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Abstract

In this paper we introduce a hybrid absorbing boundary condition (HABC) by
combining perfectly matched layer(PML) and complete radiation boundary con-
dition(CRBC) for solving a one-dimensional diffraction grating problem. The
new boundary condition is devised in such a way that it can enjoy relative advan-
tages from both methods. The well-posedness of the problem with HABC and
the convergence of approximate solutions will be analyzed. Numerical examples
to illustrate the efficiency of HABC are also presented.
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1. Introduction

In this paper, we will develop a new absorbing boundary condition for time-
harmonic wave scattering problems by combining two well-known absorbing
boundary conditions, perfectly matched layers(PML) and complete radiation
boundary conditions(CRBC). In particular, we consider a model problem gov-
erned by the Helmholtz equation, of which solutions propagate in one direction,
for example, model problems describing wave phenomena arising in guided struc-
tures or periodic diffraction gratings. Since solutions to these kinds of model
problems can be represented as a superposition of finite number of propagating
modes and infinite number of evanescent modes, promising absorbing boundary
conditions are required to handle both types of modes efficiently.

The PML is an absorbing boundary layer that wave fields propagating into
decay exponentially without spurious reflections. Even though the PML needs
to be truncated in actual involvement in numerical computations, it produces
only exponentially small reflection depending on how strong PML strength and
how large PML width are used. Due to its easy implementation and strong
effectiveness it has been actively engaged in numerical computations related
with wave propagation ever since it was proposed by Bérenger in [4], 5] to solve
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electromagnetic wave propagation problems. On the other hand, CRBC was
introduced recently for high-order absorbing boundary conditions in [8], [10].
It can be interpreted as a rational approximation to the square root function
involved in the radiation condition and parameters of CRBC can be chosen in
an optimal way so that it reduces reflection errors exponentially with respect to
the number of parameters and uniformly in the spectral range of interest.

Although both PML and CRBC have been utilized successfully as efficient
absorbing boundary conditions, one has the superiority over the other in dealing
with some types of modes. In case that solutions contain grazing modes such
as propagating modes of large wavelength or slowly decaying evanescent modes
generated close to artificial boundaries, it is observed that PML may require
inefficiently large computational resources to obtain approximations of reason-
able accuracy, see e.g., [9]. In contrast, CRBC can not only act as an exact
radiation condition for such modes by taking appropriate parameters but also
reduce the reflection errors of modes in a certain spectral range uniformly and
optimally. However since the Dirichlet-to-Neumann(DtN) operator for CRBC
does not converge to the DtN operator for the exact radiation condition in a
Sobolev norm, its performance may be deteriorated by evanescent modes of high
axial frequency unless a gap § between wave sources and the artificial boundary
is sufficiently large for the evanescent modes to be ignorable on the artificial
boundary. PML can get rid of this concern by accelerating the decay rate of the
evanescent modes via PML coordinate stretchings. This observation motivates
us to design a hybrid absorbing boundary condition(HABC) taking advantage
of two methods, i.e, the CRBC component of the absorbing boundary condition
takes care of a small number of low frequency modes and the PML counterpart
takes the responsibility of diminishing the reflection errors of the rest of infinite
number of modes.

Once the hybrid absorbing boundary condition is defined, we will discuss
the well-posedness of the model problem supplemented with HABC and the
convergence of approximate solutions. It is also worth noting that a recent
effort to improve the performance of PML has been made by cooperating with
a truncated DtN boundary condition in [I4]. However, typically the truncated
DtN boundary condition destroys the sparsity of system matrices resulting from
discretization techniques as opposed to CRBC preserving the sparsity.

The rest of the paper is organized as follows. In Section 2 we introduce a
one-dimensional diffraction grating problem as the model problem. In section 3,
the hybrid absorbing boundary condition as a combination of CRBC and PML is
defined to solve the diffraction grating problem in a finite computational domain.
Section 4 is devoted to establishing the well-posedness of the Helmholtz equation
with HABC. A discussion on how CRBC parameters are chosen to minimize
the reflection error for given number of grid points along the direction of wave
propagation is given in Section 5. Finally, numerical experiments illustrating
the performance of HABC will be presented in Section 6.



Figure 1: Geometric configuration of the one-dimensional diffraction grating

2. Model problem: one-dimensional diffraction grating

As a model problem, we consider one-dimensional periodic diffraction grat-
ing problem in R2. A diffraction grating is an optical device that decomposes
polychromatic light into light components with different wavelength. For the
transverse magnetic polarization of electromagnetic fields in R?, the longitudinal
component (z-component) u of electric fields solves the Helmholtz equation

Au+ k*u =0, (2.1)

where k = wc*1@ with angular frequency w, speed of light in air ¢, mag-
netic permeability u, and electric permittivity e(x,y) depending on the spatial
variable (x,y) € R%2. Assume that a periodic grating with period L > 0 along
the z-axis is bounded above by a piecewise smooth periodic curve S, whose y
component is in 0 < y < H and below by the curve Sy of y = 0. The periodic
grating structure is characterized by an inhomogeneous wavenumber k € L.
The medium above S is assumed to be homogeneous with constant wavenum-
ber k = k;. For instance, the medium above S; is filled up by air and so k;
is real and positive. The one below of S5 is, in general, occupied by absorbing
materials, which corresponds to complex wavenumber with positive real and
imaginary parts, however in order to focus on the performance of the absorb-
ing boundary condition we impose the perfectly conducting boundary condition
u =0 on Ss.

Now, the incident wave is given by a plane wave u'"(z,y) = (®*=8Y%) prop-
agating from the top with the incident angle 6 € (—7/2,7/2), o = ky sin(f) and
B = ki cos(0), see Figure The periodic diffraction grating can produce an
a-quasiperiodic scattered field u®c satisfying

w(z + Lyy) = e Fu(a,y)

and a radiation condition for y — oo to be defined below. Due to the a-
quasiperiodicity, the problem for a-quasiperiodic solutions can be restricted to



the semi-infinite strip region
Qoo ={(z,y) €ER? : 0<a< L, 0<y<oo}

For the radiation condition, we will write a-quasiperiodic solutions to the Helmholtz
equation in a series form with the help of a complete set of orthonormal eigen-
functions in L?(0, L) of the a-quasiperiodic eigenvalue problem in L? (R)

loc
—¢"(z) = N¢(x),
o(x+ L) = eianb(x).

Here eigenfunctions are given by ¢,(z) = \ﬁei’\"m for the eigenvalues A2 with

Ap = a+ Q”T”, n € Z. Under the time-harmonic convention e~*** of the time

variable t, the scattered field u*¢ propagating toward the positive infinity along
the y-axis is the one represented by

wt

u(z,y) = Z Apettn =g (1) fory>H (2.2)
neL

for some constants A,,, where yu,, = \/k? — A2 with the negative real axis branch
cut so that p, is real and positive for k7 — A2 > 0 and purely imaginary with
positive imaginary part fi,, (that is, y, = ifi,) for k2 — A2 < 0. In some cases,
[r, is possibly zero, for which the mode is called the cutoff mode. For a complete
analysis, we assign the index N to the cutoff mode, i.e., uy = 0.

Thus, denoting the domain of interest by Q = (0, L) x (0, H) and its boundary
for the radiation condition by I = {(x,y) : 0 <z < L, y= H}, the radiation
condition can be interpreted on the boundary I' as

Oyu’ = T(u*®) (2.3)
in terms of the DtN operator T : HY? T — H'? (T") defined by

T(v) = ittnvnon (2.4)

neZ

for v = 3 .y vndn, where H5(T') for s € R is a Sobolev space consisting of
functions v satisfying

ol 0y = D (1 4+ A2)* o] < oo
nez

Here H,i/Q(I‘) can be seen as a trace space of H}(Q), the subspace of functions
with a-quasiperiodicity on the lateral boundaries in H'(2), and it holds that

lelrll 2y < Cllellars @

for v € H}(Q) (see e.g., [I1] for a similar analysis).



Now, the incident wave u'™ can be imposed on I' as a source term for the
boundary condition of the total field u!® = ™ + u®¢, i.e., noting that the
incident wave u’™(x,y) = v/Le~ ¥ ¢y (z) is composed of only one mode of n = 0
and satisfies

dyu™ = T(u™) — 2iBu™ on T, (2.5)

(2.3) and (2.5) give the boundary condition for the total field u*®
dyu'® = T(u™) — 2ifu'™ on T

~ Therefore, the diffraction grating problem to find the total field ut® for given

u" can be reduced to the problem posed on the bounded domain 2, that can
be written as finding u'® € H](Q) satisfying
Aul® + k2 =0 in Q,
u® =0 on Dy, u'’(L,-) = e'*Lut(0, ), (2.6)
dyu'® = T(u'®) — 2iBu™ on T

Here Ty = (0,L) x {0}. Denoting the L%-inner product in a domain D by
(+,-)p and the duality pairing between H? (T") and H(lx/Q(F) with pivot space
H2(T) = L*(T') by (-,")r, and letting H} ,(2) be the subspace of functions

vanishing on I's in H}(Q), we reformulate (2.6]) to a variational problem to find
u' € H) 5() such that

aq(u'®,v) = (T (u'),v)r = (g,v)r for v € H,, ((), (2.7)
where g = —2iBu’ on I' and
ag(u,v) = (Vu, Vo)g — k2 (u,v)q.

It is shown by the compact argument in [3] (see also [6]) that except for discrete
sets of eigenvalues w the problem (2.7)) is well-posed and there exists a positive
constant C' such that

aq(w, —(T(w y
|wllgr) <C sup lag(w, ) — (T'(w) ¢>F\_
0AYEH,, () [l E )

(2.8)

for allw € H] ,(£2). Thus, from now on we assume that w is not an eigenvalue of
the diffraction grating problem. For such w, the main goal is to develop an ab-
sorbing boundary condition that can replace T' and have the relative advantage
from PML and CRBC.

3. Hybrid absorbing boundary condition

In this section we introduce the hybrid absorbing boundary condition based
on PML and CRBC. We first review CRBC from [8, [10].



8.1. Complete radiation boundary condition

The CRBC is a high order absorbing boundary condition, which can be
interpreted as a rational approximation to the square root function of the sym-
bol y/k? — 02 of the radiation condition, see [I0]. Recall that CRBC of order
(np, ne) for non-negative integers n, and n. is defined in terms of auxiliary vari-
ables u/ for j = 0,1,..., P with P = n, + n, satisfying the Helmholtz equation
with the boundary condition of a-quasiperiodicity on the lateral boundaries and
the recurrence relations

u’ =,
. i ) (3.9)
0y +aj)w! = (=0, +a;)w’/* for j=0,1,...,P—1
with the terminal condition
dyu” =0onT, (3.10)
where the parameters a; and a; satisfy
aj:—i(rj, ij:—ic?j for]::O,...,np—l, (311)
Unytjs  Gnytg > 0for j=0,...,n.—1

with 0 < 0—j76—j < ky such that \aj\ < |C~L]|

Here 2n,, purely imaginary parameters are used for damping the reflection
error from propagating modes and the 2n. real parameters are responsible for
reducing the reflection error from slowly decaying evanescent modes. For exam-
ple, since u’ solves the Helmholtz equation with the a-quasiperiodic boundary
condition on the lateral boundaries, u/ can be written as the series form near T’

W(z,y) = (A +Bl(y—H)on(@)+ 3 (A= pBleimb=M)g (o)
n€Z,n#N
(3.12)
for some constants A%, and Bj. If one parameter, for instance ay, is chosen such
that a, = —iu, for some n # N, then one can show that BfL = 0 from
with j = ¢, which results in B =0 for j =0,1,...,¢ from with 7 < ¢ and
so the n-th mode of u = u® satisfies the exact radiation condition. In actual
practice, the parameters are chosen so that the reflection errors of modes in a
certain spectral range are uniformly minimized.
Minimizing the reflection errors in a spectral range is related with the min-
imization of the reflection coefficients defined as the ratio of the amplitude of
the reflected component to the that of the outgoing component,

BY 1 (4 + i) (@ + ipan)

-2 = i n f N

Z,= A9 gwj—wn)(aj—wn) orns
0 for n = N.

(3.13)

This formula can be easily obtained by applying (3.12]) to the recurrence relation
(13.9). Indeed, for n # N it can be seen that

A= QUL Bl = RIFIBE (3.14)

n



where

m

. m o~ .
’ Hm for £ < m, ’ HM for £ < m,
Qu™ =\ 35 @i ik R =4 et
1 for £ > m, 1 for £ > m.

(3.15)
Since the terminal condition (3.10) for the n-th mode leads to A = B (3.13)
is obtained. In case of n = IN, the computation similar to the above shows that

a;BYy = a; By and (1—a;H)B)+a; Al = —(1+a; H)By " +a; A (3.16)

for j =0,...,P—1. The terminal condition for the N-th mode shows that
B = 0, which implies that B, = 0, that is, CRBC serves as the exact radiation
condition for the cutoff mode. The optimal selection of the parameters that can
minimize the reflection coefficients will be discussed in Subsection

The recurrence relations can be rephrased to an equivalent form in-
volving only the tangential derivatives, which is more suitable for finite element
implementation,

— Oyue® = ~LO2U + (—kIL + MU — d,u”e” on T, (3.17)
where U = (u®,u',...,u”)T and e’ is the j-th standard basis vector of C+!

for j = 0,1,...,P. In addition, L and M are (P + 1) x (P + 1) symmetric
tridiagonal matrices such that for 0 < j < P

1 1 1 1
Ljj1=——=— Lj;= — + —, Ljj1= -
aj—1+ aj—1 aj—1+ aj—1 a; + aj aj + a;
a2 ; a2
ML _ 451 M. — aj—105—1 + a;a; ML & _ a;
J,j—1 — 7 T a, BT ¥ a4 YA, J,Jj+1 — r
aj—1 aj—1 aj—1 aj—1 a; a; a; Qj

Here the terms with indices outside the index range of aj,a; (0 < j < P —1)
are ignored by convention. This can be achieved by multiplying by the
differential operator 9, and by eliminating 85 using the Helmholtz equation of
u?. See [8] in more detail. Of course, the Neumann terminal condition
removes the last term in however we keep this term in for the
derivation of the hybrid absorbing boundary condition replacing the Neumann
terminal condition with PML.

8.2. Hybrid absorbing boundary condition

The new absorbing boundary condition proposed in this paper is CRBC
terminated with PML, that is, PML is applied to the last auxiliary variable
uP. More precisely, let Qpyr = (0,L) x (H,H + M) be the damping zone
with PML width M > 0 and I'pyr, = (0, L) x {H + M} being the boundary
on which PML is truncated. For a linear PML coordinate stretching function
g(y) = oo(1+i)(y — H) + H for y > H with positive constant oy we introduce



the PML solution @”, associated with u”, solving

1
o0t + 0,~0,a" + ok?u’ =0 in Qpuy, (3.18)
o
1
" =u” and —9,a" =9,u’ onT, (3.19)
o
(9yﬂp =0on FPML (3.20)

with the a-quasiperiodic condition on the lateral boundaries. Here o = o¢(1 +
i) = 04/Jy. A homogeneous Dirichlet condition can be an alternative to ,
however, the Neumann condition allows HABC to give a better perfor-
mance for cutoff modes or grazing modes.

We now analyze HABC in terms of a DtN operator. Since the auxiliary
variables v/ of HABC satisfy the same recurrence relations as those of CRBC,
the coefficients A7 and BJ of u/ still satisfy and (3.16). Due to the
continuity conditions (3.19)) of u?, @¥ and their normal fluxes on T' the solution
4P to the PML equat can be written as

a® (z,y) = (AL +0 B (y—H))pn (z)+ Z [Afjeiuno(y—H)+Bfe—iuna(y—H)]qgn(x)
nezZ,n#N
(3.21)
for H < y < H + M with the same coefficients AY and BY of . Finally, it
can be shown that the boundary condition for gives

BE =0 and BEY = e2irnoM AP (3.22)

and hence combining (3.14)) and (3.22)) yields the reflection coefficient of HABC
for the n-th mode

B,

A
Here we note that Z, is the reflection coefficient resulting from CRBC and
the exponential term e2#»°M is the typical one for PML depending on PML
strength o and width M. It is also noticed that HABC is the exact radiation
condition for the cutoff mode and the coefficients for the cutoff modes can be
given as

=R, = Z,eiHnoM (3.23)

£

AY =Q% TAY for j=1,...,P. (3.24)

s}

Jj—1
; a
J

=0

By using (3.14]), (3.22) and (3.24) in (3.12)), the solution and the auxiliary
variables u? for j =0, ..., P can be written as
W (w,y) = QN Ao ()

+ Z [Q%j—leiun(y—H) + R%’P_lQ%P_le%”""Me_i“"(y_H)]A2¢n(m).
neZ,n#N

J

(3.25)



To define the DtN operator associated with HABC, for given a Dirichlet
data u = u® =Y _,u¢, on I, we seek for the Neumann value of u (3.25))

nezZ “n
with j = 0 on I', which reads

) . 1-R,
Oyu = Z ipn (A% — BY) = Z T ud .
nez nez n

Finally, the DtN operator for HABC is defined by the operator Tgagc : Hcl/z T —
H;l/Q(F) given by

. 1-R,
Tuasc(v) = anﬁvn% (3.26)
nez n

forv=73 c,vn¢n € Hg/Q(F).

In light of , we can minimize the reflection coefficients uniformly in a
certain spectral range by minimizing the maximal value of |Z,| as we will see
in the next subsection. Also we can expect the exact radiation condition for
the modes of small |u,| troublesome to PML by choosing a parameter to be
—iu, of the corresponding small axial frequency. Furthermore, even if |Z,| —
1 as |n| — oo (which is a drawback of CRBC for evanescent modes of high
axial frequency since CRBC can not diminish the reflection coefficients of such
modes), HABC still can play a role of an effective absorbing boundary condition
for such large n owing to PML reducing the reflection coefficients exponentially
at a rate of e2#n70M Therefore, we can design HABC such that CRBC works
for modes of relatively small axial frequencies (all propagating modes and slowly
decaying evanescent modes) and PML takes care of the rest of modes (all fast
decaying evanescent modes). We will discuss how to choose the optimal CRBC
parameters in more depth to minimize the reflection coefficients for given PML
strength o and width M in Subsection [3.4]

3.3. HABC in a variational formulation

As discussed in Subsection the recurrence relations can be trans-
formed to a matrix form involving only tangential derivatives. By the con-
tinuity conditions on I', HABC is defined in terms of U = (u°,...,u") "
and @ such that u = v° and «*’ = af on I, and

1
—0yue’ = —Lo2U + (—kKL + MU — ~9,i" e’ on T, (3.27)
g
1
002t +0,~0,a" + ok?u’ =0 in Qppy, (3.28)
(o)
8y’L~LP =0on FPML (3.29)

with the a-quasiperiodic condition on the lateral boundaries.
The next lemma shows that both conditions (3.9) and (3.17)) are in fact
equivalent and they produce the same DtN operator.



Lemma 3.1. Assume that u solves the Helmholtz equation with wavenumber ki
near I' and satisfies the HABC (3.27)-(3.29) with the a-quasiperiodic condition
on the lateral boundaries. Then u has the series representation

u(z,y) = Anon(z)+ > [e T 4R em 0TI A, 6 (). (3.30)

neZ,n# N
Similarly, the auziliary functions v/ for j =1,...,P and 4" can be written as
’U,]((L') = Q(J)\}jflAN(bN(fE) + Z I:Q%j_l + RZ;P—lQ(BL,P—leQiMnUM:I An(bn(‘r)
neZ,n# N

(3.31)

onI' and

P (z,y) = Q?\}PflAN¢N(x)+ Z [emno(ny)JrezmnoMefiuna(ny)]Q%PﬂAn%(x)

neZ,n#N

(3.32)

forH<y<H+ M.

Proof. We consider the series representations of v and i’

u(z,y) = (A% + B (y — H))dn () + Z [A?Leiun(y—H) + R%’P_lBﬁe_w”(y_H)]¢n($)a
ne€Z,n#N
aP (z,y) = (ZZ + Eﬁa(y — H))pn(z) + Z [Zﬁewno(y—m + E}fe—’”"”(y‘m]%(:ﬂ)
ne€Z,n#N

for some constants A%, B, A%, BY gf and 55 Here we set A, = A% and
B,, = BY. For n # N, the equation (3.27) is reduced to

1
—ipn(AY — ROPTIBPE0 = (2L + MU, — —0,ul e’ (3.33)
g

0 uP)T and @F are the n-th components of ¢ and @, re-

where U, = (uyp,, - - -, Uy,
spectively. It is shown in [10] that —u2L+M is invertible, which implies that U,
is uniquely determined in terms of i, (A% — RAF~1BF) and o~19,al. Hence

it suffices to show that there exist the auxiliary variables u/, of the form
= QLAY ¢ BB

satisfying (3.33)). It is easy to show that the homogeneous equations of ([3.33)
corresponding to the j-th row for j = 1,..., P — 1 hold true. Since @ can be
written as

ﬁg(y) — gﬁ’eiuno(y—H) + Eé’e—wno(y—H)

with BP = ¢2i#noM AP e can find the relations between coefficients A9, BP

gf: and Ef from the P-th component of (3.33) and the condition u” = @ on
L,

i (@AY — BY) = ipn(Ay = BY),
QO,P—IAO + BP — AVP + EP.

10



It then follows that that gﬁ =Q%P=1AY and Eff = BY which gives

P _ 2ipupoM ~n0,P—1 40
Bn =€ " Qn An

and hence we have
§ = [QUITT 4 REPTIQUP1eimnoM]AO for =0, P

and

afj(y) = [ewno(y—H) + e%umMe—mna(y—H)]Q%P—lA%

Now, we are left with showing the 0-th equation of (3.33)) holds with /. Noting
that the right hand side of the 0-th equation of (3.33)) is written as

2 ~ 2
—H; + odo , o 0,P—1 pP —Hn 0,0 40 1,P—1pP
—— (A, + R, B; 7(;2 A, + R, B.),

ao + ag ( )+ agp + ag ( " n)

a straightforward calculation reveals that it is indeed equal to —iu, (A% —

RUP-1pPY,

For the cutoff mode, n = N, since @aﬁ = 0 on I'pyr,, we have Eﬁ =0.
Also, the boundary conditions dyun = B?V and ayaﬁ = 0 on I' show that Uy
solves the problem MUy = —B%;e’. Noting that the 0-th and P-th components
of Uy are ul, = A and vl = AL = Zﬁ, respectively, we apply Gaussian
eliminations from the P-th row to the 0-th row and see that MUy = —BYe’
has a solution only if BY = 0 and ufv is uniquely determined as uj, = Q J= 1A N
which completes the proof. O

Now, we define the Sobolev spaces HZ(Qpyr,) by the subspace of H*(Qpr,)
with a-quasiperiodicity on the lateral boundaries. Denoting H (') = (HA(T"))"*!,
we let X be the subspace of functions (u,U,@") in H}, () x H: (D)< H! (Qpwmr)
such that ulp = u° and u¥ = @” |, which is equipped with the weighted norm
depending on a;, a; and o,

1w, U, @) = lullF o) + ||U||%Jé(r) a5 ()

where

1241313, Zm e+ i

~P 2 ~ P2 ~P2 ~P 2
%" 121 (e = o110z ||L2(QPML)+HH81;U 122 @pne) T 1O I1E 122 (ppge)-

If we denote
|2l = Z o |§J +

for 2= (£%...,67)T € CP* then [[U|3,

L) can be written as

||UH§J;(F) = Z(l + X0 [Un -

neZ

11



Then the problem (2.7) with the radiation condition replaced by HABC (3.27))-
(3-29)) is written in a weak sense as finding (u,U,u”) € X satisfying

aq(u,v) + br(U, V) + aqpyr (ﬁp,ﬁp) = (g,v)r for (vﬂ/,ﬁp) e X, (3.34)
where
br(U, V) = (LOU, 0, V)r + (k2L + MU, V)r,

P - - - 1, . - -p -
AQpyL (uP7 UP) = (JaIqu asz)QPML + (;ayupﬂ ayUP)QPML - k%(aupv UP)QPML'

8.4. Minimizing the reflection coefficients

Let pimin and pmax be the smallest and the largest axial frequencies of all
propagating modes,

fnin = min{, : p2 >0} and  fimax = max{mu, : p2 >0},

respectively. Also, we let fipi, = min{|u,| : 2 < 0} be the smallest decay
rate of evanescent modes.

Choosing the optimal CRBC parameters is, in fact, is related to the mini-
mization of the maximal |Z,|, known as the third Zolotarev problem, and it has
a long history dating back the late 1870s [I5], see also [, 12, 13]. Tt turns out
that the optimal imaginary CRBC parameters for propagating modes whose ax-
ial frequencies are in [fmin, tmax] are obtained by solving the min-max problem

np—1

(aj +ip)(a; + Z:M) .

(o=@ | P

Pprop = Mmin max
;j,a; €IR™ fmin P Pmax

Jj=0

The min-max problem (3.35) can be solved by using Remez algorithm [I3] nu-
merically or by using elliptic functions [T} [7, [I0] analytically. In addition, the
minimal values decay exponentially with respect to the number of parameters,

’!L’!l'2
Prrop < 2T (3.36)

with Y= Mmin/ﬂmaxv n=mnp.

With regard to the real CRBC parameters for evanescent modes we first
determine an upper bound fiyax of the decay rates of evanescent modes that
CRBC is responsible for by solving the inequality

e*Q#maonM < e*Q#minUOMppmp,

that is,

1 1
~max =—1(2 min M 1 P
a 20-0]\4 < s 70 o pprop>

and the reflection coeflicients of evanescent modes of fi,, larger than fiyax are
smaller than e~ 2H#minooM pprop due to PML without considering the effect of

12



CRBC. Then we solve the similar min-max problem for evanescent modes whose
decay rates are in [fimin, fbmax)s

np+ne—1

Pevan = Mmin  max H
aj,fij ERT fimin <A<fimax

(a; — p)(a; — i)
wrnwrp O

J=np

and its minimal value also decreases at the rate of with ¥ = fmin/Bmax,
n = n.. Therefore it can be concluded that the reflection coefficients are
bounded by
672I~meUOMpprop for Hn € [.Umim Hmax]v
|Rn| < 672ﬂminUOMpevan for ,an S [ﬂmimﬂmax]v
e~ 2HAmaxcoM for fin, € (fimax, 00)

which approaches zero rapidly as n,, n. and ooM tend toward infinity. We let
Euapc be the maximal reflection coefficient of HABC,

—2pminoo M

gHABC = max{e Pprops e_QﬂmmUOMpevan} (338)

In the sequel, we also will use Egapc as the maximal reflection coefficient mul-
tiplied by a generic constant C' independent of CRBC and PML for the later
analysis. The constant C' throughout the paper may take different values in
different places but does not depend on CRBC and PML parameters.

If there exist grazing modes, some CRBC parameters are set up aiming at
the modes to eliminate completely reflection errors from such modes. These
types of modes are related with the small frequencies j,, such that |e=2#»oM|
is larger than desired tolerance 7 from the PML point of view or are related
with the small v < 1 in from the CRBC point of view. To distinguish
grazing modes from others, let Ay be the set of indices n of grazing modes,
and N7 = Z \ My. In other words, Ny consists of only a few indices such that
le=2#noM| > 1 and —ipu,, for n € Nj is taken as CRBC parameters. The rest of
modes of n € N are taken care of by optimized CRBC and PML. In this case,
Mmin and iy, are defined as

fonin = min{, : p2 >0,n €Ny} and  fimin = min{|p,| : p2 < 0,n € N}

4. Well-posedness and convergence

In this section we investigate the well-posedness of the problem (3.34) and
the convergence of solutions u of in Q to the solution u! of [2.7). To do
this, by using the DtN operator for HABC we rewrite the problem (3.34)) as an
equivalent problem to find u € H,, 4(2) satisfying

agg (u,v) — (Taasc(u),v)r = (g, v)r for v € H} 4(). (4.39)

We first show the convergence of Tgapc to 1" in a norm sense.
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Lemma 4.1. Assume that CRBC parameters are chosen as in Subsection
and let Enac be defined by (3.38). Then for sufficiently large ny,, ne and ooM,
it holds that

(T = Taagc)vll -1z < Enasclvll gz r
forv e H;/2(F).

Proof. By using the definition of T' and Tyapc given by (2.4) and (3.26)), we
can show that

2R,
(T' = Tuasc)( %\:/ Ui T TR Unn,
neN;

for v = ZnGZ Unr. Since Eyapc K 1 for large ny, ne and ogM, it follows that

Iun
(T — Tuagc)v|? HoAry S < &fianc Z 1+A2)1/2\ nl?
€N1

< 512{ABC||W||H;/2(F)»
which completes the proof. O

Now we can prove the well-posedness of the problem (4.39) for the solution
u defined on the physical domain 2.

Theorem 4.2. Assume that w is not an eigenvalue of the diffraction grating
problem. If Euapc is sufficiently small, then there exists a unique solution

u € H} () to the problem ([4.39) satisfying
Jullrsy < Cllgllgarnge

Proof. We will first show that

lwllz@) <C sup |lag(w,¥) — (Tyasc(w), ¥)r|

(4.40)
0£pEHL o (2) 1Yl 5 o)

for w € H}(Q). In fact, this inf-sup condition follows from the inf-sup condition

(2.8) of the problem (2.7) and the convergence result of Tiyapc. We start with
the inf-sup condition ((2.8)

—(T
Wz <C sup |ag(w, ) — ( (w),w>r\_
0FAYEH], ((Q) [0l 21 ()

Lemma (1] leads us to

||'Z,U||H1(Q) < O sup |aQ(’UJ, ¢) - <THABC(1U),1/)>F|
- 0APYEH], () 1] &1 ()
<C  sup lao(w, ) — (Tuasc(w), ¥)r|
 OfweH) (%) [l (o)

+ (T - THABC)(w)HHQl/z(F))

+ Euasc|lw| g1 (@)

14



For HABC such that Egapc < 1/2, we obtain ([4.40)).

Since aq(w,v) = aq(¥,w) and (Taapc(w),¥)r = Taapc(Y), W)r the inf-
sup condition for the adjoint problem also holds true and hence the well-posedness
follows. O

The convergence of approximate solutions satisfying HABC is established in
the next theorem.

Theorem 4.3. Assume the same conditions as those in Theorem[].9, and let
u® and u be the solutions to the problems ([2.7) and ([4.39), respectively. Then
the approxzimate solution u converges to u*® exponentially,

[u* = ull @) < Enascllgll gz -

Proof. From (12.7) and (4.39)), it can be shown that
aq(u® —u,v) — (T (u" —u),v)r = (T — Tgasc)u, v)r

for all v € H} ((Q). Therefore, the inf-sup condition (2.8), Lemma and
Theorem [£.2] give

[u*® = ull (@) < CIN(T = Tuasc)ull -1/ py
< &uascllgll g1z ),
which is the desired convergence estimate. O

We are left with the stability of the CRBC auxiliary variables U/ and the
PML solution @” to the problem . To do this, we recall and denote
ztm = QbmRL™ . Clearly, |Z5™| < 1. Since |a;| < |a;|, |QL™| < 1 also holds
true. In addition, it is shown in [I0] that the parameters obtained for minimizing
the reflection errors satisfy
a;

1< < C, (4.41)

a;
from which the next lemma follows, see [10].

Lemma 4.4. Assume that CRBC parameters are selected as described in Sub-
section |3.4). Then it holds that

i+o _ ¢ un 1+RY _ C
Ve +a;l = /Il Ve +ail = /Il

Now, we are ready to estimate the CRBC auxiliary variables.

Lemma 4.5. Let Wpin = min{|u,| : n # N} be the minimal nonzero azial
frequency. Then the auziliary variables U = (u®,u?, ... ,uP)T solving (3.27])-
(13.29) satisfy the estimates

C
U] s,y <

E
u 1(Q
\/umin H( )

and
HUPHH;M(F) < Cllull g (a)-
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Proof. We use (3.31]) to see that for n £ N
U% +u%+1 — [(1 +Q%j)@%jfl + (1 +Rzl,j)Q(T)L,jZ%+1,P71€2i,una]v1j| An~

Since |Q%™| < 1 and |ZL™e?#noM| < 1, by Lemma[4.4)it can be shown that

A (442)

IU%+U¥;“<<|1+Q¥HI 1+Ra;j|>|A| c

Viag +a;1 = \Vla; +a;1  /]a; + a;l Vi

Similarly, for n = N

! = (1 @R v = (14 2) o,

J
which yields that

Jj+1
luly + ul | < C: Ay < C
\/|aj+aj \/|aj| \/m

Combining (4.42) and (4.43)) gives the desired estimate,

|Ayl. (4.43)

P(1+ %) P(1+\2)
Ull? <O | 22 LON AN+ 7"1—#73”14712

min

<

CP | oo cP 9
< — .
0l < el
The second and third inequalities are obtained by using the fact that u) =
(14 R,)A, and a trace inequality for u® = u|r.
Similarly, we use again ([3.31)) with j = P, |Q%"~!| < 1 and a trace inequality
to show that

0?12y = (14 X321 Q%" AP
+ Z (14 A2)2|Q0P1(] 4 e2imnoMy|2| 4, |2
ne€Zn#EN
< O 21 gy < Clulfis e,
which completes the proof. O

For the stability result of the PML solution @, we show the coercivity of the
sesquilinear form aqp,, (-, -) in H}, o(QpmL), the subspace of functions vanishing
on I' in HL(Qpyr). It can be established by the same idea as that in [9].

Lemma 4.6. The sesquilinear form aqpy, (-,-) is coercive in H} o(Qpmr) X
H}, o(QpmL),
Hw”H},(QPML) < CJOM|G’QPML (waw)|

Jor all w e HY o(pmw)-
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Proof. Denoting R = R(agp,,, (w,w)) and § = I(agpy,, (w, w)), we first note
that

1 1
;0% - Hasz%Q(QPML) + W”aywH%?(QpML) - k%”wH%?(QPMLy (4.44)
1
o3 = 1000 0p) ~ 000 B0y ~ R0 0 (445)
which gives
2 1
WH@;“’”%%QPML) = ;0 (R -9). (4.46)

Since w vanishes on I', we can prove the Poincaré type inequality,

[wll 22 (@pair) < MOyl L2 @pare) - (4.47)

Therefore, by substituting (4.44)) into the definition of the norm || - || g1 (Qpy)
and then by using (4.47) and (4.46) subsequentially, we obtain

1
||w||%1;(QPML) = \U|Hamw||%2(ﬂpm) + 7||ayw‘|%2(QpML) + |U|||w||2L2(QPML)

|o]
= MER k241 2
- o0 +( 1 + )|0‘||w||L2(QpML)
- 2lo] + (ki + 1)|a|3M2§R_ (k2 + 1)|a|3M?S
200 200

< CUSM2 ‘G’QPML (w7 w) |27
which is the required inequality. O

The stability of the PML solution ! solving (3.28)-(3.29) with @ = u* on
I" can be proved as follows.

Lemma 4.7. Let @ be the solution to the problem (3.28)-(3.29) with u” = u®
on . Then @" satisfies

”ﬂP”H},(QPML) < OUOM"U||H1(Q)~
Proof. The solution @7 € HL(Qpwmr) satisfies
Qe (@7 ,0) = 0 for v € H} ;(Qpu)

with the boundary condition %”|r = u” on T'. Then it follows from Lemma
and Lemma (L] that

”aPHH;(QPML) < OUOMHUPHH}X/?(F) < CO’OM””HHI(Q)
and the proof is completed. O

Finally, we can combine all estimates to obtain the well-posedness result of

the problem (3.34)).
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Figure 2: One cell of a diffraction grating of period L and uniform quadrilateral decomposition
of the absorbing layer

Theorem 4.8. The problem (3.34) has a unique solution (u,U,a”) € X satis-
fying

.2, 87| x < C(—= + 00M) gl 172 -

min

Proof. The existence and uniqueness is guaranteed by Theorem[4.2]and Lemma[3.1
The stability follows from Theorem Lemma and Lemma [4.7] O

5. CRBC Parameters for finite element implementation

In this section we discuss how to select the optimal CRBC parameters in
the actual finite element implementation. Assume that the absorbing layer for
HABC is decomposed into uniform quadrilateral subdomains with mesh size h
and we denote by Ny, the number of grid points along the axis of the propagation
direction. We further assume that Ny, > #AMy. Among Ny, horizontal grid
lines, we assign P grid lines to CRBC and the rest of Ny, — P lines to PML.

The horizontal grid lines assigned to CRBC are considered as I' for each u/,
j=1,..., P, see Figure 2l Here at least 1 grid point needs to be employed for
PML for absorbing fast decaying evanescent modes. For given h, Ny, and oy,
the procedure to determine the best P and CRBC parameters is described as
follows.

(1) If My # @, then we take some a; and a; such that a; = a; = —iu, for
each n € Ny and set Ny, to be Ng, — #MNp.
(2) Forn, =0,...,Ng, — 1,
i. when n, =0,
we define HABC as PML without CRBC and compute the maxi-
mal reflection coefficient g(n,) of HABC as the maximal reflection
coefficient of PML of width M = hNgp,

Q(np) e 2%{‘62iﬂnoM|} — 6_2min{ﬂminvﬁmin}00M. (5.48)
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ii. When n, # 0,

we solve the min-max problem for propagating modes in the spectral

range [,urnin7 Mmax]a

np—1

S (a; +ip)(a; +ip)
Pprop = Min max | I L e E
a;j,a; ER™ fimin <p<fmax =0 (aj —ip)(a; —ip)

(5.49)

It is just the maximal reflection coefficient for propagating modes
without considering the effect of PML. After the PML width M is
set, the actual maximal reflection coefficient affected by PML for
propagating modes will be recalculated.

For ne =0,...,Ngp —np — 1,

(A) when n, =0,
HABC for evanescent modes acts as PML with M = h(Ngp, —n,)
and we compute

{|62iun0M|} _ e—QﬁmjnUoﬂ/[.

Pevan (ne) = max
neN,u2 <0

(B) When n. # 0,
(a) set M = h(Ngp, — np, — ne) and compute the actual maximal
reflection coefficient of propagating modes affected by PML
with width M,

—2pminooM ~

pprop(ne) =€ Pprop-

(b) Determine an upper bound fipmax of the spectral range of
evanescent modes that CRBC takes care of by solving the
inequality

e PHmaxao M < Pprop(Tie), (5.50)

that is,
- 1 | 1
max — n .
a 20-01\4 pprop(ne)

(¢) Solve the min-max problem for evanescent modes in the spec-
tral range [fimin, fmax),
nphnc " (ay — )@, — )
(a; + p)(a; + fr)
(5.51)
and set the actual maximal reflection coefficient for evanes-
cent modes in the spectral range [[imin, fmax)s

ﬁevan = min _ max
a;j,0; ERT fimin<A<fimax |
Jj=np

Pevan (Tle) = elelminagM ~

evan-
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(a) Maximal reflection coefficients (b) Plots of pevan(ne) for each nyp

Figure 3: Maximal reflection coefficients for k1 = 30, o = 7/3, oo = 30.

Ognegrl{llgi?—np—l{max{ppmp(ne)’ Pevan(ne)}}
and n, at which the minimum is attained.

(3) Find n, for which min  {o(n,)} takes the minimal value and its
0<n,<Ngp—1

corresponding n.. The optimal CRBC parameters are the solutions to the

min-max problems (5.49) and (5.51f) for those n, and ne.

Figure [3| presents an example when k1 =30, « = 7/3, 00 =30, L=1, h =
1/800 and Ny, = 10. According to Figure [3] the maximal reflection coefficient
has the minimum value ~ 1.201 x 10~% when n, = 2 (from Figure [3| (a)) and
ne = 6 (from Figure |3| (b)). In this particular example, the best performance
of HABC is achieved when optimized CRBC occupies 8 grids and PML does 2
grids. Obviously, HABC with (n,,n.) = (2,6) works better than the pure PML
of n, = 0 with the reflection coefficient &~ 1.229 x 1072.

(d) Determine o(n,) =

6. Numerical experiments

In this section, we present numerical examples that can illustrate the con-
vergence theory for HABC developed in this paper. As the first example, we
consider the waveguide problem in 2 = (0, L) x (0,d)(L = 1 and § = 0.05) with
the a-quasiperiodic boundary condition on the left(x = 0) and the right(x = L)
boundaries. In order to demonstrate the convergence of approximate solutions,
it is assumed that the wavenumber k; is constant in €2, k&1 = 47 or 8w, and
the wave fields are given on the bottom boundary I's (y = 0) as a Dirichlet
condition for a wave source so that the exact radiating solution is defined by

QTYLQ

1
u(x,y) = Z 2(m2 —my + 1)

n=2m1

ei““y¢n(x)

where m; = [—L(k; + «)/(27)] and mo = | L(k; — «)/(27)]. Here m; and mq
are the bounds of indices such that the modes of index n with m; < n < msy
are propagative and others are evanescent.
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Figure 4: Relative L2-error plots of HABC with PS-I
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0 | w2000 | a3 | w4 || w6 || /8 || w/10 |

fommin 0.0098 || 6.2832 | 7.6574 | 10.8828 || 5.0058 || 7.3863
Pomax 12.5664 || 12.4531 || 12.2939 || 12.5664 || 12.4796 || 12.3351
v 7.8500E-4 || 0.5045 | 0.6229 || 0.8660 || 0.4732 | 0.5988
finin 0.0098 || 6.7192 | 8.4961 | 14.0496 || 6.2630 || 8.1288
Na p[ J [epla e[ afplar]a]rP]J
1 0 T o[t (o[t f[olT o]t o]T1

2 o 2 ol 2olz2]ol2]o]2|o0]2

3 2| 1 2| 12| 1 212|121

4 2 2 3] 1|3 1|31 [3]1|3]1

5 40 1 3] 2| 3[2|3|2]3|2]3]:2

6 al 2 |5 15133 |5]1]5]1

7 6| 1 |6 16| 1|25 6|1 [6]1

8 7101 |62 6| 2162 |5]3]6]z2

9 8| 1 5| afls5|4|7|2|5]4]|5]4
10 9| 1 8|25 5 |6]4s8]2]5]5

Table 1: Test for k1 = 47; ¥ = fimin/Mmax; P and J are the numbers of grid points along the
axis of the waveguide used for CRBC and PML, respectively, so that Ng, = P+ J and PML
length M is M = hJ.

We compute bilinear finite element approximations on uniform quadrilateral
mesh with the mesh size h = 1/800 with the help of the finite element library
deal.II [2]. HABC with the number of grid points, Ngp, along the axis of the
waveguide is applied to the top boundary I' (y = §) for minimizing reflection
errors of wave fields propagating along the positive y-axis, that is, the absorbing
layer is the rectangular domain (0, L) X (4, + hNgp). In this example, we test
the performance of HABC with respect to 1 < Ny, < 10 and with respect to
the angle 8 = 7/m (m = 2.001,3,4,6,8,10) of incident fields associated with
the quasiperiodic constant a = kq sin #. The PML strength is set to be oy = 30.
When CRBC parameters are selected by the procedure in Section [5| assuming
Ny is empty, we call it parameter selection I(PS-I). On the other hand, when
we take care of grazing modes, i.e., Ny # @, it is called parameter selection
II(PS-1I).

Figure[d] (a) and (c) for k1 = 47 and 8, respectively, report that the maximal
reflection coefficients of HABC for PS-I decay exponentially with increasing Ny,
for all . Table |I| also shows how Ngp, is split into P(number of grid points
for CRBC) and J(number of grids points for PML) to achieve the maximal
reflection coefficients for k; = 47 depicted in Figure [4] (a). It indicates that
usually more than half of the grid points are used for CRBC. Accordingly the
actual convergence of approximate solutions with respect to the L?-norm is
observed in Figure {4| (b) and (d) as Ny, increases until finite element errors
are dominant. It is worth pointing out that when 6 = 7/6, there are cutoff
modes for both k1, i.e, there exist integers n such that A, = k1/2+ 2nw = +k;.
We see that HABC terminated by PML with the Neumann condition can well
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(a) Real part of the exact solution

0.0 0.2 0.4 0.6 0.8 1.0

(b) Real part of the approximate solution
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0.2 0.4 0.6 0.8
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0.2 0.4 0.6 0.8

(d) Imaginary part of the approximate solution

Figure 5: Snapshots of the solutions when k1 = 30, 6 = 7/3, § = 0.05, Ngp = 10, h = 1/800.

capture the character of the cutoff modes, that would become modes difficult
for HABC with the Dirichlet condition to handle. The snapshots of the exact
and approximate solutions for k1 = 30, # = m/3 and Ng, = 10 are presented
in Figure The horizontal line represents the interface between the physical
domain 2 and the absorbing layer of HABC.

One of interesting results exhibited in Figure []is the relatively slow conver-
gence when § = 7/2.001 for grazing incidence. It turns out, in this case, that
there exist grazing modes of small axial frequency pimin = fimin = 0.0098 of both
types (propagating and evanescent) of modes as seen in Table In particu-
lar, for propagating modes, we have ¥ = fimin/ftmax relatively small compared
with other cases and hence the presence of the grazing modes is the reason
for relatively large reflection coefficients in view of and (5.48), which in
turn results in the slow convergence. In order to improve the performance of
HABC, we can apply HABC taking care of the grazing modes by using PS-II
with ag = Gp = —iftmin and a3 = d1 = [imin for the grazing modes. As shown in
Figure[6] the errors resulting from HABC with PS-II are larger than those from
HABC with PS-I for small N, < 4 since two grid points are already assigned
for the grazing modes and so there are not much resource that can reduce errors
from other modes. However, HABC with PS-II can reduce the errors drastically
as Ngp becomes larger than 4 and approximate solutions resulting from HABC
with PS-IT converge faster that those from HABC with PS-I.

We also compare the performance of HABC with PML truncated by the DtN
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Figure 6: Relative L2-error plots for § = 7/2.001 of HABC with parameter selection I and 1T

condition for grazing modes introduced in [I4]. To this end, we consider the
problem with 6 = 7/2.001 and 6 = 7/2.05. When 6 = 7/2.001, fmin = 0.0098
and [iyin = 0.0098 as seen in Table and when 0 = 7/2.05, pmin = 0.9626
and fimin = 0.9630. We use PML of a piecewise constant stretching function
§(y) = oy with
1 fory< H
U_{ or+io; fory>H

Since the DtN condition deals with the grazing modes, the coordinate stretching
function ¢ of PML is chosen in order to reduce the reflection errors of the modes
corresponding to the next smallest axial frequency and the next smallest decay
rate, denoted by pimin and finin again, respectively, by abuse of notation: in this
experiment

6 = 7/2.001 [imin = 16.6237 fimin = 18.8495,
0 =r/2.05 [imin = 16.6028 fimin = 18.8188.

Noting that the reflection error of PML is determined by the minimal value of
e 20itmin M gnd e=20rAmin M with PML width M, the parameters o, and o; are
chosen in a way that ¢;fmin = Orfimin (Which is denoted by ¢,) so that the
reflection errors from propagating modes and evanescent modes are balanced.
The values of o, are set to be o, = 96,190,284 and 378 and the corresponding
stretching constants o of PML are

5.09 4+ 5.77¢, 10.07 4+ 11.42¢, 15.11 + 17.144, 20.10 + 22.79¢ for § = 7/2.001,
5.10 + 5.78, 10.09 + 11.444, 15.09 + 17.10¢, 20.08 + 22.76¢ for § = 7/2.05,

respectively. The relative L?-errors with respect to number of grid points, Ngp,
in the absorbing layer are presented in Figure []] Among the results for vari-
ous o,, PML with o, = 190 can produce the best approximate solutions for
sufficiently large Ngp,. As noticed in [9], finite element approximate solutions
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Figure 7: Comparison of HABC with PML truncated by the DtN condition in terms of relative
L2-error.

obtained by uniform mesh and PML with large o can be worsen due to the high
anisotropy of the PML problem as for the case o, = 284 and 378. Figure[7|also
shows the results of PML with o, = 190 truncated simply by a homogeneous
Neumann condition (green curves with x-marker). Since pimin and fimin are too
small for § = 7/2.001, the homogeneous Neumann condition can give as accu-
rate solutions as the DtN truncation does. In contrast, it is shown that when
0 = 7/2.05, PML truncated by the DtN condition is superior to PML truncated
by the homogeneous Neumann condition. However, it reveals that approximate
solutions obtained by HABC with parameter selection II stands out from all
other results for both 8. These results are not surprising because the number of
grids points P and J, used for CRBC and PML respectively, are determined in
such a way that the maximal reflection coefficient is minimized.

The second experiment is conducted to illustrate the performance of HABC
applied to a diffraction grating problem. The example is the diffraction grating
of period L = 0.5 whose one cell is shown as in Figure 2] with a = 0.2, b = 0.6,
¢ = 0.1 and H = 1.1. Assuming that wavenumber inside the grating media is
ko = 1 and incident wave fields are approaching the diffraction grating structure
with § = 7/6, we use HABC with Ng, = 5, 09 = 30, and finite elements
of h = 0.01 to solve the a-quasiperiodic problem in one cell for k; = 12.5 and
k1 = 8m+40.1. Once finite element solutions are obtained in the cell, we construct
solutions in the periodic 4 cells via the a-quasiperiodicity, which are presented
in Figure [8] It illustrates well scattered fields and its a-quasiperiodicity in the
diffraction grating.
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Figure 8: Snapshots of real parts of approximate solutions to the diffraction grating problem
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