Supplementary Note:
Blind Deconvolutional Phase Retrieval via Convex
Programming

Abstract

The material presented in this document is supplementary to the manuscript submitted
to NIPS 2018. The document contains extended discussions, additional technical proofs
and details of the convex program implementation.

1 Visible Light Communication

As discussed in the body of the paper, an important application domain where blind deconvo-
lution from phaseless Fourier measurements arises is the visible light communication (VLC). A
stylized VLC setup is shown in Figure[l] A message m € R" is to be transmitted using visible
light. The message is first coded by multiplying it with a tall coding matrix C € R™*" and
the resultant information * = C'm is modulated on a light wave. The light wave propagates
through an unknown media. This propagation can be modeled as a convolution & ® w of the
information signal & with unknown channel w € R™. The vector w contains channel taps,
and frequently in realistic applications has only few significant taps. In this case, one can
model
w =~ Bh,

where h € R¥ is a short (k < m) vector, and B € R™¥ in this case is a subset of the columns
of an identity matrix. Generally, the multipath channels are well modeled with non-zero taps
in top locations of w. In that case, B is exactly known to be top few columns of the identity
matrix.

In visible light communication, there is always a difficulty associated with measuring phase
information in the received light. Figure [I| shows a setup, where we measure the phaseless
Fourier transform (light through the lens) of this signal. The measurements are therefore

y = |F(Cm ® Bh)|

and one wants to recover m, and h given the knowledge of B, and the coding matrix C. Since
we chose C' to be random Gaussian, and B is the columns of identity. As mentioned at the
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Figure 1: Visible light communication optical setup; the media block normally consists of phosphor,
filter and a linear polarizer. The lens takes the Fourier transform of the light and one can only measure
the intensity only measurements of this transformed light source signal.

end of the numerics section that with this subspace model, we obtain similar recovery results
as one would have for both B, and C' being random Gaussians. The proposed convex program
solves this difficult inverse problem and recovers the true solution with these subspace models.

2 Proof of Lemma [3

The proof is based on small ball method developed in |[Koltchinskii and Mendelson(2015),
Mendelson(2014)] and further studied in [Lecué et al.(2018)Lecué, Mendelson, et al.| and
[Lecué and Mendelson(2017)]. The proof is mainly repeated using a similar line of argu-
ment as in [Bahmani and Romberg(2017)|, and is provided here for completeness.

Rest of the proof now concerns showing that (INI .M ) is the unique solution to the linearly
constrained optimization program @D Define one sided loss function:

)= D (20 — % (bub7, H) eec], M) — (byb}, H){egef, M) . (S)
=1

where ()4 denotes the positive side. Using this definition, we rewrite @D compactly as
minimize || H |« + || M ||« (S.2)
subject to L(H,M) <0.
The goal of the proof is to show that all descent direction (6H,0M) € Q that also obey

the constraint set have a small /5 norm. Since (0H,dM) is a feasible perturbation from the
proposed optimal (H, M), we have from the constraints above that

L(H+6H,M+5M) <0 (S.3)



We begin by expanding the loss function Loss(lEI +6H,M + M ) below
L(H +6H, M + 6M)
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where the last equality follows from the using notation V f, = (9,beby, Uscecy) introduced

earlier. Let ¢y(s) := (s)4 — (s — t)+. Using the fact that ¢;(s) < (s)+, and that for every
a,t >0, and s € R, ¥at(s) = t1o(§), we have
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Define a centered random process R(B, C) as follows
Ly SH,5M) §H ,6M) }
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and an application of bounded difference inequality [McDiarmid(1989)] yields that R(B,C) <
ER(B, C) + tr/y/m with probability at least 1 — e~2™". It remains to evaluate ER(B, C),
which after using a simple symmetrization inequality |[van der Vaart and Wellner(1997)| yields

ER(B,C) <2E  sup ey Vfg, _(6HOM) (S.6)
( ) (6H 6M)cQ M ; ( (6H, 5M)||F>)



where €1,¢e9,...,6,, are independent Rademacher random variables. Using the fact that
¥4 (0) = 0, and v(s) is a contraction: |t (aq) —i(ae)| < |ag — ag| for all ag, as € R, we have
from the Rademacher contraction inequality Theorem 4.12 in |Ledoux and Talagrand(2013)|
that
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where the last equality is the result of the fact that a global sign change of a sequence of
Rademacher random variables does not change their distribution. In addition, using the facts
that t1(s > t) < 4(s), and that random vectors V f1, V fa, ..., V f,, are identically distributed
and the distribution is symmetric, it follows
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Plugglng , and (| in , we have
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Combining this with (S.3]) and , we obtain the final result
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Using the definitions in 7 and , we can write
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It is clear that choosing m > (2%?()57) implies

(6H,5M) = (0,0).

The proof is complete.



3 Probability p.(Q)

In this section, we determine the probability p,(Q), and the positive parameter 7 in for
the set Q in . For a point (0H,dM) € Q, and randomly chosen V f;, we have via Paley
Zygmund inequality that

(E[(Vfe. (6H . 6M))[*)*

P(](Vfg,(5ﬂ,5M)>|2 > i E|(V fo, (§H 6M))"4

1
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The particular choice of random gradient vectors we are using is V f; = (U¢gbeby, tiycec)) giving

us (Vfe, (6H,0M)) = vy(beby, 0 H) + t¢(cec;, 0 M). Since by, and ¢; are standard Gaussian
vectors, using the equivalence of L,-norms for Gaussians, we deduce that

- % ~ x 4 1/4 B . ~ . 9 1/2
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Plugging last two inequalities in reveals that
pr(Q)>¢c>0 (S.9)

for an absolute constant ¢. To compute 7, we expand E [(V fg, (6H,6M))|* giving us

E [5,(bebj, 0 H) + iy (cocy, SM)|* = 3||m||3((diag(0H), H) + 2|5 H %)
+ 3||R||3((diag(6M), M) + 2||M ||%) + 2|h"diag(H )h + 2R §HA[?,  (S.10)

where we have made use of multiple simple facts including that E|a,|? = 3||h||3, and similarly

for ¥y, and two identities: E|bjh|2b;0Hb, = h"diag(6H)h + 2h" 6 Hh, and E(b;0 Hb,)bsb; =

diag(6H) + 2(6H) = E|bjdHb,|* = (diag(0H),5H) + 2|6 H||%. We also made use of the

fact that Q@ L N and therefore <ﬁ, OH)— <M, dM) = 0, or equivalently, R §Hh = m*S M.
It is easy to conclude from now that

E [3¢(beby, 6H) + d(ceci, 6M)|* = 6(|[h|3||0H |1 + [l 3]16M )
> cmin(|[k]3, [ml3)(I6H |[F + [6M|7) = cmax(|[k|3, [ml|3)(I6H |F + [6M ),
where the last equality uses the fact that Tr(H) = Tr(M) from (8), which is equivalent to

|h||3 = m||3. This directly means, we can take 7 = cmax(||h||3, ||72|3), where ¢ is an absolute
constant.



4 Implementing the Convex Program

In this section we take an alternating direction method of multipliers (ADMM) scheme to
address , which takes the form

mmlmlze Tr(X1) + Tr(X2) (S.11)

1,
SlleGCt to (a1a1,”, X1) (azeaz*, X2) > 6 > 0,
(=1,2,... L
X170, X220

Note that for a complex matrix X being Hermitian is a requirement for being positive
semidefinite. For a simpler notation we define the convex set

C:{(’u,,’U)GRLXRL:Ug’UgZ(sg>O,UgZO}. (8.12)
In order to derive the ADMM scheme, after introducing new variables, program (S.11)) can be

written as
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subject to  wuj¢ = (ajsa;/", X ), £=1,2,...,L, j=1,2,
X;=2Z;, j=1,2,
where the constraints are reflected in the indicator functions
_f o0 (u,v) €C _JoO Zr-0
ewo={ ., wise . na-{%, 25

Defining the dual matrices P, Py and the dual vectors o, s € R”| the augmented La-
grangian for ([S.13) takes the form
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In an ADMM scheme the update for each variable at the k-th iteration is performed by
minimizing L with respect to that variable, while fixing the other ones. More specifically,
using the superscript (k) to denote the iteration, for j = 1,2 we have the primal updates

L
2 2

X = arg min Tr(X;) + %Z((aj,éaj,e*,xj‘> —ufy) ~ O‘;‘{?) +% ’Xj -z +P§'k)HF7

J =1
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and the dual updates

(k+1) _ (k) (k+1) * x(k+1)
Qg T Qg T U = <aa¥€%€ X j >
(k+1) _ (k) (k+1) S (k+1)
P, =P, +X; Z;
In the sequel we derive closed-form expressions for all the primal updates. To formulate the
X-update, taking the derivative of the objective with respect to X ; and setting it to zero
yields

I+o Z (Caseae’, X3 —ll) = o)) ajeaet + 0o (X0 = 209 4 PIY) — 0,

(k+1)

which after vectorizing X ; yields

) = (535 ) s+ (2~ 1) 1)

=1
where
L
Aj=m Z vee (ajaj ) vee (ajoaj )" + pol.

(=1

Note that Aj_1 only needs to be calculated once throughout the entire process.
The Z update is basically the projection of a Hermitian matrix onto the PSD cone.

Considering the eigen-decomposition of the Hermitian matrix Z € C™*™:

Z = Udiag (A1, , A\n) U",



P . 1 ]I

is simply Udiag (max(A1,0),--- ,max(A,,0)) U*".
Finally, the u-update step in the proposed ADMM scheme requires a fast formulation of
the projection onto the set C. It is straightforward to see that program

2 L
| 2
minimize > E g (wje = &e)” + Io(ur, u2) (S.15)

j=1¢=1
decouples into L distinct programs of the form

2
1
minimize B Z (uj — fj)g subject to: ujug >4 >0, u; > 0. (S.16)

Uu1,u2
=1

Note that since the case ujus = 0 leads to a trivial argument, we consider the strict inequality
9 > 0. In the sequel we focus on addressing ([S.16|), as solving (S.16) for each component ¢
would deliver the solution to (S.15)). We proceed by forming the Lagrangian for the constrained

problem (|S.16))

e =5 (1) - 6)

Along with the primal constraints, the Karush-Kuhn-Tucker optimality conditions are

2
+ p1 (0 — ugug) — pous.

ol

Fur up — & — paug — pg =0, (S.17)
ol
87’“2 = U9 — fg — Hiup = O, (818)

H1 Z 07 M1 (6 - U]_UQ) = Oa
p2 =0,  pouy = 0.

We now proceed with the possible cases.
Case 1. ;3 = pug = 0:
In this case we have (u1,u2) = (&1, &2) and this result would only be acceptable when ujug > §
and u; > 0.
Case 2. 1 =0, u; =0:
In this case the first feasibility constraint of requires that 6 < 0, which is not a possiblity.
Case 3. 0 —ujus =0, u; = 0:
Similar to the previous case, this cannot happen when ¢ > 0.



Case 4. 1o =0, 06 —ujus = 0:
In this case we have 0 = ujug, combining which with (S.18)) yields 6 = (&2 + piuq)ug, or

5 —
m= 28 (S.19)
uy
Similarly, (S.17)) yields
up =& + p1 (& + prur). (S.20)

Since the condition § = ujug requires that u; > 0, 1 can be eliminated between (S.19) and
(S.20)) to generate the following fourth order polynomial equation in terms of u;:

uiL — flu‘;’ + 0&u1 — 52 = 0.
After solving this 4-th order polynomial equation, we pick the real root u; which obeys
ul Z O, o — §Q’U,1 Z 0. (8.21)

Note that the second inequality in warrants nonnegative values for p1 thanks to (S.19)).
After picking the right root, we can explicitly obtain u; using and calculate the uo
using . The resulting (uy,u2) pair presents the solution to , and finding such pair
for every ¢ provides the solution to (S.15|).
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