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UNIQUENESS IN INVERSE DIFFRACTION GRATING PROBLEMS
WITH INFINITELY MANY PLANE WAVES AT A FIXED
FREQUENCY"

XIAOXU XU', GUANGHUI HU*, BO ZHANGS, AND HAIWEN ZHANGY

Abstract. This paper is concerned with uniqueness of solution of the inverse diffraction by
problems by a periodic curve with Dirichlet boundary condition in two dimensions. It is proved that
the periodic curve can be uniquely determined by the near-field measurement data corresponding to
infinitely many incident plane waves with distinct directions at a fixed frequency. Our proof is based
on Schiffer’s idea which consists of two ingredients: (i) the total fields for incident plane waves with
distinct directions are linearly independent, and (ii) for a fixed wave number there exist only finitely
many linearly independent Dirichlet eigenfunctions in a bounded domain or in a closed waveguide
under additional assumptions on the waveguide boundary. Based on the Rayleigh expansion, we
prove that the phased near-field data can be uniquely determined by the phaseless near-field data
in a bounded domain, with the exception of a finite set of incident angles. Such a phase retrieval
result leads to a new uniqueness result for the inverse grating diffraction problem with phaseless
near-field data at a fixed frequency. Since the incident direction determines the quasi-periodicity of
the boundary value problem, our inverse issues are different from the existing results of [F. Hettlich
and A. Kirsch, Inverse Problems, 13 (1997), pp. 351-361], where fixed-direction plane waves at
multiple frequencies were considered.
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1. Introduction. Suppose a perfectly conducting grating is illuminated by an
incident monochromatic plane wave in an isotropic homogeneous background medium.
For simplicity it is assumed that the grating is periodic in one surface direction x; and
independent of another surface direction x3. In the present paper, we restrict discus-
sions to the TE (transverse electric) polarization case, where the three-dimensional
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Fi1c. 1. Scattering by a periodic curve with Dirichlet boundary condition.

scattering problem governed by the Maxwell equations can be reduced to a two-
dimensional diffraction problem modeled by the scalar Helmholtz equation over the
x1xe-plane. Accordingly, the perfect conductor boundary condition on the grating
surface can be reduced to the Dirichlet boundary condition. This work is concerned
with the inverse diffraction problem of recovering the periodic curve (i.e., the cross-
section of the grating surface) with a Dirichlet boundary condition from phased and
phaseless near-field data measured above the grating.

Denote by I' C R? a curve that is periodic in the x;-direction and bounded in the
xo-direction and represents the cross-section of the grating surface in the x;xo-plane.
Let the incident field be a time-harmonic plane wave of the form u!(x)e~™* incited
at the angular frequency w > 0, where the spatially dependent function u’ takes the
form

(11) uz(m) — 6ikas~d — eikazl sin @ —ikaxa cos@» = (xth) e RQ.

Here the incident direction d:= (sinf, —cosf) is given in terms of the incident angle
0€(—m/2,m/2), and k:=w/c is the wave number with ¢ > 0 denoting the wave speed
in the homogeneous background medium. In this paper we assume further that I’
satisfies one of the following regularity conditions:
Condition (i). T is the graph of a 3-times continuously differentiable function;
Condition (ii). T is an analytical curve.
Denote by L > 0 the period of I' and by €2 the unbounded connected domain above
I (cf. Figure 1). The wave propagation is then modeled by the Dirichlet boundary
value problem for the Helmholtz equation,

(1.2) Au+k*u=0 in Q, u=0 onT,

where the total field u = u’ + u® is the sum of the incident field u! and the scattered
field u®.

Set a = a(k,0) :=ksinf. Obviously, the incident field (1.1) is a-quasi-periodic in
the sense that e~ “*1yi(x) is L-periodic with respect to z; for all z € Q. In view of
the periodicity of the structure together with the form of the incident field, we require
the total field u to be a-quasi-periodic, that is, e~***1y(x) is L-periodic with respect
to x1 for all x € Q. This implies that

(1.3) u(zy +nL,x2) =u(z1, )™ for any neZ.

The number o« € R will be referred to as the phase shift of the solution. Since
the domain €2 is unbounded in the xs-direction, a radiation condition needs to be
imposed at infinity as xo — 0o to ensure the well-posedness of the diffraction problem.
Precisely, we require the scattered field u® to satisfy the Rayleigh expansion, that is,
there exist Rayleigh coefficients A,, € C (n € Z) depending on k, § and T" such that

(1.4) u’(x) = Z Apetonmitibnes g e Uy = {x = (21, 22) €R*: 29 > h},
neZ
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where the parameters «,, € R and 3, € C for n € Z are defined by
an =ay(k,0,L) :=a+2nw/L,

k2 — (an)? if Ja,| <k
n — Pn kvevL = . . ’
B =B ) { i/ (ap)? — k2 if |a,| >k

(1.5)

for any fixed h > max{zy : © € T'}. We note that the series (1.4) is uniformly
convergent and bounded in U, (see Lemma 2.1). It consists of a finite number of
propagating wave modes for |a,,| < k and infinitely many surface (evanescent) wave
modes corresponding to |a,| > k. For notational convenience we rewrite the incident
plane wave (1.1) as

(1.6) u'(z) = A, etmitifirs

where A, = A,(k,0) :=1, o, = a,(k,0) := ksin0, 8, = 5,(k,0) := —kcos6. Here, the
symbol ¢ denotes the index for the incident plane wave. We note that a, = o = «q
and 3, = —fo.

The well-posedness of the forward diffraction problem is presented in the following
proposition.

PRrROPOSITION 1.1. (1) If Condition (i) holds, the diffraction problem (1.1)—(1.4)
admits a unique a-quasi-periodic solution u € C%(Q) N C(Q).

(2) Under Condition (ii), there exists at least one solution u € C*(Q) N C(Q) to
the diffraction problem (1.1)—(1.4). Moreover, uniqueness of the solution remains true
for small wave numbers or for all wave numbers excluding a discrete set with the only
accumulating point at infinity.

We refer the reader to [20, 28] for the proof of the first statement when the period
of the curve is L = 27. Actually, it follows from a scaling argument that statement
(1) holds for an arbitrary period L > 0. Further, by the Fredholm alternative (see,
e.g., [35, Theorem 4.17]) and the analytic Fredholm theory (see, e.g., [14, Theorem
8.26]), one can prove the second statement through a standard variational argument
together with quasi-periodic transparent boundary conditions (see, e.g., [1, 4, 10,
41]). We remark that the well-posedness of the diffraction problem (1.1)—(1.4) can be
established under weaker conditions than Conditions (i) and (ii). To be more specific,
if T is the graph of a periodic Lipschitz function, the existence of a-quasi-periodic
variational solutions in Hj ,(€2) can be shown, where

Hj o(Q) :={u€ H.(Q) :e7"*"1u(x) is L-periodic with respect to x1, u=00onT}.

Further, uniqueness of solutions remains valid for any k& > 0 even under the following
weaker assumption (see [12, (4.1) and Theorem 4.1] and [11, (2.2) and Theorem 4.1]):

(x1,22) € Q= (z1,22+5)€Q  for alls > 0.

Note that this geometric assumption is fulfilled if T is the graph of a continuous
function.

The inverse problem we consider in this paper is to recover a periodic curve with
Dirichlet boundary condition from phased or phaseless near-field data corresponding
to an infinite number of incident plane waves with different angles, where the period
L of the curve is unknown.

Let 6,, € (—7/2,7/2) with n € Z; be distinct incident angles, and denote by
u(z; 0;,) the total field corresponding to the diffraction problem (1.1)—(1.4) with 6 = 6,,.
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Note that, according to Proposition 1.1, the diffraction problem (1.1)—(1.4) may admit
multiple solutions under Condition (ii) if k is an exceptional wave number. If this
happens, u(x;0,) is assumed to be any one of these solutions. The main uniqueness
result for the inverse problem considered is presented in the following theorem.

THEOREM 1.1. Assume that the unknown periodic curve I' with Dirichlet bound-
ary condition satisfies either Condition (i) or Condition (ii). Suppose the period
of T' is unknown. Then I' can be uniquely determined by either the phased data
{u(z;0,) : x € S}02,, where S C T'y, is a line segment parallel to the xi-azis, or
the phaseless data {|u(x;0,)| : x € D}, where D C ) is a bounded domain. Here,
Ty :={x:x2=h} with h > max{xy: 2 €T} being an arbitrary constant.

The proof of Theorem 1.1 will be given in section 4 for the case of phased data and
in section 5 for the case of phaseless data. If the background medium is nonabsorbing
(i.e., k> 0), it is well known that the global uniqueness with phased near-field data
corresponding to one incident plane wave is impossible (see [16]). We will show in
section 3 that phased near-field data corresponding to one incident plane wave cannot
even determine the period of a grating curve.

Below we shall review some uniqueness results for inverse time-harmonic scatter-
ing from periodic curves of Dirichlet kind and compare our results with them. To the
best of our knowledge, uniqueness with one incident wave was verified in the following
special cases:

(i) when the background medium is lossy (i.e., Imk > 0) [6];
(ii) when the wave number or the grating height is sufficiently small [23];
(iii) within the class of rectangular gratings [19], or within the class of polygonal
gratings when Rayleigh frequencies are excluded (i.e., 8, # 0 for all n € Z)
[16].

If a Rayleigh frequency occurs (i.e., 53, = 0 for some n € Z), the measured data
for two incident plane waves can be used to determine a general polygonal grating
[19] (see also [8, 9] in the case of inverse electromagnetic scattering from perfectly
conducting polyhedral gratings). Based on the “blowing up” arguments arising from
inverse scattering from bounded obstacles [25, 30], Kirsch proved in [29] that a general
periodic curve can be uniquely determined by using all a-quasi-periodic incident waves
{eien®1=iBnw2 ;€ 71, The uniqueness result of [29] also extends to Neumann and
impedance boundary value problems as well as the transmission problem [18, 24, 42].
Note that the incident waves used in [29] include a finite number of plane waves
for |a,| < k and infinitely many evanescent waves corresponding to |a,| > k, which
constitute the a-quasi-periodic Green’s function with a fixed phase shift. However,
the incoming evanescent waves are usually difficult to generate. The factorization
method established in [5] also gives rise to the same uniqueness result. Our work
differs from [5, 29] in the use of infinitely many plane waves with various directions
lying on the semicircle S~ := {x = (z1,z2) € R?: [z| = 1,25 < 0}. Such incoming waves

do not include any evanescent wave and thus seem more natural in applications.

In the case when the a priori information of the grating height is available, Hettlich
and Kirsch [23] obtained a uniqueness result by using fixed-direction plane waves
with a finite number of frequencies. See also [21] for an analogous result for the
inverse transmission problem in a two-layered periodic medium. These works can
be viewed as the extension of the idea due to Colton and Sleeman [15] from inverse
scattering by bounded sound-soft obstacles to the case of inverse scattering by periodic
structures. As will be seen in subsection 4.2, the fixed-direction problem of [23] and
the fixed-frequency problem to be investigated here are different inverse issues. With
multiple incident directions, Colton and Sleeman’s idea [15] and the approach of
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[23] cannot be straightforwardly applied to inverse diffraction problems in periodic
structures, because of the different phase shifts caused by incident angles at a fixed
frequency. In fact, the multifrequency inverse problem of [23] and the multidirection
problem of this paper result in different eigenvalue problems. Using different directions
leads to a p-eigenvalue problem where p = sinf is determined by the incident angle
0 € (—m/2,m/2), which brings difficulties in proving the discreteness of eigenvalues.
To apply the analytical Fredholm theory, we shall resort to the arguments of [40] to
exclude the existence of flat dispersion curves in a closed waveguide. For this reason
we need the same regularity assumption on grating profiles as in [40] (see Conditions
(i) and (ii)).

In many practical applications, it is difficult to accurately measure the phase in-
formation of wave fields. This motivates us to study the inverse problem of recovering
a periodic curve of Dirichlet kind from phaseless data. However, most uniqueness
results with phaseless data are confined to inverse scattering from bounded scatterers
(see, e.g., [26, 31, 32, 33, 38, 45]). In particular, using the Sommerfeld radiating
behavior of the scattered field at infinity, we see that explicit formulas for recovering
phased far-field patterns from phaseless near-field data are derived in [38]. This result
has been extended to scattering by locally rough surfaces in [44]. The key ingredi-
ent of [38, 44] is the Rellich’s lemma (see [14, Theorem 2.14] and [43, Theorem 2.2]),
which establishes the one-to-one correspondence between Sommerfeld radiating waves
and their far-field patterns. In this paper we consider a periodic curve (which can be
viewed as a special nonlocally perturbed rough surface in two dimensions) and also
prove a phase retrieval result but rather based on the Rayleigh expansion (1.4) for
diffraction grating problems. We remark that the Rayleigh expansion radiation con-
dition is different from the Sommerfeld radiation condition, since the scattered field
(1.4) dose not decay as x5 tends to infinity and does not lead to the classical far-field
patterns. As a consequence, the phase retrieval approach and uniqueness proofs in [38,
44] cannot carry over to diffraction grating problems here. Instead of recovering the
phased far-field pattern as in [38, 44], we need to determine the Rayleigh coefficients
in a special order by sophisticated arguments (see the proof of Theorem 5.2). To the
best of our knowledge, uniqueness results for identifying periodic grating curves using
phaseless near-field data are not yet available. We refer the reader to [2, 3, 7, 26, 34,
44, 46, 47] for numerical schemes of inverse scattering using phaseless data.

This paper is organized as follows. In section 2, we prepare several lemmas for
later use. Section 3 is devoted to determining one grating period from the phased
near-field data for one incident plane wave. The results in sections 2 and 3 are
independent of the smoothness Conditions (i) and (ii) of the periodic curve given in
the introduction. In section 4, we prove uniqueness for recovering periodic curves
with Dirichlet boundary condition using the phased near-field data corresponding to
infinitely many incident plane waves with distinct directions. A similar uniqueness
result based on phaseless near-field data will be established in section 5. Finally,
concluding remarks will be given in section 6.

2. Preliminary lemmas. The following lemmas are useful in the proofs of
uniqueness results in what follows.

LEMMA 2.1. Let T be a periodic curve. Set Uy, := {x € R*: x5 > h} for any
h>max{ze:x €T'}.

(i) The Rayleigh expansion (1.4) is uniformly bounded for x €Up.

(ii) The Rayleigh expansion (1.4) is uniformly and absolutely convergent for x €
Uy

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 03/04/23 to 115.154.132.28 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

INVERSE DIFFRACTION GRATING PROBLEMS 307

(iii) Let b € R, and let A, (n € Z) be given as in (1.4). Set PL(N):={n€Z:
|an| > k,£n> N} for N >0. Then, for the case when b<|8,| for all n € PL(N), the
series

(2.].) Z Aneia71$1+i5n12+b$2
n€P4(N)

is uniformly and absolutely convergent for x €Uy,. For the case when b < |B,| for all
n € P_(N), the series

§ Aneianw1+iﬂnw2+bw2
neP_(N)

is uniformly and absolutely convergent for x € Up,.
(iv) Let N €Z4, a; €C, and b; e R\{0} for j=1,...,N. Then

EESU a1
/ Zaje“’-”tdt <= Z \b]| asT — +o0.
j=1

Proof. Choosing o > 0 small enough so that h — 20 > max{zy : z € T'}, noting
that (1.4) also holds with h replaced by h — 20, and applying Parseval’s equality yield
the estimate

20uf ()] < ) 2|Apelontrtifnez]

neL
< Z ’Aneianm-l-iﬁn(h_g) 2 n Z giBn(22—h+0) 2
nez nez
1
(2.2) _L/ |u (21, h — o)|*dry + Z 1+ Z Ce—Inl/C

lan | <k lan|>k

uniformly for all z € Uy, where we have used the fact that 20+/(2n7/L + ag)? — k2 >
[n|/C holds for sufficiently large |n| provided the constant C' > 0 is large enough.
Thus statement (i) holds. The estimate (2.2) also implies that statement (ii) holds.

We now prove statement (iii). We only consider the case when b < |§,,| for all
n € P, (N) since the proof of the other case is similar. We first conclude from (2.2)
that {|A,e'on®1+#Bn(h=0)| .y € P, (N)} is uniformly bounded. Noting that in this
case (i, +b) <0 for all n € Py (N), we have

Z |Aneianw1+i,8n9:2+b$2‘ < Z ’Aneianil'ﬂﬂn(h—U)
n€77+(N) 7L€’P+(N)

S gerlnle

nePL(N)

eb(h—o’) e(iBn +b)(z2—h+0)

uniformly for all z €Uy, where we have used the fact that ov/(2n7/L + ag)? — k2—b >
|n|/C holds for sufficiently large |n| provided the constant C > 0 is large enough. This
implies that (2.1) is uniformly and absolutely convergent for x €Uj,.

Finally, noting that

2T ib.: ibs
l/ ayeitstq| — | Ll —eMT) | 1 2layl j=1,...,N
T T J T ibj - T |b]‘ ’ ’ Y
it is easy to see that statement (iv) holds. d
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LEMMA 2.2. Let u(x;0,,) be the total field corresponding to the diffraction problem
(1.1)~(1.4) with the incident angle 6 =0, € (—7/2,7/2) form=1,....M and M €
Z. . Suppose {0, }M_, are distinct incident angles. Then {u(x;0,y, )}m 1 are linearly
independent in §2.

Proof. Assume that Z cmu(x 0) =0 in Q for some ¢, €C, m=1,..., M.
To indicate the dependence of u® on the incident angle, we rewrite the Rayleigh
expansion (1.4) as

_ Z An(0m) ei%n (Gm)xl+i5n(0m)w27 z €Uy,
nez

where h > max{xs: 2 €T} and o, (0,,) := a(b) + 2n7/L with «(b,,) := ksind,, and
Brn(0:,) € C are defined as in (1.5) with the incident angle § = 6,,,. Then, by (1.6) it
follows that

(23) Z Cm U (E O, Z Cm Z A wzn(em 1 +iBn(Om)z2 | _ 0.
m=1

nezZU{s}
For any m € {1,2,..., M}, multiplying (2.3) by e~*#(#%)22 we obtain

Z cmeml((?m)ml_,_ Z Cmeiaz(97n)m1+i[ﬁz(9m)_ﬁl(0ﬁl)]z2
meLy me{l,...MN\Zs

(2.4) + Z Cm <ZA ian(Gnl)wl"l'i[ﬁn(enl)_ﬁz(9771)}I2) — 07 T < Uh7
nez
where Tz :={me{1,...,.M}:5,(6m) = 5.(07)}.
Next we claim that

2H
(2.5) HLII}:OO H/ Cmeial(em)z1+i[51(0m)*ﬂz(Gﬁz)]zzdIQ =0,
me{l, 7M}\Irn

2H M
i (Om) @144 [Bn (Om) —B. (0m)]z —
(2.6) HLHEOO i / Z Cm, <Z An(Om) e 1 2) dxo =0

for all z; € R. In fact, (2.5) follows easily from Lemma 2.1 (iv). To prove (2.6), let
m € {1,...,M} be arbitrarily fixed. For N > 0 large enough we set J1(N) :={n €
Z : |an(Om)| > k,|n| > N} and J2(N) :={n € Z : |an(0m)| > k,|n| < N}. Using
le=1P:(0n)z2| = 1 it follows from Lemma 2.1 (ii) that

(2.7) lim Z ‘An(ﬁm) i0n (Om)z1+i[Bn (0m) =B (Om)]x2 | _

N—+oo
neJi(N)

uniformly for all z € Up,. For any fixed N € Z,, since Jo(N) is a finite set and
18n(0m) <0 for all n € J2(N), we have

neJ2(N)

=0

n(em) eian(9m)$1+i[ﬁn,(9m)—ﬁ1,(9m)]x2

uniformly for all ;1 € R. Since J3 :={n € Z: |ayn ()| <k} is also a finite set and
Bn(0) > 0> B,(0) for all n € Js, it follows from Lemma 2.1 (iv) that

2H

. 1an Om)x1+i[Br (0m)—F.(0m)]x2 _

B Y M SPRCE 20
neJs
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uniformly for all 21 € R. This, together with (2.7)—(2.8), implies that (2.6) holds.
Combining (2.4)—(2.6), we arrive at

(2.9) Z eme' @ 0mm =0 2 eR.

meELy,

Multiplying (2.9) by e~ (#=)%1 we obtain

Z Cm + Z Cmei[al(em)ial(oﬁ)]zl = O’ NS Ra
meK meZn\Knp

where K, :={m € 5, : @, (0,) = a,(0)}. Obviously, Kz = {m}. Then it follows
from Lemma 2.1 (iv) that ¢z =0. By the arbitrariness of m it follows that ¢, =0 for
all m=1,..., M, implying that {u(z;0,,)}}_, are linearly independent in (2. d

Remark 2.1. By (1.6) the total field u to the diffraction problem (1.1)—(1.4) is
given by

(2.10) u(w)= Y Apelonmtinrz g e,
nezZU{s}

We claim that
(2.11) uZ0in Q.

Assume to the contrary that =0 in . Then, proceeding as in the proof of Lemma
2.2, we first multiply (2.10) by e~%%%2 and then by e~**®1 to obtain that A, = 0,
which contradicts A, =1. This implies that (2.11) holds.

In the remaining part of this paper, we consider two periodic curves I'™) and
I'® with periods L; > 0 and Lo > 0, respectively. Denote by Q; the unbounded
connected domain above ') for j =1,2. Set Ty, := {x : 23 = h} for some h > max{xs:
x € TW UT@1, Denote by u?(x;0) and u;(z;0) the scattered field and total field,
respectively, for incident plane wave u’(z;6) with 6 € (—m/2,7/2) corresponding to
the curve '), j =1,2. Analogously, denote by (aﬁf),ﬂg)) the pair (ay,, 8,) (see (1.5)
and (1.6)) and by A the Rayleigh coefficient A,, in (1.4) and (1.6) corresponding to
=T forne ZU {2} and j =1,2.

3. Determination of grating period from phased data. In this section we
consider the inverse problem, that is, whether it is possible to determine the period
of a periodic curve from phased near-field data corresponding to one incident plane
wave. Since the total field u to the forward diffraction model (1.1)—(1.4) is required
to be a-quasi-periodic, it is seen that e~ *®iy(x) is L-periodic with respect to x.
Actually, this is also implied by (1.4) and (1.6). However, the period L may not
be the minimum period of e~ *®1y(z), as illustrated in the following remark, which
presents two diffraction grating curves with different minimum periods which can
generate identical near-field data for one incident plane wave. Such an example was
motivated by the classification of unidentifiable polygonal diffraction gratings using
one incident plane wave; see [8, 9, 16, 17].

Remark 3.1. Consider the example with u = u’ + u*, where

i — i(—x1—/3xw2) s — i(zl+\/§m2)_ —2ixy _ 2ixy
(3.1) u'(x)=e , u’(x)=e e exr,
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87 -7Tw 67 57 47 B3v 2r -+ 0 7w 27 3w 4x 57 67 7w 8«

FiG. 2. Contour of the total field u given by (3.2). The red solid line and the red dash-dot line
denote two grating curves with different minimum periods, respectively.

Obviously, u' is a plane wave defined as in (1.1) with incident angle § = —7 /6 and wave
number k=2, implying that a« = —1. Note that if we choose the period L = 2m, then
the Rayleigh frequency occurs (since S_; = 85 = 0 in this case). A straightforward
calculation shows

3z1+V3ze . —x1+ V320
n 2 sin 5 .

(3.2)  u(x)=2cos(x1 + V3xp) — 2cos(2x,) = —4si

Therefore, the zeros of u(x) consist of two families of parallel lines,

W=z = (21, 20) € R?: 321 + V31xy = 2071},

12— {z=(z1,22) € R?: —21 +V3xy = 2nr}

n

o~

for n € Z, which form a grid in R?, as illustrated by Figure 2. It is obvious that
the two curves T and T'® plotted by the red solid line -’ and the red dashed
line ‘-, respectively, as shown in Figure 2, lie on the above grid. The minimum
period of T and T'® is L; = 27 and L, = 4, respectively. From the above
discussions and the formula (3.1), it can be seen that u® is the scattered field to the
diffraction problem (1.1)—(1.4), with the curve T' =T and the period L = L;, and
satisfies the Rayleigh expansion (1.4) with nonzero Rayleigh coefficients Agl) =1,
A(j% = Aél) = —1. However, on the other hand, it is also easily seen that u° is the
scattered field to the diffraction problem (1.1)-(1.4), with the curve T' = I'® and
the period L = Lo, and satisfies the Rayleigh expansion (1.4) with nonzero Rayleigh
coefficients Af) =1, A(E% = Agf) = —1. This example shows that it is impossible
to determine the minimum period (also the shape) of a grating curve from phased
near-field data corresponding to one incident plane wave.

In general, one can only find a common period of two grating curves if their
scattered fields coincide. This will be proved rigorously in Theorem 3.1, where the
periodic curves do not need to satisfy the smoothness Conditions (i) and (ii).

THEOREM 3.1. Suppose 0 € (—w/2,7/2) is an arbitrarily fixed incident angle.
Let TM and T® be two periodic curves. If the corresponding scattered fields satisfy

(3.3) ul(x;0) =ui(x;0) on xy=h>max{zy:z e TMUT@}

then there exists L >0 such that L is a period of both T and T2,

Proof. Suppose L; > 0 is a period of the curve '), j =1,2. Then the corre-
sponding scattered field u(z;0) satisfies the Rayleigh expansions

(34)  uie)= > AP By Uy = {2 € R tay > hY,j = 1,2,
nez

Copyright (©) by SIAM. Unauthorized reproduction of this article is prohibited.



Downloaded 03/04/23 to 115.154.132.28 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

INVERSE DIFFRACTION GRATING PROBLEMS 311

where a%j), ,(3'), and the coefficients ASZ) that depend on k, 0, and T'Y) are defined
analogously to oy, B, and A,, with T replaced by I')). Note that the following
conditions are fulfilled:

(i) u§ — uj satisfies the Helmholtz equation in Up;

(if) uf —u§ =0on Iy :={x:z2=h};

(ili) sup,c, |ui(z) —us(@)| < +o0;

(iv) u§ — uj satisfies the upward propagating radiation condition (see [13, Defini-
tion 2.2]).
In fact, (i) follows from (1.1) and (1.2), and (ii) follows from (3.3). (iii) and (iv) are
implied by the Rayleigh expansions (3.4) (see Lemma 2.1 (i) and [13, p. 1777]). By
uniqueness to the Dirichlet boundary value problem in U, (see [13, Theorem 3.4]), it
follows that

(3.5) uj(x;0) =u3(z;0), x€Up.

We now consider the following two cases.

Case 1. Lq1/L4 is rational.

Let p/q = L1/Lo with reduced fraction p/q and positive integers p,q € Z. Set
L:=qL;. Then L =pLy. Thus L is a common period for both I'*) and T'®).

Case 2. L1 /Ly is irrational.

We claim that any L > 0 is a period of both I'® and T'®). To do this, we first
deduce from the fact that L;/Ls is irrational that

3.6 ald) £ o) for all (m,n) € Z*\{(0,0)} and ol = ol? = ksing.
( ) m n Y b O O
It follows from (3.4) and (3.5) that

1 ia,ﬂl);ﬂ +iﬁfll)a: 2 ia,(?)z +i,87(2)ac _
(3.7) ZA%)e n o1 2—ZASL)6 n TATERTT2 = (0 g e U,
nez neZ

The proof of this case can be divided into three steps as follows.
Step 1. We prove that

(3.8) A = A
(3.9) AL =0 for all n € Z\{0} such that [a(V| <k,
(3.10) A = for all n € Z\{0} such that |«{?| < k.

Let 72 € Z be arbitrarily fixed such that |ag)| < k. Multiplying (3.7) by e*iﬂfal)w?, we
obtain

3 AW giaDar 4 3 AW giatD a1 +i(B0 -
n n

nez’ nezZ\z
(311) - Y A@eeda 37 A@ giaPa iR -8 _ g g ey,
° n n
nez® neZ\z

where quj) ={nez: ﬁr(Lj) = 57%1)} is at most a finite set for j =1,2. Analogously to
(2.6), using \eiﬁg)zﬂ =1, we can apply Lemma 2.1 (ii) and (iv) to obtain

1 2H NN ) (g _gH
1' A(J) 10y $1-"_7’(5n _Bﬁ, )'de = 0 ) — 1 2
Hos oo H /H D, A ER TS

neZ\z¥’
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for all x; € R. Therefore, it follows from (3.11) that

(3.12) 3o ADgeln N A@eien—g, g R

nezl’ nez?

Similarly, multiplying (3.12) by e*mg)zl, we can deduce from Lemma 2.1 (iv) that

(3.13) AP - 3y AP =,

nekl nek(

where lC%j) ={neZ: o) = oV B = B( )} j=1, 2 Obviously, K%l) ={n}. In
view of (3.6), we know that IC () Z = {0} if n =0 and IC =0 if » € Z\{0}. These,
together with (3.13), imply (3. 8) and (3.9). By mterchanglng the roles of u§ and uj,
we can employ an argument similar to that above to obtain (3.10).

Step 2. We prove that

(3.14) A =0 for all n € Z such that [a(V] > k,
(3.15) Ag) =0 for all n € Z such that |oz512)| > k.

Set PU) :={ne€Z: |04(J)| >k}, j=1,2. It follows from (3.7)—(3.10) that

(1) ig(1) o (2) i3(2)
B16) 3 ADeetnin _ $ g@elntitle o gep,)
neP®) neP2)

By (1.5), we can rearrange the elements in {(1,n):n e PO} U{(2,n):ne PP} asa
sequence {(pe¢,qe) }eez, such that B,gf‘) = 1by with by >0 and by < bgyq for all £ € Z, .
Obviously, by—+o0 as £ — +o0.

Without loss of generahty7 we may assume that p; = 1 and ¢; = n for some
7€ PM) and thus that Byt (1) 5(1 Let Ifl]) (j =1,2) be defined as in Step 1. It is
clear that IT%]) ={nep® .B(J) BS)} and is at most a finite set. Then, multiplying

(3.16) by e*i'@(ﬁl)m, we obtain

> AR gy > AW giatD a8 - ),
n

nezl nePN\ZLV
- (2) . (2) _ (1)
(3.17) § A ioPxy _ E A%Q)ewén z1+i(By =By T2 0, z € Up,.
nezl® neP@\7»

For N > 0 large enough and j = 1,2, we set Q(lj)(N) ={n¢ P(j)\ITELj) tn| > N}
and Q) (N):={n e PU\TY): |n| < N}. By Lemma 2.1 (iii), we have

(3.18) Jim S Ao g, 12
—+00
ne0 (N)

uniformly for all x € U,. For any fixed N > 0, since Q(] )( ) is a finite set and
i(ﬁgj) — ﬂg)) <0 forallne Q2 ( ) due to the definition of ﬁn , thus we have

: () giaD 1 +i(BS — BN s | _ -
(3.19) aczl—lg}oo Z ‘An e 0, j=12,
neQf)(N)
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uniformly for all 2; € R. Thus, it follows from (3.18) and (3.19) that

. N e (3) o 3(3) _g(1) .
Jlim Y APt S e =0, j=1,2,
2 .

neP\ZY

for all z; € R. This, together with (3.17), implies that (3.12) holds. Analogously to
Step 1, multiplying (3.12) by e_mﬁnzl, we can apply Lemma 2.1 (iv) to obtain (3.13)
and thus A% = A% — 0. Taking this into (3.16), we obtain that (3.16) holds with
P replaced by P(l)\{ql}. Then using the same argument as above, we can obtain
that Aé]sQ =0. Now, we can repeat the same argument again to obtain that AC(IZZZ) =0
for all £ € Z. This means that (3.14) and (3.15) hold.

Step 3. Combining (3.8)—(3.10), (3.14), and (3.15), we arrive at

AV = A and A = AP = 0 for n € Z\{0}.
Then by the Dirichlet boundary condition imposed on I'/) (j =1,2), we have

elaom1=ifora — 4 f (1) = —uj(x) = —Agj)eia”l”ﬁo“, el j=12.
This further implies that N2 (j =1,2) is a straight line parallel to the z;-axis since
Aéj) is a constant. Thus, any L >0 is a common period of I'") and T, ]

Remark 3.2. Case (ii) in the proof of Theorem 3.1 implies that if the relation
(3.3) holds and one of ') (j =1,2) is not a straight line parallel to the z;-axis, then
it is impossible that L; /Lo is irrational.

4. Uniqueness with phased data. In this section, we prove that a periodic
curve with Dirichlet boundary condition fulfilling Condition (i) or Condition (ii) can be
uniquely determined by the fixed-frequency near-field data corresponding to incident
plane waves with distinct angles (i.e., Theorem 1.1 with phased data). This differs
from [23], where fixed-direction incident plane waves with different frequencies are
used, and this also differs from [29] which involves fixed-frequency quasi-periodic
incident waves with the same phase shift. For the inverse problem to recovering
a periodic curve from near-field data corresponding to incident plane waves with
distinct directions, difficulties arise from the fact that the corresponding total fields
have different phase shifts since @« = ksiné depends on the incident angle . We
rephrase Theorem 1.1 with phased data in Theorem 4.1 below, which is the main
uniqueness result of this section. Here we shall provide a proof based on the ideas
of Schiffer both for bounded obstacles (see [15]) and for periodic structures with
multifrequency data (see [23]) and the concept of dispersion relations (see, e.g., [22,
36, 40]) arising from the analysis of photonic crystals.

THEOREM 4.1. Let T'M and T'® be two periodic curves with Dirichlet boundary
conditions. Assume both satisfy Condition (i) or both satisfy Condition (ii). Suppose
that the periods of T and T'®) are unknown. If the corresponding total fields satisfy

(4.1) ur(x;0,) =ua(z;60,), €S, NEZy,
where {0,}5%, are distinct incident angles in (—n/2,7/2), then TV = T2 Here,

S C Ty, is a line segment with Ty, := {x:20 = h} and with h > max{xe:x € THUT?)}
being an arbitrary constant.
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WW

) Both I'D and '@ are graphs ) Neither 'O nor ' is a graph

FIG. 3. The bounded domain D in Case (i): TV N T2 £p,

Remark 4.1. In Theorem 4.1, the wave number k > 0 is fixed, and u;(-;6,)
(j = 1,2) are forward solutions corresponding to ') and the incident direction 6,
respectively. The uniqueness result of Theorem 4.1 remains true even if the incident
angle causes a Rayleigh frequency, i.e., k% = (ksin,,+m)? for some n € Z, and m € Z.
The preliminary results presented in sections 2 and 3 and the proof of Theorem 4.1
are all valid in the case of a Rayleigh frequency.

Since u; and ug are analytic functions of z € I'y,, (4.1) is equivalent to uq (z;6,) =
uz(x;0,) for all x €Ty, and n € Z,.. Therefore, uf(x;60,,) = ui(x;0,) for all x € Ty, and
n € Z4. Analogously to (3.5), we have uj(x;60,,) = u5(x;0,) for all x € Uy, and n € Z.
By analyticity we arrive at

(4.2) ui(z;0,) =us(z;0,), z€Q,neZy,

where €)' denotes the unbounded component of ;N which can be connected to U},.
By Theorem 3.1, the above relation (4.2) implies that there exists L > 0 such that
L is a common period of I'®) and I'®. Without loss of generality, we may assume
L =27 in the rest of this section. Assume to the contrary that I'V) % T'(?), We need
to consider the following two cases:

Case (i): TW N1 £, Case (ii): T N1 =g,

The proofs of Theorem 4.1 for these two cases will be given in the following subsections.

4.1. Proof of Theorem 4.1 for Case (i): T NT'® #£§. Since TMNTR) £
and both T'™ and T'® are 2r-periodic, there exists at least one bounded domain D
enclosed by T and I'®. In other words, D C IrMur® . Without loss of generality,
we may suppose that D C 2,\Q’ as shown in Figure 3. It follows from Remark 2.1,
formula (4.2), and the Dirichlet boundary condition of u;(x;6,) on T'Y) that the total
field uy (z;0,,) := u(z;0,)+usi (z;0,) is a nontrivial solution to the eigenvalue problem

Au+k?>u=0 inD, u=0 ondD

for all n € Z,. In other words, ui(z;6,,) is a Dirichlet eigenfunction of the negative
Laplacian in D for each n € Z,. Recall from Lemma 2.2 that {u;(x;0,)}Y_; are
linearly independent functions in D for any positive integer N < 4+oc0. However, by
a similar argument as in the proof of [14, Theorem 5.1}, it follows that there are at
most finitely many independent Dirichlet eigenfunctions of the negative Laplacian in
H} (D) corresponding to the eigenvalue k% > 0. This contradiction implies that Case
(i) does not hold.

Remark 4.2. Tt should be noted that the proof of [14, Theorem 5.1] relies essen-
tially on the a priori estimate of solutions after the Gram-Schmidt orthogonalization
of {u1(x;0n)}nez, (see [14, third formula on page 140]). However, if D were an un-
bounded periodic strip, as will be seen in Case (ii), it would be difficult to establish
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YO/ S

) Both I'™) and I'®) are graphs (b) T is not a graph and I'? is a graph

F1c. 4. The unbounded periodic strip D and its one periodicity cell M in Case (ii): rnr® =

an analogous a priori estimate of solutions with different incident angles (or, equiva-
lently, with different phase shifts ksinf,,) after the Gram—Schmidt orthogonalization.
Hence, the aforementioned arguments cannot be used for treating Case (ii).

4.2. Proof of Theorem 4.1 for Case (ii): I'M NI'® =@. We suppose with-
out loss of generality that T'® lies entirely above I'™) as shown in Figure 4. Denote by
D the unbounded 27-periodic strip (waveguide) lying between the two curves. To in-
vestigate the dependence of solutions on the quasi-periodic shift & = «(6,,) = ksin6,,
we set wy,(z) = e )1y, (2;60,). Tt then follows from (1.2) and (4.2) that w,
satisfies the periodic boundary value problem

Va@,)  Va,)Wn +k*w, =0 in D,
(4.3) w,=0 on TI'Myur®,
wy, is 2w-periodic with respect to 1 in D,

for all n € Z, where V) := (01 +i(0,,),02) ". For o = kp with p € (—1,1), we
consider the following abstract Dirichlet boundary value problem in a closed periodic
waveguide D:

Vo -Vow+k>w=0 in D,
(BVP) w=0 on TMyUr®,
w is 2w-periodic with respect to z1 in D.

DEFINITION 4.1. For any fixed k > 0, we say that p € (—1,1) is called a u-
eigenvalue if (BVP) admits a nontrivial solution in the space Hjo(D) := {w €
H} (D) :wis 27-periodic with respect toz1, w=00ondD}. Accordingly, the nontriv-
1al solution is the associated eigenfunction.

Since uq(x;0,) #Z 0 for € Q1 (see Remark 2.1), we conclude from (4.3) that
siné,, is a p-eigenvalue to (BVP) with the eigenfunction w, for all n € Z,. On the
other hand, for any fixed p € (—1,1), we say that k& > 0 is called a k-eigenvalue if
(BVP) admits a nontrivial solution w € Hg (D). As shown in [23, Theorem 2.3], the
k-eigenvalues form a discrete set on the positive real-axis with the only accumulating
point at infinity, and the associated eigenspace for each k-eigenvalue is of finite dimen-
sion. It is easy to observe that if w(z) solves (BVP) with u € (—1,1) and some k; (),
then the conjugate w is also a nontrivial solution corresponding to —pu. This implies
the even symmetry of k;(u) with respect to the line p =0, that is, k;(u) = k;(—p) for
each pe(—1,1).

The a-dependent partial differential equation in (BVP) can be regarded as the
Floquet-Bloch (FB) transform of the Helmholtz equation (A + k?)u = 0 in the x;-
direction with the variable o € R; see [22, 36]. The Bloch theory in one direction
was well summarized in [22, section 3] for deriving physically meaningful radiation
conditions in a closed periodic waveguide.
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Let us now recall the dispersion relations for the 27-periodic system (BVP), where
the FB transform variable o € R is independent of k. For each o € R, there also exists
a discrete set of numbers K;(a) > 0 such that (BVP) admits nontrivial solutions with
k* = K;(a) for each j =1,2,... (see Remark 4.3). By [27, Chapter 7], the function
a — Kj;(a) is continuous and piecewise analytic. Further, K;(«) is not analytic
at @ = ap only if k? = Kj(ap) is not a simple eigenvalue. Recall from (1.3) with
L =27 that an a-quasi-periodic function must also be (« + j)-quasi-periodic for any
j € N. It is easy to conclude that K;(a): R — R is periodic in o with periodicity
one. Restricting to one periodic interval [—1/2,1/2], we also have the even symmetry
Kj(a) = Kj(—«) for all o € [-1/2,1/2]. The a-dependent eigenvalues K(a) can
be relabeled for j € Z, so as to make the eigenvalues and associated eigenfunctions
analytic in a € R (see, e.g., [27, Theorem 3.9, Chapter 7] or [22, section 3.3]). For
J € Z4 the curves given by K;(a):(—1/2,1/2] — R for the relabeled indices are well
known as dispersion relations, and the graphs of the dispersion relations define the
Bloch variety [36]. Note that the dispersion curves are no longer periodic. Below we
characterize the relation between the function p — k(u) and the dispersion relation
a— K(a).

LEMMA 4.1. (i) The function kj(un) : (—1,1) — Ry must fulfill the dispersion
relation Kj/(ykj(u)) = k2(u) for some j' € Zy. Conversely, from the dispersion
relation K s (uk) =k? one can always deduce the function k =k;(u) for some j € Z.

(ii) If k;(p) = Const for some j € Z, then Kj/(a) = Const for some j' € Z and
vice versa.

Proof. (i) The first part follows straightforwardly from the definitions of k; and
K. To prove the second part, we set F(k) := K(uk) — k?. Obviously, dF/dk =
pK'(uk) — 2k, where K'(a) :=dK/da. If

(4.4) K(pk) —k*=0, uK'(uk)—2k=0,
we can conclude that
aK'(a) —2K(a)=0, o=uk.

Hence, K(a) = ca? for some constant ¢ € R. By the 1-periodicity of K we obtain
¢ =0 and thus K = 0. This further leads to £k = 0, and by integration by part, any
solution to (BVP) must vanish identically. Hence, the two relations in (4.4) cannot
hold simultaneously. By the implicit function theorem one can always get the function
k=k;(p) for some j € Z, from the dispersion relation Kj/(a) = k2

(ii) The second assertion is a direct consequence of the first assertion. O

Remark 4.3. We consider a special case when D =R x (0,h) is a straight strip
with some h > 0. By separation of variables, it was proved in [23] that the dispersion
relation is given by

2
(4.5) Kom(a) = (a+n)?+ (%) . neZmel,,

when |a| < k (see [23, (3.5)]). By the same argument as in [23], (4.5) holds for all
a € R. Here, the dispersion relation {K, ,,(®)}nez,mez, is the rearrangement of
{Kj(a)} ez, mentioned above.

For a proof of Theorem 4.1 in Case (ii), it suffices to prove that the p-eigenvalues
must be discrete for any fixed k£ > 0. To this end, we need the following proposition.
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PROPOSITION 4.1. Assume both T(") and T'®) satisfy Condition (i) or both satisfy
Condition (ii) such that TMNT?) = (. Then the problem (BVP) has no flat dispersion
curves, that is, K;(c) # const for any j € Z .

The result of Proposition 4.1 was essentially contained in the proof of [40, Theorem
2.3] for general periodic partial differential equations in an open or closed waveguide.
In a closed waveguide, both the Dirichlet and Neumann boundary conditions were
considered there. Moreover, Proposition 4.1 applies to general 3-admissible periodic
domains (see [40, Definition 2.2]), which can be obtained from a straight strip by a
periodic W3 *-mapping/a 3-admissible mapping, including the periodic strips stated
in Proposition 4.1. As a direct consequence of Proposition 4.1, we have the following
result.

COROLLARY 4.1. Let k > 0 be an arbitrarily fired wave number. Under the
conditions of Proposition 4.1, there exists at least one parameter p € (—1,1) such that
the periodic boundary value problem (BVP) admits the trivial solution only.

Proof. Assume to the contrary that for some k > 0 the periodic boundary value
problem (BVP) admits nontrivial solutions for each p € (—1,1). This implies that
k;j(pw)=Fk>0 for all p€(—1,1) and for some j € Z,. By Lemma 4.1 (ii), there exists
one flat dispersion curve Kj/(a) = k? for some j' € Z, for the system (BVP), which
contradicts Proposition 4.1. 0

In the case when « € C and Im« > 0 are sufficiently large, the strict coercivity of
the sesquilinear form corresponding to (BVP) was justified in the proof of [40, The-
orem 3.4] contained in [40, section 5]. The proof was based on a suitable change of
variables which reduces the a-eigenvalue problem over 3-admissible periodic domains
to an equivalent problem over straight strips. This, together with the analytic Fred-
holm theory or the perturbation theory (see, e.g., [27, Chapter 7, Theorems 1.10 and
1.9] or [39, Theorem XIII.86]) and Lemma 4.1, also implies Corollary 4.1. Now, we
state the discreteness of the u-eigenvalues for any fixed k > 0 and complete the proof
of Theorem 4.1 in Case (ii).

LEMMA 4.2. Under the conditions of Proposition 4.1, the p-eigenvalues of (BVP)
form at most a discrete set in (—1,1) without any accumulating points on the real-axis.

Proof. We carry out the proof following the ideas in the proof of [23, Theorem
2.3], where the k-eigenvalue problem was investigated for the case when p is fixed.
Let w be a solution to the problem (BVP). Let M := {2z € D :0 < x; < 27} be one
2m-periodic cell (see Figure 4 for the geometry of M), and let H be the completion of
{oeCl(M):p=00n8D N M} with respect to the H'-norm, where C}} denotes the
space of differentiable functions which are 2m-periodic with respect to z;. Note that
M may be disconnected. Then we can apply Green’s theorem to obtain that for any
function ¢ € H,

(4.6) / Vw - Vipdx +u/ (—2ik0ywi) dx + (p* — 1)/ k2wipdz = 0.
M M M
Let (-,-) g denote the inner product of the Hilbert space H, which is given by
CROVES Ve Vipdzr, ¢, € H.

By Poincaré’s inequality, it is known that (-, )y is equivalent to the ordinary inner
product in H'(M). Then with the aid of Riesz’s representation theorem, there exist
B,C € L(H) such that

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 03/04/23 to 115.154.132.28 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

318 XIAOXU XU, GUANGHUI HU, BO ZHANG, AND HAIWEN ZHANG

/M (_Qik’aup@) de = (B, V)u, ¢, €H,

/ Kodde = (Co, 0V i, o, € H,
M

where L(H) denotes the space of bounded linear operators from H into itself. Thus
the formula (4.6) is equivalent to the operator equation

(4.7) w+ pBw+ (p? —1)Cw=0, wecH.

Further, it is easily verified that B and C are compact operators in £(H). On the
other hand, let A : C — L(H) be an operator-valued function given by A(y) :=
uB + (u? —1)C. Then it is obvious that A(u) is analytic in C and compact for each
p € C. Thus we can apply Corollary 4.1 and the analytic Fredholm theory (see, e.g.,
[14, Theorem 8.26]) to obtain that (I + A(u))~! exists for all u € C\S where S is a
discrete subset of C with the only accumulating point at infinity. This, together with
the equivalence of (BVP) with (4.7), implies the statement of this lemma. o

Recall from (4.3) and Remark 2.1 that sinf,, are u-eigenvalues to (BVP) for all
n € Z. Since 0,, € (—7/2,7/2) are distinct angles, these p-eigenvalues must have a
finite accumulating point on the real-axis, which contradicts Lemma 4.2. This implies
that Case (ii) does not hold.

Finally, the relation T™") =T follows by combining Case (i) and Case (ii). This
finishes the proof of Theorem 4.1.

We conclude this section with two remarks.

Remark 4.4. By setting u = we!®™ with a € R, the periodic boundary value
problem (4.3) can be rewritten as

Au+k?>u=0 in D,
u=0 on 0D,
e~ "1y is 21-periodic with respect to x; in D.

Multiplying @ on both sides of the equation and integrating over M, we deduce from
the quasi-periodicity of u that

0:/ (IVul? — K2[ul?) de.
M

By Poincaré’s inequality (see [37, Lemma 3.13]), it follows from the Dirichlet boundary
condition of uw on dDNM that 0 > (C — k2)|\u||%2(M) for a constant C' > 0. Hence,
w = e~ "1y, =0 provided k > 0 is small enough. Proceeding as in the proof of Lemma
4.2, we can conclude from the analytic Fredholm theory (see, e.g., [14, Theorem 8.26])
that for any o € R, (4.3) admits only the trivial solution for all k? € C\E(«) where
E(a) is a discrete subset of C. Therefore, the eigenvalues {K;(a)};>1 are contained
in F(«) and thus accumulate only at infinity. Moreover, the associated eigenspace for
each eigenvalue K;(a) is of finite dimension due to the compactness of corresponding
operators.

Remark 4.5. In [14, Theorem 5.1], it was proved that a sound-soft scatterer can
be uniquely determined by the far-field patterns from a finite number of incident plane
waves with a fixed wave number under the assumption that the scatterer is contained
in a ball. We note that it is interesting to extend this result to the case of periodic
curves. This may require further investigation of properties of the p-eigenvalues with
respect to domains and is thus beyond the scope of this paper. For analogous results
with finitely many wave numbers and a fixed incident angle, we refer the reader to
[23, Theorem 3.2].
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5. Uniqueness with phaseless data. In contrast to the inverse problem with
phase information, this section is devoted to uniqueness for recovering the periodic
curve from phaseless near-field data (i.e., Theorem 1.1 with phaseless data). We
rephrase Theorem 1.1 with phaseless data as follows.

THEOREM 5.1. Let TM and T'® be two periodic curves with Dirichlet boundary
conditions. Assume both satisfy Condition (1) or both satisfy Condition (ii). Suppose
that the periods of T and T'®) are unknown. If the corresponding phaseless total
fields satisfy

(5.1) lui(x;0,)] = |uz(x;0,)|, €D, neZy,

where {0,}°%, are distinct incident angles in (—n/2,7/2), then TW =T Here,
D CQ is a bounded domain.

To prove Theorem 5.1, we will apply Rayleigh expansion (1.4) to show that the
phaseless near-field data corresponding to one incident plane wave uniquely determine
the total field with phase information except for a finite set of incident angles.

THEOREM 5.2 (phase retrieval). Let TV and T be two periodic curves satis-
fying the conditions in Theorem 5.1. Assume the periods of T and T®) are Ly >0
and Ly >0, respectively. Let u;(x;0) (j=1,2) be the total field for the incident plane
wave defined by (1.1) corresponding to the periodic curve T, and let 6 € (—n/2,7/2)
satisfy ksin@L;/m ¢ Z (i.e., aL;j/m ¢ Z) for j=1,2. Suppose the corresponding total
fields satisfy

(5.2) lui(z;0)| = |ue(x;0)|, x €Uy,

for some h>max{zy: x € TOUTP}. Then uy (x;0) = ua(x;0), x € Uy,
To prove Theorem 5.2, we need several auxiliary lemmas. Let «,, and f, be

defined by (1.5) with some 0 € (—n/2,7/2), and let ¢+ be the index for the incident
plane wave (see (1.6)).

LeMMA 5.1. If aL/m ¢ Z, then oy, # —a, for alln € ZU {1}.

Proof. We assume to the contrary that «,, = —«, for n € ZU {:}. Obviously, we
have n # 1, since otherwise there holds «, = 0, which contradicts aL/n¢Z. If n€ Z
and o+ n2n/L = —a, = —«, we can get aL/m = —n € Z, which also contradicts the
assumption that aL/7¢Z. d

In the following, we retain the notation introduced in the proof of Theorem 3.1.

LEMMA 5.2. Suppose 'V and T'®) are two grating curves with the periods Ly >0
and Ly > 0, respectively. Assume that aL;/m ¢ Z for j = 1,2. Then the following
statements hold.

(i) For any fivzed m € Z, if

(5.3) (a%) — . B = B) = (@? — al?, 82 — 5P,

for some m,n € ZU{1}, then (ag),ﬂg)) = (oz,(g), ,(,?L)) and n=n1.
(ii) For any fixred m € Z, if

(@) —a, 85 — 8) = () — oD, g1 — M),
(1) ﬂ(})) _ (a(l) (1)

for some m,n € ZU {1}, then (a,;,’, m > Bm’) and n=1.
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Proof. We only prove statement (i) since statement (ii) is a consequence of state-
ment (i) for the special case when I'V) =T'(2),

We con81der the following two cases.

Case 1. B

Noting that B 1) — B, >0, we conclude from (5.3) that /J’m , 7(12) € R. Hence, the
points (o, 5,), (o ,57(%)), (a 5721), 7(5)), and (ag), ,(LQ)) are all located on the circle
22 + 23 = k? in the z;z5-plane. From this and the relation (5.3), it follows easily that
there holds either

(5.4) (@@, 82) = (o), V) and (P, ) = (e, 3,)
or
(5.5) (@?,82) = —(a,, 8,) and (a?, 8?) = —(al), BY).

By Lemma 5.1 and the assumption aLs /7 ¢ Z, the relations in (5.5) cannot be true.
Hence, the relations in (5.4) imply the desired result of this lemma.

Case 2. ﬂ ¢R

Observing that Re(ﬁ( ) —f,) >0 and Im(ﬁ —B,) >0, we deduce from (5.3) that
Re(8 — 87) >0 and Tm(82) — BP)) > 0.

If ﬁ ¢ R, then 5(2)/1 € R. This, together with Re(ﬁ (2)) > 0, implies
Re(— (2)) > 0. This is possible only if n =1, since Reﬁn 2 >0 for all n € Z. Again
using (5.3), we find (ay;, 28 7(%)) (P, 7(73)), which yields the desired result of this
lemma.

Now suppose that B € R. We shall derive a contradlctlon as follovvs Taking
the real and imaginary parts of (5.3) gives Bm) = —f, and B 6 . Noting that
(045721)) +( 7(3)) = k% = (a,)? + (B.)?, we deduce from g2 =_p, that |a(2)| = |a,].
Then by aLs/7m¢7 and Lemma 5.1 we obtain a5?3 = «,. Inserting this equality into
(5.3) gives

(5.6) 045711) —a,=aP —aP =q,—a?.

Similarly, noting that (aslz)) + (ﬁ( )) =k?= ( ) (6(1 )2, we deduce from B =
67%) that |a(~1)| = |04512)\. If (1) = 04512), then it follows from (5.6) that a(l) =a, =o'
and thus B € {£8,} C R. "This contradicts 3% — B ¢R. 1f o) = —aP| then

from (5.6) we deduce a, =0, which contradicts the assumption als / ¢7Z. The proof
for Case 2 is complete. ]

With the aid of Lemma 5.2, now we can prove Theorem 5.2.

Proof of Theorem 5.2. Recalling (1.6) and (3.4), we deduce from (5.2) that

I @)LV (@) + I (@)1 (2) + |11V (2) 2 + |15V () 2
5.7) AP @) 7 (@) — I (@)L (@) — 1P (@)~ |1 (2)P =0, x €Uy,

where

() (), ( ) ( ) ux(])l _H,g(J)L
I(J) Z A(J)ew z1+i8); N . J ZA J 1 2
mefrl(i) n€7—2(J)

with 737 = {n € Z:|a$’| > k} and T3 := {n e ZU{s}:]a)| <k}, j=1,2.
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The proof can be divided into two steps as follows.
Step 1. We will prove that for any m € ’7'2(1)\{1} there holds

(5.8)

Ag) = AS,QL) if there exists m € Z such that a(2) = a(~1)
Ag;ll) =0 if o) # aih) for allm € Z,

and for any m € 7'2(2)\{1} there holds

(5.9) {Ag) = A%) if there exists m € Z such that a(l) =2 ),

m
Ag) =0 if am #ag) for allm e Z.

First, we deduce (5.8) for m € 7'2(1)\{1}. Multiplying (5.7) by e i8R =BT e
obtain for x € U}, that

- 3(1)
(510) 0= {1{1)(1')[2(1)(33) + I2(1)( )I(l)( ) + |I(1)( )| }671(6771 —B.)s
+ Z A%)Ag)ei(awwg))zl - Z AS,QQATf)ei(a;%La;z))m

(m,n)euf;> (m,n)EMf;)
+ Z AW AW gialy) —alza+il(85) ~ 1) (8L =)
m

(m.m) (T x TN
@I @)+ 12 @)1 @) 117 @) f e O
- > A@ 4@ i) —a D)z +il(BR —B) (8 B>

(mn) (T2 x TP NUL

where Ur(hj) ={(m,n) € 7—2@ X 7'2(j) . B —@: ,87(%) -6}, i=1,2. Si(rll)ce 7’2(j) is a
finite set, we know that Z/lr(;f) is at most a finite set, 7 =1,2. Using |e*i(ﬁm *51)z2| =1,
it follows from Lemma 2.1 (i) that

. i (})_ Ve .
{10 @10 @)+ 1 @10 @) + 1P @) e P =802 | <), w e Un,

where C' > 0 is a constant. Thus, by arguments similar to the proofs of (2.7) and
(2.8), we have |Il(])($)|—>0 as 29— —+o00 and thus

L _
lim 7/ {Il(J)( )I(J)( ) + I( )( )I(J)( )_|_ |I(J)( )| }eﬂ(ﬁi‘i)*ﬁl)mdl‘g -0
H—+o00 i

uniformly for all ; € R and j =1,2. Moreover, it follows easily from Lemma 2.1 (iv)
that

2H — . ) =
lim / Z A(j)Agpei(aﬁi)—aS))x1+i[(ﬂﬁi>—ﬁﬁf’)—(52)—51)1w2dx2 -0
H—+o00 H
m n)e(T(J)XT(J))\u(J)

uniformly for all 1 € R and j = 1,2. Combining (5.10) and the above formulas, we
arrive at

S A S @ AP 0, e
(m,n)eud (m,n)eu®

m m
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Similarly, multiplying (5.11) by e*i(ag)*a‘)wl, we can employ Lemma 2.1 (iv) to
obtain

(5.11) doooADAY - Y ARAP =,

(m,n)EVf.i) (m,n)EVf;f)

where Vrg) :={(m,n) GZ/{,(hj) o) — o) = 04(1 —a,}, 7=1,2. By Lemma 5.2 we have
V(l ={(m,1)} and V;, ) _ ={(m ) meZst. ol = ag)}. Thus, noting that V,(;?) is
perhaps an empty set and A" ) =1=A4Y we can apply (5.11) to obtain that (5.8)
holds for m € 7;(1 \{2}.

Second, by interchanging the roles of |uy(z;0)| and |uz(x;6)|, we can employ an
argument similar to that above to obtain (5.9) holds for any m € 7'2(2)\{1}.

Step 2. We will prove that (5.8) holds for any € T;") and (5.9) holds for any
me T(2)

By AW = AP® = 1, it follows from (5.7) and the result in Step 1 that

IV (@) I (@) + 18 () 11 () + |11 (2) 2
(5.12) 1 (@) () — I (@) 1P (2) — |17 ()2 =0, z €U

Let (p1,q1) be an element in B := {(1,m) : m € 7'1(1)} u{(2,m):me 7'1(2)} such

that |B,§f1)| < |b’7(,{)\ for all (j,m) € B. Without loss of generality, we assume p; = 1.
(1

Multiplying (5.12) by e iBa) =B e obtain for x € Uy, that

(5.13)
{Il(l)(x)efwéi)“} [(Iél)(x) +I1(1)(x)) ew"“] + {Iél)(x)ei'g‘m} {I{l)(x)e#ﬁéi)“]

_ {If@(x)e*iﬁébxz} {([2(2)(x)+11(2)($)) ei/mz] " {12(2)(%)61‘/3[@} {1(2)( e ,155%2]
=0.

Note that 8% = —8% and |Bé})\ < \5,(,?;) (J)| for all m,n € 7'1(J) with j =1,2. Thus,
similarly to the proof of Theorem 3.1, we can apply Lemma 2.1 to obtain that for all
j=1,2 and z; € R,

(4) —iB s _ () giatd)
G I @eT = ARl
m€7—1(1) s.t. 5(#) [5(1>
TG oy —iBP s AG) —iaP zy
I21i>I£mI ( ) " o Z An € ’

neTl(j) s.t. ﬁg):ﬂéi)

. 2 .
lim |10 (@)[ e =07~

xro—+00
and
IRy ; N el
g [, W@t S e
i m€7’2(j) s.t. B%)zfﬁl
HI_IH_IOOH/ I(J) )lﬁl‘Lgdx2 Z Agbj)e—zaglf)ll

neT st 89 =8,
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These, together with (5.13), imply for 27 € R that

(5.14) Z AW AW gital) —al)zr Z A%)A%Q)ei(ag)*af))h?

m

(1) (2)
(m,n)eu<1 ) (m,n)EL{(1 )

where Uy = {(m n) € TV x 739 : g = Y, B8Y) = gy u{(m,n) e TV x T,V
) = _Bwﬁn = (1)} for j = 1,2. It is clear that Z/{qf) = {(m,n) € (Z U {1})?
/3’,(71) — 57(5) = ﬁé}) — B,} for j =1,2. Note that Z/lqll) and uél) are at most finite sets.

Then multiplying (5.14) by e_i(aflll)_al)xl, we can apply Lemma 2.1 (iv) to obtain

(5.15) SoaAabal = 3 ADAY,

(m, n)EV(l) (m, n)EV(Q)

where V) = {(m,n) euéf) o) —af) = oz((ﬁ — o, } for j=1,2. By Lemma 5.2, we
have Véll = i(qhz)} and V[gf) = {(m,1) : m € Z s.t. oD = a[(ﬁ)}. Now we can apply
(5.15) and AW =1= 4D to obtain that (5.8) holds for m = ¢;.

To proceed further, we distinguish between the following two cases.

Case 2.1. there exists ga € Z such that ag) = agp. It is clear that ASIP = Aéz)
and ¢ € Tl(Q), and thus we have that (5.9) holds for m = ¢o. These, together with

Agl) = A§2) =1 and the result in Step 1, imply that ./7\2(1)(30) = 1:;2) (2) in « € Uy, where
Wem T Apeetmesn o1y
neTy " U{g;}

Thus, it follows from (5.2) that

where

Pa)y= 3  AQewwmrile =12
meT )\ {q;}

Let (p3,q3) be an element in C := B\{(1,¢1),(2,¢2)} s.t. |6(p3 | < |ﬁ%)| for all
(j,m) € C. Then using similar arguments, we can obtain that (5.8) holds for m = g3
if p3 =1 and (5.9) holds for m = g3 if p3 =

Case 2.2. ag) #* a((ﬁ) forallmeZ. In thls case, Aql) 0. Thus, similarly to Case
2.1, it follows from (5.2) and the result in Step 1 that

I (@) 1) () + I8 () I (@) + [T () 2
1 (@) () — I (@) 1P (2) — | 1P ()2 =0, z €Uy,

where ﬁl)(a:) is given as in Case 2.1. Let (p4,q4) be an element in € := B\{(1,41)}

s.t. |ﬂ§f4)| < |B7(,jl)| for all (j,m) € £. Then using similar arguments again, we can
obtain that (5.8) holds for m = ¢4 if ps =1 and (5.9) holds for m =gy if py =2.

For both cases, we can repeat similar arguments to obtain that (5.8) holds for
any m € 7-1(1) and (5.9) holds for any m € 71(2)
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Finally, noting that AN = AP =1 and combining the results in Step 1 and Step
2, we have uj(x;0) = uz(x;0) for x € Uy. |

Remark 5.1. The proof for Theorem 5.2 depends only on the Rayleigh expansion
(1.4) of the scattered field. Therefore, the phase retrieval result in Theorem 5.2
remains valid under other boundary conditions.

Now we are ready to prove Theorem 5.1.

Proof of Theorem 5.1. For j =1,2, denote the period of the unknown grating curve
') by L; >0, and define the set A = {0, :n €Z, s.t. ksin6,L; /7 ¢ Z for j = 1,2},
where {0,,}22; are the incident angles from the assumption of Theorem 1.1. By the
analyticity of = — |u;(z;0)]? in Q and Theorem 5.2, we have uy(z;6,,) = ua(x;6,),
z € Uy, for any 0, € A. Obviously, {0 € (—7/2,7/2) : ksin0L;/m € Zfor j=1,2} is a
finite set, and thus A is still an infinite set. Therefore, it follows from Theorem 4.1
that TV =T, 0

Remark 5.2. Assume that the conditions presented in Theorem 5.1 hold true.
Assume further that the grating periods L and Ly are known in advance and L1 = Lo;
then the conclusion of Theorem 5.1 can be proved in a very simple way. In fact, let D
be the bounded domain defined in subsection 4.1 if '™ NT(2) £ ¢ or the unbounded
periodic strip defined in subsection 4.2 if ') NT'(2) = . Then, due to the analyticity
of the total fields and the Dirichlet boundary conditions on I'™ and I'®, we can
easily deduce from (5.1) that either {ui(z;6,)}nez, or {ua(x;0,)}nez, satisfy the
Helmholtz equation in D with wave number k and vanish on dD. This, together with
the same arguments as in section 4, gives that T") =T(2),

6. Conclusion. In this paper, we have established uniqueness results for in-
verse diffraction grating problems for identifying the period, location, and shape of
a periodic curve with Dirichlet boundary condition. Under the a priori smoothness
assumption, we proved that the unknown grating curve can be uniquely determined
by the near-field data corresponding to infinitely many incident plane waves with dif-
ferent angles at a fixed wave number. For the case when the phase information is
not available and the measurement data are taken in a bounded domain above the
grating curve, we proved that the phase information can be uniquely determined by
phaseless data provided the incident angle # and the grating period L satisfy the
relation ksindL/m ¢ Z. Our phase retrieval result (see Theorem 5.2) carries over to
other boundary or transmission conditions. However, the proof of Theorem 4.1 for
the case T NT® £ does not apply to the Neumann boundary condition, due
to the same difficulty for inverse scattering problems by bounded obstacles (see [14,
p. 143] for details). In addition, the case that 'MW NT® =@ brings extra difficulties
for treating the discreteness of the so-called p-eigenvalues in a closed waveguide. The
uniqueness result with distinct incident angles for recovering penetrable gratings also
remains open. Thus it requires new mathematical theory to establish analogues of
Theorem 4.1 under other boundary conditions.
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tions in a periodic waveguide.
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