b1,...,by,)" € C™. Viewing

Mib = (|laix+b1]%,..., |Ja%x + by|?) as a map C? — R™. Then (A, b) is affine phase retrievable for C¢
1$ equivalent with the real Jacobian of map Mib has rank 2n for all x € C™.

Lemma 6.2. [Lemma 7.4 in [6]] Suppose a signal x € C™ with ||x|| = 1 is independent from the measurement
samplesa; € C", j = 1,2,...,m. Assume that the vectors a; are distributed according to either the Gaussian
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model or admissible CDPs model. Set matrix

1 m
5= EZ *a. V230t
=1\ (X"aj)"ajaj

\a;x\2aja; (aj»x)zajajT

lajx|*aja;

When the number of samples obeys m > Csnlogn in the Gaussian model and the number of patterns obeys
L > Cslog®n in the admissible CDPs model for a sufficiently large constant Cs,

15 = E(S) < SIIES)]|

holds with probability at least 1 — 10 exp(—vsn) —8/n? and 1 — (2L +1)/n? for the Gaussian and admissible
CDPs, respectively.

Lemma 6.3. [Lemma 7.8 in [6]] In the setup of LemmalG.2,

1 m
1= = > gl < e
j=1

holds with probability at least 1 —2exp(—~y.m) for the Gaussian model and 1 —1/n? for the admissible CDPs
model.

Lemma 6.4. Suppose that the signal x € C™ with ||x|| = 1 is independent from the measurement samples
aj, j=1,...,m. Assume that the vectors aj, j =1,...,m are distributed according to either the Gaussian
model or admissible CDPs model. Set b = (by,ba,...,by) € C™ be a fized vector with each entries equal

b € C. Define matriz
1 zm: aix + b;[Pa;a;  (afjx + bj)2ajajT
MmO \(Xray + by)’mjal  |aix + bj|*aja)

E(S) = (el? + [b1) L + xx* 2xx "
2% (Il + 1B I + =)

Proof. 1. The Gaussian Model:

As vector x and scalars b; = b, j = 1,...,m are all independent of a;, j = 1,...,m. So the expectation
of |ajx + by|?ajal is equal to |a*x + b|?aa*, in which a = (a1,...,a,)" € C" is a Gaussian random vector.
By definition

la*x + b|* = Za,az, +b) ( Za]xj + ) ZZa,a]x z; + bZa,x, + bZa]x] +10)?,

Then we have

then
2 — _
la1|* a@ - a@,
— 2 —
§ . e~ o o\ | @2t azl® - asdn
la*x + b[“aa :(ZZaiajxixj+bZa,~xi+bZajxj+\b\ ) _
i i j o - "y
an@i an@z - |ag]
For matrix |a*x + b|?aa*, first consider the expectation of diagonal elements spr with k=1,2,...,n,

E(skr) = ( ZZalaﬂ x]+bZa2$Z+bZa]:ﬂj+|b| lak| )
=E( Z anlfan+ D lalPlarleil? + 6P k)

i=j=k i1=j#k
= 2ail* + > |zil* + b
itk
= [lx[I* + [b]* + |a&|*.
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While for the off-diagonal elements sy, , for k=1,2,...,n,9=1,2,...,n, k#g,
Esk) =B((3 D Moy + 0D i b3 as75 + ) sty
i g : 7

=E( S lalPlaglPuiy)

i=k,j=g
= Ty

Therefore, we obtain the expectation
E(|a§x + bj|2ajaj») =E(jla*x + b|2aa*) = (||x||2 + |b|2)In + xx*.

Using the same strategy, we have

E((ajx + bj)2ajajT) = 2xx .
Thus we get the conclusion
E(S) = <(”X”2 + b I, + xx* 2xx | ) .
2xXx* (% + [p]*) I, +=x

2. The Admissible CDPs Model:

Based on the Definition [[.2] we rewrite the measurement vectors as a; = a( x) := a([j/n], (j modn)—1) = Difk
and b; = by = bji/m), Gmodn)—1) =0 (1 <1 <n,0<k <n-— 1). Then for this model, m = nL, j =
1,2,...,mand [ = [j/n], k= (jmodn) — 1 and S can be formulated as

1 % ZZ:IH]:DI*X + b(k’l)|2lekf]:D7 % Zzzl(ngikX + b(k’l))2lekf];rDlT
S:lenﬁ—2——**1n** o/ F eTHT ]
1=1 Zk:l(fk Dl X + b(kJ)) lekfk Dl n Zk:l’fk Dl X + b(kJ)’ lekfk Dl

Suppose D := diag(d;,ds,...,d,) is a diagonal matrix with i.i.d. entries sampled from the distribution
d with E(|d|?) = 1. Then to obtain the expectation of 1 >0 | |frDix + by, |2 Difif; Dy, it sufficient to
calculate the the expectation of L S°7 | |ff D*x + b|2Dfif; D*. Set w = exp(2mi/n) to be the n-th root of
unity. By definition,

£r = (@ Ok =1(=1) (=11

5 ey

and

1 n
- > |fi D*x + b|* Dfy £ D*
k=1

_ %Z”: (ZZd_idjw(_i+j)(k_1)$i$_j+Ezd_iw_(i_1)(k_1)xi+bzdjw(j_1)(k_1)$_j+ |b|2>-
k=1 ’ g

(]
‘d1‘2 dld_gw_(k—l) e dlaw—(n—l)(k—l)
dadyw*=1) |ds |2 e dod (=2 (k=)
dnd_lw(ﬁ_l)(k_l) dnd—zw(ﬁ—z)(k_n \dr‘f

The expectation of g-th diagonal terms:

% Z": E<( SO Ty E D 1 5SS TV 4 b S dil-DED7s  (p2) |dg|2)
k=1 i J i J

—E( D2 Mgy Y il ldy Pl + (01, 2)
i=j=g i=j#g
= 2oy + Y foil? + [ol?
i#g
= [Ix[|* + |zg|* + [0f*.
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For the off-diagonal terms (g # h):

—ZE( Zdew —i+) (k1) g +bZdw EOED g 453 djwlDE g 4 (b2)d, dh>

J
— 1 E dy |2 |dp| 2w "ot (E=1) 0 2
SE( Y 1Pl 77)

"= i=g,j=h

= XgTh-
Similarly, we can compute the expectation of % Yorq (FEDfx+ b(kJ))lefkfl;r DlT by the same method. Then
the conclusion follows. O

Lemma 6.5. Under the setup of Lemmal[6.4), define matriz

1 m
AT \(x*ay + by)*&Gar  [aix + bj|2a_jajT

atx + b;[Pa;al  (aljx + bj)2ajajT

When the number of samples obeys m > Csnlogn in the Gaussian model and the number of patterns obeys
L > Cslog®n in the admissible CDPs model for a sufficiently large constant Cs,

15 —E(S) < SIIES)]|

holds with probability at least 1 —cy exp(—~ysn)—ca/n? and 1—c3(2L+1)/n? for the Gaussian and admissible
CDPs, respectively. Here cy,ca, c3 and s are positive constants.

Proof. The Gaussian Model:

Recall that
(x> + 6/ I, + xx* 2xx |
E(S) = .
2%x* (Ix)1? 4 [6]) 1 +xx

Then to prove the conclusion, it suffices to prove the following two inequalities hold for any fixed x,

1 - * * *
(6.18) | =37 lag+ byaya) — (x> + 16%) 1, — xx
j=1
and
1 m
(6.19) H — > (ajx + by)%aja - 2xxTH < 5/4.
j=1

We first prove the inequality (6I8]). Based on the conclusions of Lemma [6.2] taking x = e; by unitary
invariance, we only need to prove

(6.20) H— (2Re(b-&;(1)) + b2)aya’

Firstly, based on Lemma [6.3], we have
1 m
2 *
|7 2o b -
j=1
with probability greater than 1 — 2exp(—vym). Then to prove ([620) we only need to show that

_(ii Re(b- (1)) a3 v[?| < 9/32.

(6.21)

holds with high probability for any v € C™ with ||v|| = 1. Using the same method as given in paper [6], we
first define event Fy as the following inequalities hold: for any ¢ > 0

m

1 - 2 1 4
m L WF D e D3 (-2 e mux ()] < Vi0ogm.
J= J=
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Based on Chebyshev’s inequality, we know the event Ey holds with probability at least 1 — 4n~2 as long as
m > Cn for a sufficient large constant C.
Next we commit to prove (G.2I]). For a fixed v, set v = (v(1), V) and partition a; in the same form. Then

(v) = ‘%ZRe(b-aj(l (laj (M PIv()? + a9 + 2Re(ay (1 )v(l)”;{/))‘

< 1—2Re b- a3 (D) (Ja; (D [v(DI? + 2Re(a;(T)v(1)a; 9)) | + \%ERew-aj(lma;vP
‘]:
=T —I—Tg.

For term 77, based on the Hoeffding’s inequality, for any § > 0 and v > 0, there exists a sufficient large
constant Cs ), such that when m > C((;ﬁ)\b\\/n >ty lag (D[4,

Ty < 6/128

holds with probability at least 1 — 2exp(—2vyn). Next we use Bernstein-type inequality to control T5. For
d >0 and v > 0, when m > C’((;ﬁ)|b|\/n >y lai (D)2 + nmaxy |a;(1)],

T, < 6/128

holds with probability at least 1 —2exp(—2yn). Therefore for a fixed v, T'(v) < §/64 holds with probability
at least 1 — 4exp(—2yn). Then via an e-net argument, let N’ be a 1/4-net of the unit sphere C", we have

max T'(v) <2maxT(v) < /32
veCn veN

holds with probability at least 1 — 4 exp(—yn) provided m > C’(\/n >y lag (D)t + \/n > la (D)2 +
nmax;’ |aj(1)|). Under the event Fy, when m > Cnlogn, the inequality (G.2I]) holds with high probability

provided C sufficiently large. Thus ([6.20) holds with probability at least 1 — 6 exp(—yn) — 3n =2
Similarly, we can prove the inequality (GI9). Combining this conclusion with Lemma [6.2] for positive
constants c¢1, co and 5 we obtain

15 —E(S) < SIIES)]|

holds with probability greater than 1 — ¢; exp(—7sn) — c2/n?.
For admissible CDPs model, we can take the same strategy to prove the conclusion. O

Lemma 6.6. For given vectors u € C", v € C" and scalar 3 > ||u||?, set the Hermitian matriz

61, —uu* + 2vv* 2vv
E = ok = T | oo T
2vv 61, —au' + 2vv

Then the matriz E is invertible with Apax < B + 4|V, Amin = 8 — |[u?.
Proof. We first rewrite the matrix E as

Jo <B[n (—) uu® o f)ﬁu_r> 19 (;) (V* VT)

= E7 + 2ss”

(B, —uu” 0
Eri= ( 0 GBI, —au'

and s* = (v* v'). We claim that under condition 8 > ||u||?, E is invertible. According to Sherman-
Marrison formula, F is invertible is equivalent to

with

e F) is invertible,
o 1+ ZS*El_ls # 0.
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Focus on the first requirement, F; invertible equals to 5I, — uu® invertible. Using Sherman-Marrison
formula, we know 31, — uu* invertible if and only if 3 # 0 and 8 # ||u||?>. Moreover, under this condition,

I, uu”®
BL, —uu*) =24 — —
B BB —lul?)
So we conclude that when
(6.22) B#0 and B # |ul?
FE is invertible with
In uu®
(6.23) o1 _ [ #T e o )
1 0 In + uu .
B " B(B—Iul?)
The second requirement, based on the definition of s and ([6.23]), equals to
Iv]? [viul? 41
B BB—ul?)” 4
Further simplify this condition, we have
1 1 2
(6:24) B4 5l = 20v)? £ 2 (@v]2 + u]2)* — 16uv?

Further more, we know

1 1 2
Sl = 20V + 5/ (@2 + [l2)? = 16urv]2 < [l

1 1 2
Sl = 20w = S/ AV + ul2)? = 16urv]2 = —4]v]

So when B > ||lul|?, conditions (6.22]) and (624 are satisfied simultaneously. Then we conclude that E is
invertible.
Besides, we analyze the eigenvalues of E by computing the equation det(E — Al3,) = 0. Recall that

— NI, - uu* 0 .
B = Man = <(6 i (B =N — ﬁuT> 2 G) v v
1= F5 4 2ss™.

Then we only need to find A, under which Fy + 2ss* is invertible. Similar to the process we had already
calculated, the solutions to det(E — Al3,) = 0 are

A=,
A=6—|lul?,

1 1 2
A= 5= (Gl = 2] + 5/ (V]2 + ul2)? = 161v-uf2) = 5~ [lu]?

1 1 2
A= 5= (5l = 20w = S/ (@IvI2 + ul2)? = 16}v+ulz) < 5+ 4]v|?

Therefore we conclude that
Amin = 3 — ||uH27
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