DIFFRACTION ON THE TWO-DIMENSIONAL SQUARE LATTICE

H. S. BHAT* AND B. OSTING'

Abstract. We solve the thin-slit diffraction problem for two-dimensional lattice waves. More
precisely, for the discrete Helmholtz equation on the semi-infinite square lattice with data prescribed
on the left boundary (the aperture), we use lattice Green’s functions and a discrete Sommerfeld
outgoing radiation condition to derive the exact solution everywhere in the lattice. The solution is
a discrete convolution that can be evaluated in closed form for the wave number k = 2. For other
wave numbers, we give a recursive algorithm for computing the convolution kernel.
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1. Introduction. Consider the discrete wave equation on the semi-infinite square
lattice with a Dirichlet condition along the line 7 = 0:

d? )
i = c? (Aqu); ;, i>1 (1.1a)
o, (t) = fjelwt. (11b)
Here f; is supported only for j € ¥ = [-A, A] where A > 0, and Ay is the discrete
Laplacian operator defined by
(Aad);; = Pij+1 + Pij—1 + Piv1,j + Pi—1,; — 4 5. (1.2)

As a motivating experiment, we numerically solve (L) with initial conditions u; ;(0) =
0 and %ui,j(O) = 0. We take a 400 x 400 lattice (1 < ¢ < 400, —199 < j < 200),
A = 10, constant data f; = 1, speed ¢ = 1, and the following successively larger
frequencies: w = \/m, w=1+2 w=4/11/4 and w = \/m In each case, we
step forward in time from ¢ = 0 until some ¢ = T > 0, and then plot |u190,;(T)| for
—100 < j < 100. Further details are given in Appendix [Al The results of the nu-
merical experiment, plotted in red in Figure [l show the diffraction of the spatially
discrete waves that propagate from the aperture {0} x [—A, A] into the lattice.

The main result of this paper, which is what we used to plot the black curves
in Figure [l is a physical derivation of the exact solution—see [Z22) and Theorem
EIl-of the discrete Helmholtz equation on the semi-infinite lattice with a Dirichlet
condition on the left boundary:

(Ag+ k) Uy =0, i>1, (1.3a)
Uoj = fj. (13b)

Here f; is supported only for j € X for a finite set of integers 3, and U is required
to satisfy an outgoing boundary condition specified in Section X1 System (3 is a
discrete version of the classical thin-slit diffraction problem; we use discrete versions
of classical arguments to derive the solution. As shown in Figure [l the solution
of this discrete diffraction problem closely captures the behavior of the numerical
experiment for all four values of w.
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Fic. 1.1. From left to right, top to bottom, we have diffraction patterns for frequencies w =
V1/2, w = V2, w = \/11/4, and w = \/7/2. Results from the numerical experiment described in
the text (time-stepping the discrete wave equation) are plotted in red. In blue we plot the results of
continuum Rayleigh-Sommerfeld diffraction theory, and in black we plot the results of our discrete
diffraction theory. Note that continuum diffraction theory serves as a useful approrimation of the
red curve only for the smallest value of w, while the discrete diffraction theory closely tracks the red
curve for all values of w shown.

We have also plotted in blue the diffraction pattern predicted by standard Rayleigh-
Sommerfeld (R-S) theory [9,8] for a two-dimensional continuum:

kx (A Hy(kr)

Ulz,y) = o . Uo(g)f dg,

where H7 is the Hankel function of the first kind, and r denotes the magnitude of
the vector r that joins (z,y) to (0,€), a point on the aperture. As expected, the
continuum theory diverges from the numerical experiment as w increases.

Along the way to the solution, we apply recent asymptotic estimates of the lattice
Green’s function derived by P. A. Martin [23] to derive a discrete version of the
Sommerfeld outgoing radiation condition. Having expressed the solution of (L3) as a
discrete convolution, we describe in detail a nontrivial computation of the convolution
kernel. This involves applying different results from the literature to generate useable
lattice Green’s functions. For the particular wavenumber &k = 2, we are able to
evaluate the convolution kernel in closed form. For k # 2, the numerical evaluation
of the convolution solution of (I3 is far faster than finding the steady-state solution
to (1) through time-stepping.
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1.1. Motivation. We are motivated by two application areas of recent interest,
metamaterials and analog circuits. Of course, other applications exist, including mass-
spring lattices and numerical discretizations of the continuum wave equation.

1.1.1. Left-handed two-dimensional inductor-capacitor metamaterial.
Starting from the integer lattice Z?2, suppose there is an inductor connecting each node
(i,7) to a common ground plane, and suppose that there is a capacitor connecting
each node (i, j) to its four nearest neighbors (i+1,j+1). Assume that all inductances
equal L and all capacitances equal C, where both L and C' are positive constants. In
this case, Kirchhoft’s Laws of voltage and current imply the following second-order
equation for the voltage V;; across the inductor at node (3, j):

d2
LO—5 (BaV); = Viy. (1.4)

This equation admits plane wave solutions Vj;(t) = exp[t(wt — ¢17 — ¢27)] as long as
the following dispersion relation is satisfied:

-1
w? = [4LC (sin2 % + sin? %)] . (1.5)

For both m = 1 and m = 2, we see that w/¢,, > 0 while dw/d¢,, < 0; for this reason,
this type of inductor-capacitor lattice is referred to as a left-handed metamaterial
[[3]. Metamaterials have been of great recent theoretical and experimental interest
[27,17,22]. Experimental groups have succeeded in fabricating artificial materials
for which the dispersion relation is close to (LX) for specific intervals of frequencies
w € |w™,wt]—see [14], for example.

1.1.2. Standard two-dimensional inductor-capacitor lattice. In this sys-
tem, there is a capacitor connecting each node (i, j) to ground, and inductors connect-
ing each node to its nearest neighbors. Let u;; denote the voltage across the capacitor.
Assuming all inductances equal L and all capacitances equal C, Kirchhoff’s Laws of
voltage and current can be used to derive ([CIa) with ¢ = (LC) ™'

d2

Lcﬁu” = (Adu)ij . (16)
An inductor-capacitor lattice of this type was used to design a high-frequency power
amplifier [2] on chip. Experimental measurements of the chip show that it generates
125 mW of power at 85 GHz, one of the best reported results at a frequency above 60
GHz for any chip on a Silicon substrate [3]. The same lattice can be used in a different
mode of operation as a Fourier transform device [I] or as an electrical prism [24].
Nonlinear versions of this lattice, where the capacitors are voltage-dependent, exhibit
nonlinear constructive interference [B], which can be used to generate high-power,
high-frequency harmonics of input signals [Z1].

1.2. Unified treatment via analysis of the discrete model. For the stan-
dard lattice, one is often interested in waves whose wavelength is large compared to
the lattice spacing h. In this case, one may take the continuum limit of ([CH). The
steps are standard: divide both sides of (CH) by h?2, define the per-unit-length induc-
tance and capacitance L = L/h and C = C/h, and then take h — 0. The discrete
Laplacian Ay is replaced by the continuum Laplacian A.
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Note, however, that one cannot take the continuum limit of (L) in the same
way—dividing both sides by k2, defining L and C in the same way, and taking h — 0
leads to blow-up on the right-hand side. Of course, we could have determined this
from the dispersion relation (), because w — oo in the long-wave limit ¢y, ¢ — 0.

Here we avoid continuum limits and instead directly analyze the discrete Helmholtz
diffraction problem ([[3]). This provides a unified treatment, valid when (CI3) is either
the standard discrete wave equation ([LH) or the left-handed discrete wave equation
([T, and also valid for all waves, including waves with wavelength comparable to the
lattice spacing h, which are of greatest interest in applications. Note that

e If we start from ([Il) as it is written, and search for solutions of the form
u;;(t) = e*“'U;j, we obtain [[3) with k% = w?/c?, i.e., k? = w?LC.
o If we start from ([I) where (LT3 is replaced by ([ for ¢ > 1, and search for
solutions of the form V;;(t) = e"“*V;;, we obtain () with k* = (w?LC) 1.
This shows that the solution of [[3) can be used to solve propagation and diffraction
problems for both standard and left-handed lattices. The solution can also be used
to solve problems for composite right/left-handed (CRLH) [26] and dual-composite
right/left-handed (d-CRLH) [IZ] lattices, where parallel and/or series LC blocks are
used between nodes to bring about realistic dispersion relations that interpolate be-
tween ([CH) and the standard dispersion relation of (CH). We have shown in past
work [7] that in CRLH and d-CRLH lattices, voltages are governed by fourth-order
discrete wave equations that reduce to ([L3al) if one assumes time-harmonic solutions.

Just as continuum diffraction theories may be derived starting from the continuum
Helmholtz equation (A+k?)U = 0, our diffraction theory proceeds from ([3a). Before
getting into the derivation, we review prior work on similar problems.

1.3. Prior work. The most relevant prior work is that of Shaban and Vainberg
[29]; this paper solves the general propagation problem on a d-dimensional lattice with
no boundaries. A detailed analysis proving that the discrete Sommerfeld condition
singles out a unique solution of the problem is given. Together with the paper of Islami
and Vainberg [TY], this paper explains that, for example, as t — oo, the solution of
the time-dependent problem ([CI]) approaches Ue™! where U solves ([[3). We should
also mention the work of Schultz [28], who uses pointwise estimates of the Green’s
functions for the discrete wave equation to analyze the solution of both linear and
nonlinear lattice wave equations in two and three spatial dimensions. Other papers
from the numerical analysis literature [431] analyze problems similar to (3 to
determine how closely solutions of the discrete problem approximate solutions of the
continuum problem.

While analytical considerations are very important, our goals in this paper are
different. We provide, firstly, a physical derivation of the solution of the discrete
diffraction problem ([3)). The arguments we use are discrete versions of arguments
originally put forth by Sommerfeld. Our arguments are constructive and can be
generalized to other lattice topologies, including the two-dimensional triangular and
hexagonal lattices [6]. Secondly, we write the solution of ([[3)) in a way that enables
fast and accurate computation of discrete diffraction patterns. Despite their impor-
tance for practitioners who use lattices in electromagnetic and circuit applications,
these considerations are absent from prior work on this topic. Both [29] and [I9] do
not describe the actual shape of discrete diffraction patterns and how they differ from
continuum diffraction patterns with the same parameters.

2. Derivation of the discrete Rayleigh-Sommerfeld theory. We proceed
in stages, building up from basic identities to a discrete diffraction formula. The
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summation by parts and discrete Green’s identity have appeared before [T5,B0LI0[—
we include our own derivations to keep this paper self-contained.

2.1. Summation by parts. The discrete version of integration by parts is

n

> frlgeir — k) = fagnir — Fmo19m — Y, g(Fr — fr1), (2.1)
k=m

k=m

also referred to as Abel’s Lemma. This also gives

> frgk = gk-1) = far19n — Fmgm-1— Y ge(frs1 = f)- (2.2)
k=m

k=m

Let (?ggk = gr+1 — 29k + gx—1 be the discrete one-dimensional second derivative
operator. Then subtracting (Z2) from ) yields

Z fkaggk = fagn+1 — fa+19n + fmGm-1 — fm—19m + Z gkaﬁfk. (2.3)

k=m k=m

2.2. Green’s second identity. We associate the indices ¢ and j with the hor-
izontal and vertical directions, respectively. Let €2 be the rectangular region of the
discrete lattice defined by Q@ = {(i,5) | W <i < E, S <j < N} where W, E, S, N € Z.
Then we claim that

Z UijAaVij — VijAqUsj; = Z UinViny1 — Uint1Vin +UisVis—1 — Uss—1Vis
ijeQ W<i<E

+ Z UeiVet1; —Ug1;VeE; + UwiViw—1; — Uw—_1;Viv;

S<GEN
(2.4)
Proof.
E N
Z UijAaVij — VijAaUsj = Z Z UijAaVij — VijAaUij
ijeQ i=W j=5
E (N
=> {Z Uij(Vig1 = 2Vig + Vij1) = Vij (U1 — 205 + Uijl)}
=W \j=8
N (B
+ Z{ > Uig(Virrj = 2Vig + Vieyy) = Vig Uiy — 205 + Uilj)}
7=S Li=Ww

Now apply Z3) to each of the inner sums grouped inside curly braces. The result is
precisely (4)).0

2.3. Remark. For (i,j) € 09, let 65 denote the discrete derivative in the out-
ward normal direction, so that on the four sides of the rectangle we have:

dadij = Pins1 — PiN top
0adij = PE+1j — PEj right
0a0ij = dis—1 — Pis bottom

0adij = dw—1; — dw; left
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Let us return to () and consider the sum along the top side of the rectangle. It is
easy to rewrite the sum using d;:

> UnVingr —UivitVivn = Y Uiv (Ving1 = Vin) = (Uing1 — Uin) Vi
W<i<E W<i<E

> UindaVin — VinbaUin.
W<i<E

Carrying out the same procedure on all four sides, (4] can be summarized as
Z UijAqVij — VijAaUsj = Z Uij6aVij — VijoaUij, (2.5)
ijEQ ijEON

which is of precisely the same form as the continuum version of Green’s second identity.

2.4. Removing one point. Fix (p,q) € Q. Let U,, denote the average over
the neighbors of Upg:

= 1
Upg = 1 (qu+1 + Upg—1 + Upt1g + UpfltI)'

Then a direct calculation using (L) shows that

= (UpqBaVpg = VpgAdUpq) = 4quv;7q - 4VPQUPQ' (2.6)
Let Q9 = Q— (p, q) be the rectangle with the point (p, ¢) removed. Then adding (26
to Z3) gives

D UiBaViy = VijAaUsj = 4T Vog = AVpgUpg + Y UijdaVij = VigoalUy
i5€Q €80

Suppose U and V' both satisfy ([3a) in the region Q. Then
Z UijAaVij — VijAqUs; = 0,
ij€Q0
so the previous equation reduces to
—4ququ + 4ququ = Z Uij0aVi; — Vij0aUsj. (27)
ijEAN

2.5. Lattice Green’s function. Let Gjj,q be the Green’s function for ([C3a)
centered at the point (p, q), evaluated at (¢, 7). By definition, Gj;.,q must satisfy

(Ad+ k*)Gijipg = 6ipbiq- (2.8)

for all (i,j) € Z?. The lattice Green’s function G;j,p, that satisfies {ZJ) is quite
well-known [20,[16]. Using trigonometric identities, one may write it in the form

with

1 1
o(&,m; k) = k* — 4sin? 5{ — 4sin? 37
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From (), it is evident that the lattice Green’s function centered at (p, q) evaluated
at (i,7) is the same as the lattice Green’s function centered at (0,0) evaluated at

(Z - p?] - q)7 i'e'7
Gijipg = Gi—p,j—qg;00-

Henceforth we use G;_p, j—q to denote G;_p j—g:00, i-€., if we do not specify otherwise,
G denotes the lattice Green’s function centered at (0,0).

2.6. Diffraction. Assume that U solves (I3al) in Q. By definition, Gi—p j_q4
solves ([C3al) in the punctured rectangle Q. Therefore, in 1), we can replace V;; by
Gi—p,j—q. Note that V,, is then replaced by Goo. The left-hand side of () reduces
to

AUy Goo — 4GooUpq = Upg (4 — k*)Goo + 1) — Goo(4 — k*)Upg = Upg,
S0 we obtain

Upg = Y UijbaGipj—q — Gi—p,j—q0aUi-
ijEOQ
We consider 2 defined by W =1, E=M >0, N=M >0,and S=-M+1<0.
Then the previous equation can be written U,y = S1 + S where

M
Si= Y U0aGipjq—Gipjg0al; (2.10)
j=—M+1

and

M
Sy = Z Uint03Gi—pvi—g — Giep,m—q0a2Uim
i—1
M
+ > UnibaGar—pj—q = Gar—pj-qdaln;
j=—M+1

M
+ Z Ui, —m+106Gi—p,—m41—q — Giep —m+1-¢0aUi —m41 - (2.11)
=1

2.7. Discrete Sommerfeld outgoing radiation condition. Our goal now is
to show that if U satisfies a discrete Sommerfeld outgoing radiation condition [29],

then limp;_. o, So = 0. First let us estimate the three sums on the right-hand side of
Sz by

So < max M(UimdaGi—prmi—qg — Giep,mi—q0aUinr)

* je[—I}\lﬁi{l,M] 2M(Untj0aGr—pj—q = Gr—pj—q0aUn;)

+ igl{la]@] MU, ~m+164Gi—p,—M+1—q — Giep,—m41—q0aUi —nvr41)  (2.12)

Consider a point (m,n) on any of the three sides (top, right, bottom) of the rect-
angle included in S3. In polar coordinates centered at (0,0), we have (m,n) =
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(Rcosa, Rsina). Along the sides of the rectangle, we see that R € [M,+/2M] and
a € [-m/2,7/2]. Then, using a stationary phase calculation, P. A. Martin obtains
the asymptotic form of the Green’s function,

et(méo(ak)+nmo(a,k))
Gon ~ F(a,k) as R — oo,
2R

where there are two cases [23]. In the first case, 0 < k% < 4,

—em/4 [4 — k?(cos* g (o, k) + sin® Oy (e, k)] e

VE S = 2)(2 — k2 sin® O (0, k) cos? G (o, k)

F(a,k) =

Oo(cr, k) = tan™* \/—)\(a, k) + \//\(a, k)2 + tan? «

2(1 — tan? a)
4 — k2

o(a, k) = 2sin™* {g cos Oy (v, k)]

Ma, k) =

no(a, k) = 2sin™? {g sin Oy (av, k)] .

In the second case, 4 < k% < 8,

e/t [k — 4+ 2(8 — k2) sin? 0o (av, k) cos? o (a, k)]

F(a, k) = T
(B =K k2 — 4)(2 — (8 — k2)sin? bl k) cos? B a, k)

Bo(c, k) = tan™* \/—)\(a, k) + \//\(a, k)2 + tan® o

2(1 — tan? )
k2 —4

€o(a, k) =2cos™ ! [%\/8 — k2 cosby(a, k)]
no(a, k) = 2cos™? B\/ 8 — k2 sinbp(a, k)] .

Ma, k) =

Using these results, let us treat the three sides in turn.

2.7.1. Top side. Consider the quantity

ST = M(Uin0aGine — Gin6aUinr)
where ¢ € [1, M]. In this section, when we use G;;, we mean G;j.;q, the lattice Green’s
function centered at (p, q). Note that SI is associated with the point (i, M), and this
point is associated with the angle o = tan=!(M/i). For the left endpoint (1, M), the
angle « approaches /2 as M — oo. For the right endpoint (M, M), the angle «
equals /4 for all M.

For any o € [n/4,7/2], let r = cot . Let |rM | denote the greatest integer less
than rM. Then the sequence (|rM ], M) has angle « in the limit where M — oo.
Clearly the sequence of points ([rM |, M + 1) also has angle « in the M — oo limit.
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The reason we mention this is that the asymptotic form of d3G;p; will depend on
Gy as well as Gipr41. We think of the sequence (|rM ], M) as a “discrete ray” of
asymptotic angle a.

Along this ray with ¢ = |[rM |, the asymptotic form of G gives, as M — oo,

1([i—pléo (a,k)+[M —q]no(a,k))
ST ~ VM {(emo(a,k) — 1) — 51?1} U; ¢
! M V21 csc o

F(a, k).

To obtain this expression, we used

R=My\/|rM|?2/M?+1— Mcsca as M — oo.

So, along the top side, the discrete Sommerfeld outgoing radiation condition is
VM [UiM (emo@%k) - 1) - 5ﬁUiM} 0 as M — oo. (2.13)

Assuming this condition holds for all « € [r/4,7/2] (or equivalently, for each i €
[1, M]) as M — oo, the first term on the right-hand side of [ZIZ) goes to zero as
M — oo.

2.7.2. Right/bottom sides. Calculations completely analogous to those just
presented lead us to discrete Sommerfeld outgoing radiation conditions on the right
side of the rectangle of interest,

VM [Ungj (008 — 1) = 630015 | — 0 as M — oo, (2.14)
as well as the bottom side of the rectangle of interest,
VM {UZFMH (eﬂ"o(a’“ - 1) - 5ﬁUi,,M+1} 0 as M — oo. (2.15)

We give the calculations leading to these conditions in Appendix

2.8. Method of Images. We have shown that if @ZI3)), @ZId), and I3 hold,
then Sy—defined in II)—vanishes. Then

M
Upg=51= Y. U1;G pjq—U1;G1pjq—GCipjqUoj+GCipjqU;
j=—M+1
M
= > U1,G0pq— Grjpalo, (2.16)
j=— M1

We now use the method of images to further simplify ([TI6). Consider the lattice
Green’s function centered about the point (—p, ¢); by definition, this function satisfies

(A + kz)Gi,j;—nq = 0p,i0q,j-
for all (i, 7) € Z2. For fixed (p, q), define
G ipa = Gigina — Giji—pa V(i j) € Q. (2.17)
Because G, ., . satisfies (Z8) in Q and (L3a) in 2o, we can replace G in ([ZIH) by

G™. Then, because G ., , vanishes for ¢ = 0, the second term on the right-hand side
of (2I0) vanishes and we obtain

M

Upq = Z _Gl,jquOj'
j=—M+1
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Of course, by ([[L3H), we know that Uy; = f; and that f; is supported only for j € 3.
Hence

Upg = Z ~G1jpali- (2.18)
JEX
Note from (I8 that the desired Green’s function is
Gljpq = Grpi—a = Giipi—g (2.19)
which by symmetry reduces to
Glipa = Go-1,0-5 = Gp+1,9-5 = Gp.g—5i1,0 = Gp.g—ji—1,0- (2.20)

Therefore, for each value of k, it is sufficient to find G such that (Ad + k2) G gives
+1 at (1,0), —1 at (—1,0), and zero everywhere else.

2.9. Discrete Rayleigh-Sommerfeld (R-S) Formula. Let us examine the
behavior of our solution [ZI8) on p = 0. Using ZIJ), we get

Uoq = Z _G1_7j;07qu
JET
= (=G1jq+Grjq) f; =0. (2.21)
jEX
Obviously, this does not match the true boundary condition (L3H). To remedy the

situation, we redefine Up, on the boundary.
THEOREM 2.1. The discrete diffraction problem ([LFd) is solved exactly by

Z _Gl_u’;p,qu p=1
Upg = § j€= (2.22)
fq p=0.

Proof. There are two cases. First let us examine what happens for p > 2. Since
p—1>1, we may use the top branch of [ZZ2) to compute U,_1 4 and the other four
values of U upon which (A4 + k?)U depends. This yields

(Da+ k) Upg = > =01p05.0f5 + 61, 05.f; =0,
JES
because both 4, , and d;,—, vanish for p > 2.

Now, when p = 1, we have to use both the p > 1 and the p = 0 branches of [Z22))
to calculate (A4 + £2)U. With this in mind, we obtain

(Ad + k2) Ulq = qu + Uzq + U11q+1 + Ul)qfl — 4U1q + szlq

= fq + (0 + Uszq + Ui g41 +Ur,g—1 —4U1q + k2U1q) (2.23)
= fq + (Ad + k2) Z _Gl-,j;p,qu + Gl,j;*p-,qu (2-24)
JEX b1
= fo+ Z (01,905,415 + 51,*p5j,qu]p:1
JEX
=fqt Z —0j,qfj
JEX

=fq—fq=0. (2.25)
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In the above calculation, we used [ZZI)) to go from ZZ3J) to @Z). O

Since ([Z22) solves ([L3a) exactly and also satisfies the boundary condition (([C3H),
it is an exact solution of the discrete diffraction problem ([3)). We refer to Z2Z2) as
the discrete Rayleigh-Sommerfeld formula.

2.10. Convolution. We can now use the expression for G given in Z3) to write

cos[(j — q)n] sin(i€) sin(p€)
Giipa= = / / €T k) dédn. (2.26)
Note that ([Z26) depends on j and ¢ only through (¢ — 7). Slightly abusing notation,
we write G; . = G, (q — j). Next, note that Uy ; is supported only for j € X.
Putting everything together, we write ([222) as a discrete convolution:
Gy, >1
fq p=0.

3. Computing the Lattice Green’s Function. The main task in numerically
evaluating [Z2Z2) is to compute the lattice Green’s function. For large values of m and
n, the integrands in &) and @Z0) both suffer from extremely rapid oscillations and
a curve of singularities where o(£,n; k) = 0. Fortunately, there is a way to compute
Gmn that does not use numerical quadrature.

3.1. Diagonal elements. Recent work by P. A. Martin [23] provides expressions
for the diagonal elements of the lattice Green’s function in terms of Legendre functions:

_ D" JQuoapa(2) ne1/2(2) k? <4
“ 3.1
2m {Q"—1/2(z) + B Po12(2) k>4, (3.1)

with z = 1 —(4—£?)?/8. Since Q,,_1/2(2) blows up at z = 1, we cannot use the above
expressions when k? = 4. We return to this point later.

3.2. Off-diagonal elements. Using 8-fold symmetry, we only need to compute
the lattice Green’s function G(m,n) in one octant of the plane. To do this, we apply
a set of recurrence relations due to Morita [25]. Other recursive approaches may be
found in the physics literature [[1L20]. Morita’s equations use the diagonal elements
of the lattice Green’s function to uniquely determine the remaining elements:

1— (k2 -4)G
Cro = % (3.2a)
(4—k*)Gm—10— Gm—20—2Gm-11 n=0
Gm,n = (4 - k2)Gm—1,n - Gm—2,n - Gm—l,n-{-l - C7'7n—1,n—1 O0<n<m-1
4_2k2 Gmfl,n - Gmfl,nfl n=m-—1
(3.2b)
For k? # 4, we use 1) and (32 in turn and compute all values of G ., , needed to

evaluate (m We have developed a Mathematica code that implements this method
for calculating G and thereby determining the diffracted field U. The code may be
downloaded at http://www.cds.caltech.edu/~bhat/discreteRS.nb.

For k2 = 4, a different approach is needed.
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3.3. Green’s function for k? = 4. In this case, we note that the discrete
Helmholtz operator simplifies to a sum of the nearest neighbor elements of U:
(Ad+ ) Upg = Upt1,g + Up-1,4 + Up g1 + Upg-1 = 4qu- (33)

Using this representation of Ay + 4, we find by inspection the lattice Green’s function

1 1 1 1 1 1 1

4 4 4 4 4 4 4

r 1 1 1 _1 _1 1

4 4 4 4 4 4 4

1 _1 1 1 1 11

oy 1 O R S T S S
k=4 l4+max{|m|,|n|} _ 1 _ 1 1 _ 1 1 _1 1
Gmn - Z(_l) {fml.nl} - 4 4 4 4 4 4 4
i _1 1 1 i _1 1

4 4 4 4 4 4 4

r 1 1 _1 _1 _1 1

4 4 4 4 4 4 4

1 1 1 1 1 1 1

4 4 4 4 4 4 4

(3.4)
consisting of a central —1/4 surrounded by concentric alternating 1/4 and —1/4 rings.
Note that, unlike the lattice Green’s functions for k2 € (0,4) and k? € (4, 8), the above
function does not decay as R = vm?2 4+ n? — oo. Define

10 =10 -1 0 -1
01 0 1 0 1 0
} ) 10 -1 0 -1 0 -1
HU:{(_U (¢4 ) even _ 01 0 1 0 1 0 (3.5)
0 (i +J) odd 10 -1 0 -1 0 -1
01 0 1 0 1 0
10 =10 -1 0 -1

Both H;; and H;_; ; are non-trivial, non-decaying solutions of the homogeneous
discrete Helmholtz equation ([I3al) on all of Z2. For k? = 4 and for all a, 3 € R, the
functions Gi—“jz:4 + aH;; + BH;_q ; are valid lattice Green’s functions.

The same can be said for the method of images Green’s function G~. Using the
specific form of GF*=* given by B3) and Z20), we obtain

i 0 00 0 0 -2
0o -2 00 0 % 0
00 3 0 -5 0 0
Gy oummn = Gmmi—1,0 — Gmnin0 = 00 00 0 0 0
0 0 3 0 -2 0 0
0 -3 00 0 1 0
i 0 00 0 0 -2

) (3.6)
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The diagonal and anti-diagonal elements alternate between +1/2 and —1/2, but do
not decay to zero. Again, we could add arbitrary multiples of H, ; and/or H;_1 ; to
G~ ,;,; without changing (A4 +4)GZ, ,; ;. In computations, when k% = 4, we use

3.4. Discrete Rayleigh-Sommerfeld Solution: k? = 4. Using the k? = 4
Green’s function (B0l together with the discrete R-S formula [Z22), we obtain in
closed form the ezact steady-state solution of [l with wug ;(t) = e** for |j] < A
and ug ;(t) = 0 for |j| > A. For example, with a small aperture A = 2 we obtain
Umn(t) = U ne®t, where

1/2

~1/2 1/2

1/2 —-1/2 1/2

~-1/2 1/2 -1/2 1/2

1 -1/2 1/2 -1/2 1/2
1 -1 1/2 -1/2 0

Upn=11 -1 1 0 0 -|. (3.7)
1 -1 1/2 -1/2 0
1 —1/2 1/2 —-1/2 1/2

~1/2 1/2 -1/2 1/2

1/2 —-1/2 1/2

—-1/2 1/2

1/2

Let us label the left-most column of this solution as the m = 0 column. Then for all
(72, n) with m > 1, we find that the sum over the nearest neighbors vanishes, i.e.,
4U . n, = 0. Then, by [B3), we obtain

d2

21t 21t
ﬁUm,ne "= Adevn,ne § )

so as claimed, ., »(t) gives an exact solution. The solution is steady-state in the
sense that it is assumed that the driving force has been in existence since t = —oo.

The solution for all other aperture sizes is similar: the initial wave splits into two
traveling waves of half the amplitude moving at angles +7 /4 and —x /4. The traveling
waves are multiplied by —1 each time they move one unit to the right.

4. Conclusion. We opened this paper by describing a time-domain numerical
experiment and proceeded to develop a discrete theory that exactly solves the steady-
state version of the problem, for all values of the driving frequency w. The question
remains: for which values of w does the continuum theory usefully predict the discrete
result?

To address this question, we plot in Figure Ll the position of the first minimum of
the diffraction pattern as predicted by the continuous R-S theory (blue) and discrete
R-S theory (black) for various values of k? = w?/c? and constant amplitude input. For
k? < 0.14, both diffraction patterns have no minima. Above this value, the diffraction
pattern looks qualitatively like that in Figure[LTl The two diffraction theories closely
agree for k2 < 1. The continuous R-S theory suggests that the diffraction pattern
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140

120t

100r

80r

60r

40F

201

position of first minimum (node number)

0 . . . . .
0 0.5 1 15 2 25 3 3.5 4

k% = Pic?

Fi1G. 4.1. Position of first minimum for the continuous (blue) and discrete (black) R-S theories
for various values of k* = w?/c?.

continues to condense about the y-axis as k? — 4. However, the discrete R-S theory
predicts the first minimum moves away from the y-axis as k% — 4.

Since the discrete R-S formula [ZZZ) exactly solves () for all values of k2,
we can interpret Figure EEl as a measure of how well the continuous R-S theory
agrees with the true diffraction pattern. Searching for solutions with wavevector
K = (ks, ky) = (k, %) in [CI3) we obtain k = cos™*[1 —w?/(4¢?)]/(27). At w?/c? =1,
k=~ (8.7)71. According to Figure Il w?/c? = 1 is where the discrete and continuum
theories begin to diverge. Putting everything together, we see that if waves occupy
less than 9 lattice nodes, the continuous R-S theory no longer accurately predicts the
output. In this case, the discrete R-S theory should be used.

Using similar lattice Green’s function methods, discrete R-S theories can be de-
rived for other regular lattices, such as the 2-D honeycomb, 2-D triangular, and 3-D
cubic lattices. We expect that for all such media, discrete diffraction theories can an-
swer questions regarding short-wavelength phenomena in situations where continuum
diffraction theories cannot.
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tional Science Foundation (NSF) under Grants DMS 07-53983 and DMS 06-02235,
EMSW21-RTG: Numerical Mathematics for Scientific Computing. Any opinions, find-
ings, and conclusions or recommendations expressed in this material are those of the
author(s) and do not necessarily reflect the views of the National Science Foundation.
Finally, we thank the referees for their constructive criticism.

Appendix A. Numerical Details. In Section [ when carrying out time-
domain simulations of an N x N lattice, we began with

d? d
v = Adu—b.au. (A1)
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The notation v.w denotes element-wise multiplication of equal-length vectors. For
each t, u(t) € RV * is an ordinary column vector, with one unknown at each lattice
node. If A and D are the N2 x N? adjacency and degree matrices for the lattice, then
Ay = A—D. When Aju refers to a node on the left boundary, we simply use the
value of u on the boundary given by (LIH).

Boundary Conditions. To mimic a semi-infinite domain, we use first-order absorb-
ing boundary conditions of Engquist-Majda [I8] type on the top, right, and bottom
boundaries. We accomplish this through the vector b € R *in @[AT). For any node
j that borders the left boundary, where there is a Dirichlet condition, we set b; = 0.
For all other nodes, we set b; = 1 if node j is a non-corner boundary node, b; = 2 if
node j is a corner boundary node, and b; = 0 otherwise.

To see the effect of the damping term represented by b, consider a non-corner
boundary node on the right boundary of the square lattice. Then, rewriting [AJ])
using two-dimensional indices, we obtain

d? d
@um,n = Um—1,n + Um,n+1 + Um,n—1 — 3um,n - aum,n- (A2)

What if we instead had an infinite domain? Then, at the same boundary node (m,n),
we would instead have the equation

d2
ﬁum,n = Um+1,n + Um—1,n + Um,n+1 + Um,n—1 — 4um,n- (A?’)

The difference between the two equations is

d
(um,n - uerl,n) - aum,n - 0; (A4)

where the term in parentheses is a simple finite difference. Equation [A) is a first-
order, spatially discretized version of the Engquist-Majda absorbing boundary condi-
tion (ABC). Our lattice equation ([A]) is equivalent to the infinite lattice equation
[A3) plus the boundary condition [A) for non-forced, non-corner boundary nodes.

To see what happens at the corners, let us examine Al in the upper-right
corner. Again using two-dimensional indices, we obtain

d2
@um,n = Um—-1,n + Um,n—1 — 2um,n - 2Eum,n (A5)
This equation follows from the infinite lattice equation [A3) together with the spa-
tially discrete ABCs

(um,n - um-i—l,n) - Eum,n =0

(um,n - um,n-{-l) - d_um,n =0

t
The reason for setting b; = 2 for corner nodes should now be clear.

We close by stating that, given how we have defined b, a discrete ABC similar
to ([(A4) holds on the top, right, and bottom boundaries. A discrete ABC similar to
[A8) holds at the lower-right corner.
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Physical Interpretation. We may interpret ([AJ]) as a second-order equation for
voltage u that can be derived from Kirchhoff’s Laws for an inductor-capacitor lattice
as described in Section In this case, the b term arises from connecting non-
forced boundary nodes to grounded resistors whose resistance equals the local lattice
impedance y/L/C. Our ABC amounts to impedance matching, a well-known concept
in circuit design.

Time-Stepping. Starting from ([AJl), we discretize in time using centered differ-
ences. Let u* denote our numerical approximation to u(kAt). Let B be a diagonal
matrix with entries equal to the vector b. Then our scheme is

<1 + %B) ut = 2uf — Wb 4 (A [A] + %Buk_l.

Since I and B are both diagonal, it is trivial to solve for u**! at each time step. To
generate u' given u®, we take one step using the standard semi-implicit Euler method
applied to ([(AJ]).

For w = /1/2, we choose At = 2r/(128w). For w = /2, we choose At =
27 /(256w). For w = \/m, we choose At = 27/(320w). Finally, for w = \/ﬁv we
choose At = 27/(384w).

As this is a linear problem, it is easy to analyze the stability of the scheme by
writing it as a map from (u*~! u¥) to (u¥,u**!). For all values of w used in this
paper, our time step At is chosen so that the eigenvalues of the mapping lie strictly
inside the unit circle in the complex plane, ensuring stability.

Appendix B. Discrete Sommerfeld Conditions. Our purpose here is to give
conditions on U under which the second and third terms on the right-hand side of
(&) vanish. These terms correspond, respectively, to the right and bottom sides of
the rectangle over which Ss is summed in [ZTITl). The derivations here are completely
analogous to that of Section ZZJl As before, when we use G;j, we mean Gjyj.pq, the
lattice Green’s function centered at (p, q).

B.1. Right side. Consider the quantity

St = 2M (Untj0aGrt-p,j—q — Gri—p.j—q0aUnj)
where j € [-M + 1, M]. Note that SJR is associated with the point (M, j) and this
point is associated with the angle a = tan~![j/M]. For any a € [—m/4,7/4], let
r = tanca. Let |(] denote the greatest integer less than or equal to 8 if 8 > 0, or
the smallest integer greater than 3 if 3 < 0. Then —M + 1 < |[rM| < M and both
sequences of points (M, [rM|) and (M + 1, |[rM |) have angle @ in the M — oo limit.
Along the ray with j = |rM |, the asymptotic form of G gives, as M — oo,

ez([M_p]gU(avk)"'[j_Q]”]O (a,k))

V2msec o

SE~2vM Keig”(o"k) - 1) - 54 Unj Fla, k).

To obtain this expression, we used R = M+/1+ |[rM|2/M? — M seca, again, as
M — oo. This shows that, along the right side of the rectangle, the discrete Som-
merfeld outgoing radiation condition is [ZI4)). Assuming this condition holds for all
a € [—m/4,7/4] (or equivalently, for each j € [-M + 1, M]) as M — oo, the second
term on the right-hand side of ZI2) goes to zero as M — oo.
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B.2. Bottom side. The treatment is nearly identical to the top side. Define
SP = MU - m116aGi—p—m11-g — Gimp—m11-¢0aUi—n111),

where again ¢ € [1, M]. For any o € [—7/2,—7/4], let r = — cota. Let [rM | denote
the greatest integer less than rM. Both sequences (|rM |, —M +1) and ([rM |, —M)
have angle a in the M — oo limit.

Along the ray with ¢ = [rM |, the asymptotic form of G gives, as M — oo,

erli—pléo(a,k)+[—M+1—g]no(ck))
V21 cse o

To obtain this expression, we used R = M+/[rM|2/M? + (—M +1)2/M? — M csca.
Therefore, along the bottom side, the discrete Sommerfeld outgoing radiation condi-
tion is (ZTH). Again, assuming this condition holds for all @ € [—n/2,—7/4] (or
equivalently, for each i € [1, M]) as M — oo, the third term on the right-hand side of
EI2) goes to zero as M — oc.

ST ~ VM Ke_"’o(o"k) - 1) - 54 Ui a1 Fla k).
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