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1 | INTRODUCTION

The diffraction of acoustic and electromagnetic waves by a perfectly conducting obstacle coated with thin dielectric layers,
emerges in many applications in the industrial world such as electromagnetic compatibility problems in embedded systems,
antennas, satellites, telecommunications, sonar, or also applications involving the detection of objects and radar stealth, see, for
example©, 20,3123 2210 and the references therein.

In this paper, we are particularly interested in problems of diffraction by perfectly conducting planar obstacles, covered with
homogenous thin dielectric multilayers. These problems are called transmission problems, which consist in solving a system
of partial differential equations in an exterior domain with a radiation condition at infinity and in an interior domain relating
to thin dielectric layers. The governing equations are coupled by connecting conditions set on the common interface between
exterior and interior domains and between thin layers as well. Solving numerically these equations is challenging since it requires
discretizing on the scale of the layers’ thickness. The mesh then contains a very large number of elements, which makes the
calculations long and sometimes imprecise®,®,%,2 19 For this reason, we try to replace our problem by another problem that
does not bring in any more thin layers. The use of so-called Dirichlet-to-Neumann operator, relative to the equations set in
thin layers allows to reduce the solving of our original problem to a problem that is posed only in the exterior domain with an
appropriate boundary condition known as Dirichlet-to-Neumann condition® 8,112 19 and abbreviated DtoN condition, which
is also called Steklov-Poincaré condition or impedance condition as wellZ,#, The whole difficulty rests on the knowledge of this
operator, which is generally non-explicit®, 13, Fortunately, it is possible to explicit and approximate it in many cases as in planar
obstacles* 7l we are then able to construct the DtoN conditions in this case. We will exploit the fact that the thicknesses of
thin layers tend to zero to derive the approximations of the DtoN operator.

This paper is organized as follows. In the next section we start with presenting briefly the physical problem and the mathe-
matical governing equations. Then we reformulate our problem using DtoN operator, after that, we determine the exact formula

of this operator. The third section is devoted to constructing approximations of the DtoN operator using two approaches: the first
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one consists of writing Taylor expansions iteratively in the thin layers and the second approach is to use asymptotic expansions.
In the last section we apply the results obtained in the third section to a particular problem of scattering of electromagnetic waves.

2 | PROBLEM STATEMENT

We consider the case of a perfectly conducting obstacle (made of metal) coated with p parallel thin dielectric layers of thicknesses
h;, j = 1,.., p. The dielectric of thickness &; is characterized by a relative permittivity ¢; and a relative permeability u;, j =
1, .., p. The metallic obstacle coated with thin dielectric layers is placed in a dielectric medium (propagation medium). This
medium can be the vacuum and it is characterized by a permittivity £, and permeability . This system is illuminated by an
incident wave characterized by its number k > 0. When this wave encounters the obstacle, it generates a wave diffracted by this
latter.

The metallic obstacle occupies a three-dimensional planar domain €; the thin layers are denoted by Q; with interior boundary
0,,Q;,j = 1,...p.. The domain Q adding to it the p thin layers is denoted by Q* with boundary I" and unit outward normal

int

vector n. The exterior domain of Q+ is designated Q. The thickness of the layers from the first till the j** is s =h+..+h;
Weseth = hand h; = p;h with 2/3 = 1, by convention h, = hy = f, = 0.
We introduce the family I" (s) of parallel surfaces
's)={y;y=x—sn(x),xel'},s €(—o0,h].
We notice that I'(0) =T, 9,,,Q; =T (h;) and Q; is the domain limited by I andTj . Wesetl, =T (h;).j=1...p.
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Many scattering problems of acoustic and electromagnetic waves by a perfectly conducting obstacle coated with thin dielectric
layers can be represented in curvilinear coordinates2? by the equations

2Y,()=MY,s) inC((h,.h,):X),

yp (ilp) = [q)l, §02]T . with 019, + 0y, = @,
2Y,(s)=MY;(s) inC((hy_p.hy)iX), j=1,.p-1,
Yy (hy) =Yy () j=lop=1, ¢ (M)
LV ($) =MDy (s)  inC((=00,00;X),
Yy (0) =Y, (0),

+ condition for s - —o0.
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Where Y, = [Uj,Vj]T isinC! ((h

~ G; . . . . . .
15 h p) X ), M, = J ] are linear differential operators with values in a Hilbert space

= J
! [ F; B,
X onR",n=1,2,3. The constants ¢, 0, and @ are given.

0 hy h

hg hy hj_y hj hp—1 hp

A » v Yy

Remark 1. For planar obstacles, the operators M are independent of s, however for arbitrary shaped obstacles it does dependent
on s.

In order to ensure that the problem (ITI) is well-posed in the sense of'1% P22 83 we assume that M ;» J = 1,...p are generators of

strongly continuous semigroups, seeL,

2.1 | Dirichlet-to-Neumann operator

As we mentioned in the introduction, solving numerically the problem () is challenging since it requires discretizing on the
scale of the layers’ thickness. The mesh then contains a very large number of elements, which makes the calculations long and
sometimes imprecise. For this reason, we reformulate our problem (IJ) and replace it by another problem that does not bring in
any more thin layers. The use of Dirichlet-to-Neumann operator, relative to the equations set in thin layers allows to reduce the
solving of our original problem to a problem that is posed only in the exterior domain Q~ corresponding to s € (—o0, 0).

Our goal, therefore, is to rewrite the problem (I) as a problem in the exterior domain with an appropriate boundary condition
on I' corresponding to s = 0, which is known as Dirichlet-to-Neumann condition. To express this condition accurately, we
introduce the Dirichlet-to-Neumann operator, abbreviated DtoN, which is also called Steklov-Poincaré operator and is known
as impedance operator as wellZ, 4,

We begin by defining this new operator. For ¢p = [q’)l , q’>2] ! sufficiently smooth defined on s = 0, we consider Yt = ( Yy yp)
the solution of the following problem:

~

SV =M 5) inC((0.7);:X),
Y1 0) = b1 5]

2V, (s) = M, (s) inC((R_p k) X), j=2p, ¢ 2
yj (ilj—l) = yj—l (ilj—l) j=2,..p,

yp (ilp) = [(pl,(pz]T with o101 + 0,0, = @.

Definition 1. We define the DtoN operator by the mapping
S 1= SP =, (3)
The problem for s € (-0, 0), becomes then
LYy (8)=My(s)  inC((=e0,0);X),
(Y @), =5 (¥ ©O),, 4)

+ condition for s - —oo.

The inverse operator S~ : ¢, +— S~!¢h, = ¢, is called Neumann-to-Dirichlet operatorS.

Remark 2. If we are interested in the values inside the thin layers, we define in a similar manner, the DtoN operator .S posed in
the exterior domain.
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2.2 | Determination of the exact Dirichlet-to-Neumann operator
Note that the calculation of the DtoN operator returns to express J, (hp) = [q)l, (pz]T in terms of ), (0) = [(l)l, ¢>2]T.
Theorem 1. The exact Dirichlet-to-Neumann operator is given by

S i Sh, = (6,0, +0,0,)" (¢ - (6,P,+0,P,) ;). ®)

where

[ 0 o ] =exp (h,M,) ..exp (R;M;) ...exp (hy M) .
0, 0,

Proof. Existence and uniqueness of the DtoN operator .S comes from solving successively Cauchy problems.
The unique solution of the Cauchy problem

%yj () = M,;; (5) inC ((h;_yhy)5 X)), } ©
Y (him) = Y1 (Bja) s
is given by
V() =exp ((s = ko) M;) Vy (Byo) s € (Ryys By)
therefore for s = h; and replacing Y, (h;_,) by ¥,_; (h;_,) yields
Y; (h;) =exp ((h; = hy) M;) Yy (Ry_y) = exp (M) By (Byy) -
By induction it follows that
T ~ ~ T
[01.02] =Y, (h,) = M, [$1.2] . )
where
- P, 0
A, = [pl o ] = exp (1, M,) o exp (A, M,) exp (I M, ) ®)
2 &
The equation (/) is equivalent to
P+ 0,9, =y, }
P+ 00, = ;.
Since 0,9, + 0,¢, = @ then we get
Consequently )
S 1 Sp =, =(0,0,+06,0,) (¢—(0,P,+0,P,) ).
O
In most cases either o, or o, is equal to zero.
In the case where o, = 0 the DtoN operator .S is
Sy ¢1'_’Sl¢1=Q1_1 (@1 - Piopy)- &)
Similarly if o, = 0 the DtoN operator .S, is
S, 1= S0, =0;" (0, — Pg)). (10)

Unfortunately, the formula of the exact DtoN operator is not practical for computation and it will be useful and interesting to
approximate it. Our goal in this paper is to approximate this operator by an operator that is a rational fraction with respect to the
thickness of thin layers.

3 | APPROXIMATION OF DIRICHLET-TO-NEUMANN OPERATOR

We present two different approaches to approximate the DtoN operator. A first approach consists in using a Taylor expansions.
A second approach concerns the asymptotic analysis of the problem with respect to the thickness of thin layers.
In order to simplify the formulas of the approximate DtoN operator, we introduce the multi-index notation.
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3.1 | Multi-index notation

An p-dimensional multi-index is an p-tuple a = (“1 L0, ey ap) of non-negative integers, which is in the set p-dimensional natural
numbers, denoted NS.

For multi-indices @ and § in N we define:

Componentwise sum and difference as a + f = (&) + fj, oy + B, ..., a,+ ﬁp).

Sum of components or absolute value as |a| = a; + a, + ... + a,,.

Factorial as a! = a;!a, ..., .

A vector V = (V1 Vo, s Vp) to the power of multi-index a as V* = Vl‘)’l V;Z...V;".

3.2 | Approximation of the DtoN operator by Taylor expansions

Recall that the calculation of the DtoN operator returns to express V), (hp) in terms of Y, (0).

We start from the condition of electrical conductor at s = & , which is ), (h p) = [o1, ¢2]T and we write a Taylor expansion at
the points s = hj_l,j = p, ..., 1. Using the fact that J; (s) satisfies the equation %yj (s) =M,;Y; (s)in (hj_, ,h ) and taking into
account of the transmission conditions Y, (h,_;) = ¥,_; (h,_,), we obtain a formula that connects Y, (h,,) and Y, (0). Then we
can easily derive an approximation of the DtoN operator; the order of Taylor expansion will give the order of the approximation.

Theorem 2. An approximation of order n for DtoN operator () is given by

S 1 S = (UlQl,n +02Q2,n)_1 (o - (UlPl,n +0,Py,) ¢1) . (1D
where . . ., .
Py, = ZA,hl, 0,= ZG,hl, by, = ZF,hl, 0y, = ZBzhl, 12)
1=0 1=0 1=0 1=0
with

N = [F/ B/] - |a|z=1?’ M= (ﬂPMP""’ﬁlMl) ’

Proof. By Taylor expansions

c (n,)'
Yy (b)) = 29 (hyy) = (13)
1=0 °

where y}” is the derivative of order [ of g with respect to s with the convention )7;0) = yj. For simplicity in writing we omitted
the term o ((h)")

J
Since the matrix operator M is independent of s, we can easily see that

I
YO ()= (M) V(). (14)
Replacing y}” (71]_1) by its value of in , then substituting yj_l (hj_l) for yj (hj_l ) we obtain
Vi () =M;, ¥, (k). (15)
where ;
c 1 (hy) c 1 A
M;, = Z (Mj) no (ﬂij) 1 (16)
1=0 : 1=0 :
with (M j)o is the 2 X 2 identity matrix. By induction we obtain
Y, (hy) = M, (0), (17)
with
Mp’n = Mp,nMp—l,n"'MZ,an,n' (18)
According to the formula of exact DtoN operator (3)), its approximation of order n can be expressed as
-1
S 1~ Sp = (0,0,,+06,0,,) (¢— (0P, +0,P,) ). (19)
where

Pl Ql ] Y
el .Y 20
[ P2,n Q2,n b ( )
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To get approximation of any order with respect to h, we need to express M ».n @8 @ polynomial ordered by increasing powers of A.
The matrix M . €an be written as

- . 1, h' . I hh
M,, =M, .MM, = (p,M,) T <Z (M) ﬁ>, @1
1,=0 p 1,=0 1
which can be rearranged to the conventional form
M,, =Y N, (22)
1=0
where . . .
N = [Az Gz] _ <(ﬁ,,M,,) " (BMy)” (BiMy) 1) 23)
1= = 5
F, B, L+ 4=l lp! h! h!
or alternatively it can be written as
-1, 1,~1 !
. ((m) (M) (M) )
;= .
0<, <I,<..<l, <l (l - lp—l)! (12 - ll)! I
With the multi-indices notations introduced above, the term N, can simply be written as
Ma
N =Y =, (24)
. o

where M = ( ﬂp./\/lp, ﬂlMl) . The calculation of N,,I = 1,...n determines the approximation of order n of DtoN operator,
which is given by the formula with

Pl,n = Z(),Azhl» Ql,n = ;Gzhl» P2,n = ;Flhl’ Qz,n = Z(;B,h’.

3.2.1 | Approximation of order 0

We begin the calculations with something that is more simple, i.e. an approximation of order 0. In this case the corresponding
matrix N is a 2 X 2 identity matrix. The approximation of order O is therefore given by

S¢, = 1 (¢ —o01¢,) if 0, #0 and S™'¢, = @, if 0, =0.
02
The associated DtoN conditions are
1 . .
(0)), = — (=0, (M(®),) if 0, #0 and (¥y(0)), = ¢, if 6, =0.
2

These conditions are in fact quite reasonable, they simply consist of completely removing the thin layers. However, they are
uninteresting because they do not take into account the effect of thin layers. They are not satisfactory only when the thicknesses
of the layers become almost zero. We should therefore go further in our Taylor expansion to lead to conditions of higher order
that are more useful. These conditions of order 0 must be recovered in all higher order approximations by letting the thickness
h tend to zero.

3.2.2 | Approximation of order 1
Let us now examine the approximation of order 1. The matrix N, is given by
_[A 6] < - A G.
Ny = [Fl Bl] _Zﬂfo_Zﬂf F B |
j=1 Jj=1 S
Therefore, the approximate DtoN operator of order 1 is

S = @ — (0'1 + (O'IAI + 0'2F1) h) o
l o, + (0/G, +0,B)) h '
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where

L p
A, =Zﬁ,A,, G, =) 3G, F, =Zﬁij’ B = Y4B,
= Jj=1 Jj= j=1

3.2.3 | Approximation of order 2

The matrix N, can be written as

N, = ZﬁﬂMM + = Zﬂ2M2 [?2 gz], (25)
iji>j 2 72

and thus the approximation of DtoN operator in this case is
Q- (61 + (O'IA] + 0'2F1) h+ (01A2 + 0'2F2) hz) &,

S¢p, = 26
¢ o, + (UIGI +62B1)h+ (01G2+02B2) h? (26)

with
p 1L
A2='2Aﬂiﬂ (A4, +G,F) EZ (A2,+Gij), 7
e 5
G,= Y 58 (AG,+GB)+ %Z (A,G,+G,B,), (28)
lv./s;>./ 1 p_
F2=_Z_ﬁiﬁ (F,A; + B,F;) 52 (F,A; + B,F,), (29)
i,j,i>j
Bzzz,ﬁﬂ (F,G, + BB)) Z/}2<FG +Bz) 30)
i,j,i>j

The expression of S in terms of A}, G;, F; and B; for the approximations of higher order can be derived easily from the formula
(24). However, they are too long formulas and we would rather not give them here.

3.3 | Asymptotic analysis

We will now present another approach of constructing approximations of the DtoN operator, based on the construction of an
asymptotic expansion with respect to the thickness of thin layers.

3.3.1 | Problem reformulation
The determination of the approximated DtoN operator by asymptotic expansions, based primarily on reformulating the problem
(2), which helps eliminate the dependence of the problem geometry on the small parameter 4. This can be done by the following
change of variable:

+.]7 h 1SSSI~7V j=19"'7p' (31)

j—

We then set

EW=Y(s), j—1<t<j, j=1..p. (32)
We are now able to write the equations of the problem (2) verified by the new unknowns &; (), j =1,...,p
The derivative of £ with respect to the new variable 7 is written as

J d . . .
SEM=h=Y,(s), j-1<1<j, j=1,...p. (33)
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By inserting these formulas in the problem (2), we obtain
26 (1) =hME @ inC(0,1);X),

£,0) = [¢1, 9],

ang ) = hj./\/ljé'j (t) nC{(G—-1,/);X), j=2,..p, ¢ (34)
EG-D=&_,G-1) i=2.p,

&, = [0

3.3.2 | Asymptotic expansion

The thickness A of the thin layers is assumed to be small enough. This allows us to postulate the existence of an asymptotic
expansion for the solution of the problem (34) in the following form:

EW=YE, WM, j-1<t<j, j=1..p (35)
1=0

where the functions &; ; are independent of A.

By inserting these expressions in our problem and formally identifying the same powers in A/, it will lead to systems of
equations that are independent of 4. They allow to determine iteratively the terms of our asymptotic expansion.

We will start by writing the auxiliary problems arising from this formal identification in the equations of the problem (34).

LE,0=0; SE;=AHME L IZT  inCO,1);X),

EoO = b1 dy] s E,0=0,12>1

3

: (36)
2,0=0; 5,,1 BME 121 inCG-17):X), j=2..p,
E,0-D=¢&_,G-1,120, j=2p |

Solving these equations allows us to proceed to the determination of DtoN operator approximations. We immediately observe
that

&, = 1—1' (tﬁlM,)l [¢,,¢2]T, 1>0inC((0,1); X).

Then solving iteratively for £; , we obtain

M
£, (1) = <Z( Or > b1, a]”, 120, in C((p— 1,505 X). 37)

lal=l

where M(1) = ((t = p+ 1) B, M, B, i My s By Mo, BM, )
Recall that the asymptotic expansion of the solution &, is given by

£, =Y &N
1=0
Substituting p for 7 in &, (1), we obtain

&) = Z NOLES IR
with

&, (p) = <Z > [#1.02]"

|a|=I
where M = M(p) = (B, M, fp_1 M,y s oMo, LM, -
Finally we obtain the following formula:

(g <|Z %) hl) [61. 0] = [01.0] "
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which allows to determine the asymptotic expansion of DtoN operator that is given by

S, = (0,0, "“72Q2)_1 (- (51P1 +0,P,) ¢,),

P1 Q1]=oo w hl
[P2 2 %(% “!> .

We restrict the sum over / from O to n to get an approximation of order n. We observe that is the same formula as obtained in
Taylor expansions.

where

4 | APPLICATIONS

In this section we apply the results obtained in approximating the DtoN operator, to a problem of scattering of a transverse electric
(TE) electromagnetic wave by perfectly conducting planar obstacles, covered with thin homogenous dielectric multilayers. In
TE electromagnetic waves, there will be simplifications in the components of electric and magnetic fields, the total wave can
be represented only by its non zero magnetic component, which is a scalar two variables x and y function denoted u (x, y).
Therefore, the scattering problem can be reduced to the following scalar problem in dimension two.

S\

Aup+1cpup =0 inQ,
ou
p(x —h):O, x €R,
dy
Auj+Kjuj=0 inQ, j=1,.p—1,
ou; - ou; -
L2 -k = (v ohy): xeR j=1.p-1,
g dy €41 dy X
u; (x,—ilj)=uj+] (x,—izj) xeR, j=1,.p-1,
Auy + rguy =0 inQ,
1 OJu,
——(x,0)= (xO) ug (x,0) =u; (x,0), xR,
gy 0y £ 6
+ a condition called of radiation,

: _ 12 -
with k; = k“€;p;,j =0,..., p.

T 1 Ou; ! A. G,
If we set Y,(s) = [U;(9).V;(9)] = |u;(x,=5),—==(x,—s)| , then 6, = ¢ = 0 and M; = J i

£ 0y F; B,
0 —¢;
1 + 0_2 0 in the corresponding problem (2)). In this case, the approximated DtoN operator of order # is
€; EANPY
S Sp=—¢, (38)
Q2 n

where [Py, Q,,,] is the second row of the 2 X 2 matrix M, = ZN,h N, = Z M Gith M = (B My By M)
" a!

We can prove easily that N, is a diagonal matrix if / is even and 1t 1s with zeros in its diagonal if / is odd number. Consequently,
P, , has only odd powers of 2 and Q, , has only even ones.

Remark 3. If the scattered wave is transverse magnetic (TM), it will be reduced to the same problem with the condition

. ou -
u, (x,—h,) = 0 instead of d_; (x,—h,) = 0 and substituting y for £.
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Approximation of order 2

The matrix M .2 for the approximation of order 2 is M 2 =No+ N h+ N,h?. As we have seen before, the matrices N, and

N, are
10 o, [4; G 0G
N = . N = . J J = 1
0 [01], 1 Zﬁ,[F.B.] [Flo]’ (39)
=1 j P
where 5,
62
Zﬁ,e,, F, = Z Ly with Ly = x; + ——. (40)
Using the results obtained in the formulas @ (30) we see that the matrix N, can be written as
A, 0
Ny=|"2
<[ nl
where
- (1 < b o (1 5 b
A== 186+ D Bee, ~L;. B, ==Y 38+ DB L
Jj=1 k=j+1 J Jj=1 = J
Thus, the approximate DtoN operator of order 2 is
Sih Sh=—1 g @1
. — = —7F0.
1 +B,A2

Approximation of order 4

As we mentioned above the matrices N5 and N, are in the form
0 G A, O

R L e |
Since the approximated DtoN operator of order 4 is

S:¢|—>S¢=L_F3h3¢, 42)

1 +B,h? + B,h*

we need to calculate only F; and B,.
Using the general formula for calculating N, we see that

p p
B,
— J L
F3_ Z UaeLJL 6ZIEILJ’
j=

ijl>J
i, P
2
B, = Zyu ’L L+ b=12
1,J,i>] Jj=1 /

where
i—1

i 122
@Wij =3 (Biei + Bie;) + erlﬁkek’ vij = @ya; = 3 BE5
k=j

- j-1
1 1
a; = Eﬂfef + k;ﬁksk, b, = Zﬂjej +k§ﬁksk.
An approximation of order 4 that is a polynomial with respect to the thickness of thin layers is

i ¢ Sp=(-Fh— (F;—FB,)h’) ¢,

_FB2=22 1LL+Z /L2

i,j,i>j

where

with
| j-1 | j-1
Eﬂjgj + kglﬂkgk’ ¢ = gﬂjgj + kglﬂkgk'
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In the case where the scattered wave is transverse magnetic (TM), the approximated DtoN operator of order 4 is

S d Sé -1 -A,n% - A4h4¢ 43)
. — = s
G, h+ G;h3
where
p 2, 2,
G, = _;ﬁiﬂi’ A, = _;ai;Li’ G; = ;ci;Li’
c BB N, B 2
INE i=1
with
i-1
W;; = % (ﬂiﬂi + ﬂj,uj) + Z ﬂkﬂka Vij = W;;a; — éﬂ,zﬂlz,
k=j+1
1 2 1 2
a;=2Pmi+ X B b= B+ X Bt
k=i+1 k=i+1
i-1
¢ = (%ﬁiﬂi + Zﬁkﬂk) a; — ll_zﬂ,zﬂ,z
k=1
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