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ON THE DISCRETE PROBLEM OF WAVE DIFFRACTION BY SEMI-INFINITE
RIGID CONSTRAINT

DAVID KAPANADZE

Abstract. The discrete problem of wave diffraction by a semi-infinite rigid constraint is revised
in view of its well-posedness upon wave numbers belonging to the stop-band. The problem is
analyzed with the help of difference potentials and Toeplitz operators in the space of square summable
sequences. We obtain the result of the unique solvability and derive the representation formula of
solutions.

1. INTRODUCTION

This paper is motivated on the one hand by the discrete analogue of diffraction by a Sommer-
feld ‘soft’ half-plane ribbon [1,8,9,14] and on another hand by application areas of recent interest:
metamaterials and analog circuits [7,12,16]. As an example of such an application, let us consider
two-dimensional passive propagation media that can be used for signal processing and filtering. As-
sume that these media consist of a lattice of repeated cells of a single type at the fine-scale. By way of
illustration, we can take a lossy host microstrip line network periodically loaded with series capacitors
and shunt inductors as shown in Figure 1. This type of inductor-capacitor lattice is referred to as
a negative-refractive-index transmission-line (NRI-TL) metamaterial [4,6], or simply, left-handed 2D
metamaterial. Assume that the number of unit cells in this slab is large enough to make it prohibi-
tively expensive to solve numerically for the voltage/current at every cell in the lattice until the system
reaches a steady-state. As a simplifying strategy, it can be anticipated that the limiting case, when
the lattice is effectively infinite, is more amenable to analysis and provides a good approximation of
the steady-state output at the exterior boundary. Thus, we suppose that monochromatic inputs are
applied on the input nodes lying on the half-line, cf. Figure 1.

l output node

o input node

FIGURE 1. The unit cell of the lossy 2-D inductor-capacitor TL. The conductance G
and resistance R account for the losses inherent to the series capacitor C' and shunt
inductor L.

Mathematical modeling of such wave diffraction problems leads us to study a discrete 2D Helmholtz
equation with input data prescribed on a semi-infinite row of lattice sites. When one interested in
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an analysis of regular processes in which waves corresponding to the microstructural scales can be
neglected, then the continuum limit of corresponding equations can be investigated. In this case, we
arrive at the famous problem in applied mathematics, the Sommerfeld ‘soft’ plane problem [9, 14].
It is well known that the classical continuum model of wave diffraction can be considered only as of
the slowly-varying approximation of a discrete or structured material. Therefore there is an obvious
necessity to avoid continuum limits and instead analyze directly the discrete Helmholtz diffraction
problems. Moreover, the development of computers and programming softwares preserves high interest
in numerical discretizations of the continuum wave equation too.

It worth mentioning that in contrast to [17], where the analogous problem was studied by Sharma
using the discrete Wiener—Hopf method, we propose another method of investigation and provide
rigorous analysis of the problem in view of its well-posedness upon wave numbers belonging to the
stop-band. Namely, we derive the unique solvability result and solutions representation formula in the
space of square-summable sequences with the help of difference potentials and Toeplitz operators.

2. BAsIiC NOTATIONS AND FORMULATION OF THE PROBLEM

Following the customary notation in mathematics, let Z, Z™, N, R, and C denote the set of integers,
positive integers, non-negative integers, real numbers and complex numbers, respectively. We denote
by e1 = (1,0), ea = (0, 1) the standard base of the square lattice Z? (= Z x Z).

For any point = (x1,22) € Z? we define the 4-neighbourhood F? as the set of points {(z1 —
1, x2), (z1 + 1,22), (1,22 — 1), (x1,22 + 1)} and the neighbourhood F, as FYJ{z}. We say that
R C Z? is a region if there exist disjoint nonempty subsets R and R of R such that

(a) R=RUOJR,
(b) if z € R then F, C R,
(c) if x € AR then there is at least one point y € F0 such that y € R.

Clearly, the subsets R and OR are not defined uniquely by R, but henceforth, for a given region
R in Z? it will always be assumed that R and OR are also given and fixed. Then we say that x
is an interior (boundary) point of R if 2 € R (z € OR). Further, a region R C Z? is said to be
connected if for any y, z € R there exists a sequence z(V), ..., 2 € R with 2V = y and (") = 2z,
such that for all 0 < i < n —1, |:r(i) — x(“‘l)\ = 1. By the definition, a region R with one interior
point x is connected and coincides with F,. Denote by Sy a region defined as a discrete square
([-N,N]2NnZ*)\{(N,N),(—N,N),(=N,N),(N,—N)}, N € Z*, where Sy = [-N+1,N-1]>nZz?
and 0Sy = SN\gN will be fixed throughout the paper.
A boundary point y € IR is said to be

a left point if y+e € ]o%,

a right point if y—e € ]o%,

a top point if y—eg € ]il,

a bottom point if y+es € R.

The union of all left (right, top, and bottom) points is denoted by OR; (OR,., OR;, and ORy, respec-
tively) and called a side of the boundary R. Note that a boundary point y may simultaneously be
a left, right, top, and bottom point. Thus, OR;, OR,, OR; and R, may overlap each other. Clearly,
OR is the union of its four sides, OR = 0R; UJR,. UOR; U ORy,.

Let T := {(21,0) : #; € N} and Q := Z2\I". Then we set 9Q = I’ and Q = QU dQ. Describing
the problem and assumptions mentioned in the Introduction, we suppose that there is an inductor
connecting each node x € Q) to a common ground plane, and there is a capacitor connecting each
node z € €2 to its four nearest neighbors (z; + 1,25 £ 1) (cf., Figure 1). Assume that all inductances,
capacitances, resistances and all conductances are equal to L, C', R and G, respectively. Note that L,
C, R, and G are positive constants. Then Kirchhoffs laws of voltage and current (while suppressing
the explicit dependence on time t) imply the following second-order equation for the voltage U(x)
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across the inductor at node z:
d? d
LC’@(AdU(x)) + (RC + GK)%(AdU(x)) + RG(AGU (2)) = U(x). (1)
Here, Ay denotes the discrete Laplacian defined as follows:
2
AU(z) = (U(z+e;) + Uz —e;)) — AU (). (2)
i=1

We specify that (1) holds for all z € Sol, and we have the time-dependent boundary condition along
the boundary 912,

Uly) = f(y)e™™" onT, (3)
where ¢ denotes the imaginary unit, and f € ¢?(I') is a given square-summable function (in fact, a
sequence) on I'.

We assume that at time ¢ = 0 the functions U(z) and all its derivatives are zero for all x € €.
Then, as t increases, the boundary term causes a wave to propagate into the lattice, and the system
approaches steady state. At this point the solution is given by U(x) = u(z)e™*“t. Substituting this
expression into (1) and (3), for the discrete Helmholtz equation in €2, we obtain the following problem:

(Ag + k* + 1e)u(z) =0, in Q, (4a)
u(y) = f(y), onT, (4b)
where k and w are related through the formula
2 LCw? — RG
(LCw? — RG)?+ (RC + GL)?
and
- RC +GL

(LCw? — RG)? + (RC + GL)?’

Thus, we are interested in studying the problem of the existence and uniqueness of a square-
summable function v on Z2, i.e., u € ¢?(Z?) such that u(z) satisfies the discrete Helmoltz equation
(4a) with ¢ > 0 and the boundary condition (4b). From now on, we will refer to this problem as
Problem Pp.

3. GREEN’S REPRESENTATION FORMULA

Let R be a region in Z2. As it has already been mentioned above, y € OR may be a point of
intersection of several sides of 9R. However, in our arguments presented below, it will always be clear
which of the sides requires consideration. Under this condition we define the discrete derivative in the
outward normal direction

Tu(y) = u(y) —uly —vy), yEOR,
where v, is —ey (e1, ez or —eg) if y is an element of OR; (OR,, OR;, or ORy).
Let R be a finite region. Then we have discrete analogues of Green’s first and second identities [10]:

D (Vau(z) - Viv(z) + Vyu(z) - Vio(e) +ul@)Ago(@) = > uly)To(y), (5)
zeR yEOR
and

> (w@)Aqo(z) = v(@)Aqu()) = Y (uly)Toly) - v(y)Tu(y)). (6)
zER yEOR
Here, we denote by ;:ye o the following sum:

Sy ey eyey.
yEOR yeEOR, y€dOR, y€edR: yYEORy
and the discrete gradients Vji' and V are defined as follows:

Vhu(z) = (“(w +er) — u(m))

u(z + ez) — u(x)
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Vru(z) = (u(x —e) — u(z)) .

u(x — eq) — u(x)

and

The next step in deriving Green’s representation formula is introduction of Green’s function. Denote
by G(z — y) the Green’s function for (4a) centered at the point = and evaluated at y. Then G(x — y)
satisfies

(A + K2+ 12)G(z — y) = buy, ()
where 0, ,, is the Kronecker delta. The lattice Green’s function G is quite well known (cf., e.g., [5,11,13])
and can be written in the following form

et (z1&1+x262)
d d 8
G(z) =G(z1,22) = y 2// GREDD) §1d&, (8)
or, equivalently, as
cos(z cos(z
G(x) = G(z1, 22) / / 151 Zf”dfldfz, (9)
where
(& k) =k* +1e —4+2cosé; +2cosés
:k2—&—w—451112g 4sn252
(10)
:k2+LE—8+4COS25+4COS2%
:k2+w—4+4cos€1 —552 cosg1 ;52, §=(&1,&).

Notice that if k2 € C\[0,8], then o # 0 and, consequently, G(x) in (8) is well defined. In this case,
G(z) decays exponentially when |z| — co. Finally, notice that G(z — y) = G(y — x), and we denote it

by G(x;y).
For any function ¢ : R — C, we define the difference single- and double-layer potentials as follows:
= Z G(x;y)e(y), forall z € Z2, (11)
yEOR
and
Wo(x) = Z (TG (z;y) + 00 y)ply), for all z € 72, (12)

yEOR

respectively. The role of the summand J, , is clarified by the following result [10]: for every x € ]D%,
we have

(Ag+E*+1e)Vp(z) =0 and (Ag+ k> +1e)We(x) = 0. (13)

Theorem 3.1 (cf. [10]). Let R be a finite region. If u is a solution to the discrete Helmholtz equation
in R, then at any point x € R, we have a discrete Green’s representation formula

u(z) = Wu(z) — V(Tu)(x). (14)
4. UNIQUENESS AND EXISTENCE RESULTS
We strat this section by proving the following uniqueness result.
Theorem 4.1. The Pp has at most one solution.

Proof. Let N be a sufficiently large positive number and set Qn = Sn N Let u be a solution of the
homogeneous problem. Then the first Green’s identity (5) for w and its complex conjugate @ in the
region )y, together with zero boundary conditions on 0Q2y, yields

Y (Viu@)P +Viu@)f — (8 +e)lu@)?) = Y uly)Tuly). (15)

JCESSZN yEaéN
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From the real and imaginary parts of the last identity, we obtain
—e Y |u@)P=Sm Y u(y)Tu(y).
wEle yEaéN

Note, since u € ¢*(Z?), there is a monotonic sequence of positive numbers {N;} such that N; — oo
as j — oo and

Jim > u(y)Tuly) = 0. (16)
yEaSNj
Indeed, due to u € £?(Z?), we find that the sum

YooY luP

N=0ycosy,

is finite. This fact in particular implies that there exists a monotonic sequence of positive numbers
{N;} such that N; — oo as j — oo and

> lu@)PF =o(N; )
y€3§‘Nj
and consequently,
Y |Tu(y)f = o(N; ).
yeaﬁNj

Further, applying the Cauchy-Schwarz inequality for every N;, we get

3 3
> wru)| < (X wol) (X TewR) o e o,
yedSN, y€dSn, yedSn,
and therefore we obtain (16).

Since the expressions under the sum on the left-hand side of the equalities in (15) are non-negative,
have that this sum is monotonic with respect to N. This observation together with (16) implies

> (@) = Jim 3 @) =0,

TEZ? z€ERN

Thus it follows from the last identity that v = 0 in Z2. g

Now we are ready to show the existence result. Let us look for a solution to Problem P in the
following form
u(@) = Ve(z) =Y G(x;9)e(y), (17)
yel
where ¢(y) € ¢?(T') is an unknown function. Then, due to the discrete Youngs inequality (cf. [15,
Lemma 3.3.30]), together with a fact ¢(y)d,,, € €2(Z?*), we conclude that u € ¢*(Z?*). Moreover, (13)
implies that w is a solution to the discrete Helmoltz equation (4a). Further, we need to satisfy the
boundary condition (4b) which yields

Z G(z1 —y1,0)p(y1) = f(z1), z1 €N,

y1=0
or equivalently,
Ad = F, (18)
where
G(0,0) G(—-1,0) G(-2,0)
A G(1,0) §G(0,0) G(-1,0)
- 192,00 6(1,00  G(0,0)
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is a Toeplitz matrix, and

©0 fo
¥1 f1
d =

w2 | =1

Now it remains to show that the Toeplitz operator A is invertible in £2(N) spaces.
Theorem 4.2. The operator A : (2(T') — (2(T) is invertible.

Proof. Notice that

71,1151 1 n
[ P —z161
g0 ~an? / / ) +2cosés derdez 27 /a(&)e dés,
where
a(§) = a(&k) =k +1e —4+2cos&y

and
T

1 déy _ 1 dz
a(é1) = / a(&15k) + 2cosés _QMsza(fl)erl.

—T

Here, C is the positively oriented complex unit circle. From the residue theory, we derive

1 dz 1
&) =5 f = 2t )z — 2ent(€1)) ot (1) — 2ewt(E1)

where 2;,¢(£1) and ze.¢(&1) are the roots of the polynomial 22 + a(£1)z + 1 such that |z;,¢(&1)] < 1,

|zext(§1)] > 1 and 2ine(§1)2eat(§1) = 1.
Then the symbol of the Toeplitz matrix A = T'(a) is given by

a(z) = a(e€) = () = alArg()), = = e
Let us show that 2;,:(£1) — zewt(&1) € R. Indeed, if 2i¢(&1) — zext(§1) € R, then

(Zint - Zezt)2 = (Zint + Zerct)2 - 4Zintzerct = a2 —4
= (kK* —4+2cos&)? —e® — 4+ 2e(k?* —4+2cos&)
implies
k* —4+2cos& =0.

In this case we have a = (e and the roots of the quadratic equation are pure imaginary

e2+4—¢ —Ver4+4—¢
Zint = Lfv Rext = Lfv
and consequently zi,; — zest ¢ R.

This observation, in particular, implies Sma(z) # 0 and therefore Re ta(z) # 0. The latter shows
that there is € > 0 such that Reta(z) > € a.e. on the complex unit circle, thus a(z) is sectorial. Since
a is sectorial, due to the Brown-Halmos theorem, the operator A = T'(a) is invertible (cf. [3, Theorem
2.17], 12)). O

From the direct combination of the results obtained above we have the main conclusion for the
problems under consideration.

Theorem 4.3. Problem P is uniquely solvable. Its solution can be represented as a difference potential
(17), where ¢ € £2(T') is a unique solution of equation (18).
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