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ABSTRACT: In this study, we developed a multilevel multiple scattering theory (ML-MST) for the numerical solutions of multiple scat-
tering equations. We formulated multiple scattering theory using vector cylindrical waves (VCW) in the MST-VCW formulation and
the translational addition theorem with exciting fields in VCW. A problem with this formulation is that neighboring scatterers can have
overlapping circles. In this study, multiple scattering theory is formulated using the method of moments (MoM) in the MST-MoM formu-
lation, with the exciting field in terms of MoM unknowns. The ML-MST is developed by separating the scattering from other scatterers
into neighbor and non-neighbor contributions, resulting in 2-level interactions. We then replace the MST-VCW neighbor scattering with
the corresponding MST-MoM neighbor scattering. The ML-MST eliminates the issues of overlapping circles of neighbors. We apply
the ML-MST formulations to the problem of band diagrams of photonic crystals by summing the scattering from non-neighbors using
broadband Green’s functions (BBGF). The result is the multilevel Korringa-Kohn-Rostoker (KKR) equation. Numerical illustrations
were performed for the 2D case. The accuracy of the solutions was validated by comparing them with COMSOL simulations. The CPU
time of the ML-MST was more than two orders of magnitude lower than that of COMSOL.

1. INTRODUCTION

There are a large number of problems in physics and engi-
neering involving the multiple scattering of waves in scat-
terers. The multiple scattering theory (MST), initiated by Foldy
and Lax in waves in random media and by Korringa in waves
in condensed matter physics, has been an analytical method [1—
3]. The numerical implementation was performed using cir-
cular cylinders and spheres [4—6]. Recently, this method has
been combined in a hybrid manner with computational electro-
magnetic methods (CEM) to extract the 7-matrix of complex
structures. The hybrid method achieved a high computational
efficiency. The numerical MST outperforms the computational
electromagnetic methods (CEM) of finite element (FEM), fi-
nite difference in the frequency domain (FDFD), finite differ-
ence in the time domain (FDTD), and the method of moments
(MoM), which is often accelerated by the multilevel fast mul-
tipole method (ML-FMM). The numerical MST approach has
been applied to microwave remote sensing of corn fields, for-
est [7], photonic crystals [8], and metasurfaces [9].

The multiple scattering approach has been implemented with
vector cylindrical waves (VCW) in the MST-VCW formula-
tion [7], vector spherical waves (VSW) [8], and vector plane
waves, including evanescent waves [9]. A problem with this
formulation is that neighboring scatterers can have overlapping
circles/spheres. To address this problem, we developed a mul-
tilevel multiple scattering theory (ML-MST). The ML-MST is
illustrated for the case of band diagrams of photonic crystals,
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showing that the ML-MST handles the problem of overlapping
circles of neighboring scatterers.

Photonic crystals are periodic dielectric structures whose
Bloch eigenmodes form bands and band gaps analogous to
electronic bands in solids [10]. Topological photonic and
acoustic crystals [11-13], in particular, exploit the topology of
these bands through degeneracy lifting, gyrotropy, or symme-
try breaking to support unidirectional, backscattering-immune
edge states. The design of such crystals depends on the accu-
rate and efficient calculation of the underlying band structure
for many lattice geometries, scatterer shapes, and material con-
figurations.

Several families of methods have been commonly used
to compute photonic band diagrams. The plane-wave
method [10, 14-16] expands fields in a Fourier basis adapted
to the lattice and yields a linear eigenvalue problem; its
main drawback is poor convergence for high-contrast scat-
terers, requiring matrices of dimensions in the thousands for
two-dimensional problems and substantially more in three
dimensions [10]. The finite-difference and finite-element
methods [17-20], including the widely used commercial
implementation in COMSOL, discretize the unit cell volumet-
rically and likewise produce linear eigenproblems with large
numbers of unknowns. Both families discretize the entire unit
cell and incur the corresponding memory and time costs at
every frequency.

Another family of methods is based on multiple scattering
theory (MST) [1,2,21] and the closely related Korringa-Kohn-
Rostoker (KKR) formulation originally developed for electron
band theory [3,22,23]. In this approach, the periodic prob-

Published by THE ELECTROMAGNETIC ACADEMY


https://doi.org/10.2528/PIER26062611

PIER

Tsang, Koc, and Liao

lem is expressed in terms of the single-scatterer 7-matrix [24]
and a lattice Green’s function that propagates the scattered
field of one cell to the others. In our recent work, we used
CEM tools to compute the single-scatterer T-matrix of com-
plex structures, which widens the applicability of MST [7-9].
The eigenvalue equation reduces to a small matrix whose di-
mension is set by the number of cylindrical or spherical wave
harmonics, typically 10 or fewer for the lowest bands. Be-
cause the single-scatterer 7-matrix is intrinsic and independent
of both the lattice and Bloch vector, it can be tabulated and
reused, which makes the MST/KKR family attractive for pa-
rameter sweeps over lattice geometries and Bloch vectors. The
standard MST/KKR family has been used extensively in pho-
tonic and phononic band calculations [21, 23, 25], and several
open-source implementations are available [26-28].

The MST/KKR family has a structural limitation. The trans-
lation addition theorem that underlies the propagation of one
scatterer’s outgoing wave to the basis of another converges only
when the minimum enclosing circle (in two dimensions) or
sphere (in three dimensions) of one scatterer lies entirely out-
side that of the other [6]. When two scatterers are close enough
that their enclosing circles overlap, a situation that arises gener-
ically in dense lattices, scatterers with elongated or non-convex
shapes, and topological designs that pack high-permittivity in-
clusions tightly, the standard interaction fails to converge in
the multipole basis, and the conventional KKR equation can-
not be applied without modification. Several strategies have
been proposed in the literature to mitigate this limitation, in-
cluding plane-wave coupling formalisms that converge when-
ever a separating plane exists between the two scatterers [29]
and assessments of the limits of the Rayleigh hypothesis for ad-
jacent spheroids [28, 30].

In our previous studies, we focused on the broadband
evaluation of the periodic lattice Green’s function via the
broadband Green’s function (BBGF) representation [31]. The
BBGF expresses the lattice sums as a frequency-independent
setup, followed by a fast algebraic evaluation per frequency,
and converges rapidly owing to imaginary-wavenumber
extractions [32]. Combined with the KKR-MST eigen-
value equation, this yields the BBGF-KKR-MST family of
methods [33], which has been applied to two-dimensional
photonic crystals [31,33], gyromagnetic topological photonic
crystals [34], topological acoustics [35], and three-dimensional
periodic structures [36]. Two recent extensions address
the dense packing regime in 3D: irregularly shaped scat-
terers treated through a 7T-matrix obtained from a separate
single-scatterer solver [37] and densely packed scatterers
accommodated through higher-order T-matrix extraction from
far fields [8], where the multipole order is increased to maintain
the validity of the conventional spherical-wave representation
as the scatterers approach each other.

In this study, we developed a multilevel multiple scattering
theory (ML-MST) for numerical solutions of multiple scatter-
ing equations. Firstly, multiple scattering theory is formulated
with the method of moments [38] (MST-MoM). The interior
problem of each scatterer enters the formulation only through a
single linear operator that maps the surface field to its outward
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normal derivative. This operator is determined by the scatterer
alone and is decoupled from the external environment. It can
be obtained by any method suitable for the interior medium: a
surface-integral equation for homogeneous scatterers, a finite
element solution for complex interiors, or a volume-integral
equation. The exterior MST-MoM machinery remained un-
changed, regardless of the method used. The MST-MoM then
has an exciting field in terms of MoM unknowns and the near-
field T-matrix.

Next, we use the MST-VCW formulation with vector cylin-
drical waves as the basis together with the translational addition
theorem. Then, the ML-MST is developed by separating the
scattering from other scatterers into neighbor and non-neighbor
contributions, resulting in 2-level interactions. We then re-
place the MST-VCW neighbor scattering with the correspond-
ing MST-MoM neighbor scattering. The ML-MST eliminates
the issues of overlapping neighbor circles. We apply the ML-
MST formulations to the band diagrams of photonic crystals
by summing scattering from non-neighbors using broadband
Green’s functions (BBGF). This modifies the previously de-
fined D coefficients [33] to exclude the nearest neighbors. The
result is a multilevel KKR equation with the new D coefficients
and the near-field T-matrix. Neighbor and non-neighbor levels
are truncated at different cylindrical-harmonic orders: the near-
field level is retained at a higher order to capture the strong
interactions of close neighbors, while the single-scatterer 7'-
matrix is kept at a lower order to preserve its numerical stability.
Numerical illustrations were performed for the 2D case. The
accuracy of the solutions was validated by comparing them with
COMSOL simulations. The CPU time of the ML-MST was
more than two orders of magnitude lower than that of COM-
SOL.

The paper is organized as follows. Section 2 formulates the
MST-MoM and introduces the near-field T-matrix. In Sec-
tion 3, we summarize the MST-VCW formulation with the
translational addition theorem. In Section 4, the multilevel
MST is formulated with the neighbor contributions of MST-
VCW replaced by those of MST-MoM. In Section 5, the ML-
MST formulation is applied to a photonic crystal by summing
the non-neighbor contributions using the broadband Green$
function. The ML-KKR equation is derived. Section 6 presents
the numerical results, comparisons with COMSOL, and CPU
benchmarks.

2. MULTIPLE SCATTERING THEORY WITH MOM

Previously, multiple scattering theory equations were rigor-
ously derived from integral equations using vector spherical
waves (VSW) and spheres [6,39]. In this section, we rig-
orously derive the multiple scattering theory using the MoM.
These equations are useful because, in the MoM formulation,
distances between neighbors can be close, and neighbors can
be within the circumscribing circles. The 2D problem is con-
sidered for a simple illustration, and the methodology can be
readily extended to vector 3D problems. For 2D, p = (z,y) =
(p, ¢). Consider the scattering by a single scatterer with sur-
face .S, as shown in Fig. 1. The exterior problem has y, ¢ and
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FIGURE 1. A single two-dimensional scatterer.

k = w,/ue. The Green’s function is

_ U (1)~
9(p, ') = EHS '(klp— 7). (0
Let 7 be outside .S but near the scatterer boundary. The surface
integral equation is [6], for ¥ € ST,

Yine(p) + / ' [(p') ' V'g(p, )
o @
—g(p,p) 0" V()] = ¥ (p),
where 7 is the outward normal to S, and d¢’ is the line integra-
tion over S. Let the boundary values be #'- V'¢(p') = J(t')
and ¥ (p’) = ¢ (t'). We divide the circumference into N small
intervals o,,, n = 1,..., N, of size At, with the center point
t,, corresponding to (x,,y,). Because each interval is small,
J(t') and ¥ (t') are assumed to be constant over o, as follows:

N N
)= Tufalt), Z Unfa(t), ()
n=1 n=1

where f,(t) is the pulse basis function, which is equal to 1 for
t € o, and 0 otherwise. Point matching at 7,,, = (24, Y1) ON

Séﬂ gives

Vine (P ZJ/dfgpm,p)
“)
#3055 ) = o).
The exterior impedance matrix elements are
28, = [ dtg(pmp) )
2= [ Vo) ntm ©)
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N
me = %a (7

and the interior impedance matrix elements are

280 =~ [ 4t gl ). ®)
Zpt = / ' 7N g, ), m#Em, ()
Zim' = 3 (10)

The cross terms between scatterers ¢ and p are
Ziniy) = / o0 90 7)), (1
Zp i) = —/< i Vg (pl), 7). (12)

Then, the MoM equation becomes [6]

n — winc,ma (13)

SN zh g +> )

or, in matrix notation, ZbJ + N z/; = z/jinc.
For the interior problem, with gy, €ine and kint = W/ IintEint

the Green’s function is gin (7, 7') = %Hél) (kint|p — p']). Using
Green’s theorem with the interior wave function )y,

/ A7 [ 7)Y g, 1)

s (14)
- gint(ﬁa ﬁl)v/wint(ﬁ/)] =0

if pis outside S. Applying pulse basis functions with i (p') =

Yint,n, and 7'+ V'in(p') = Jint,n, OVer oy, and point matching

atr,h,

ZJmthD lm"i-zlpmt nZN;lim = Oa (15)

or ZD:int J, nt + ZN: ‘mzp nt = 0. The boundary conditions at S

give 1/Jmt 1/) and Jiy = p J, with
em/e  for TE,
p= (16)
tint/ v for TM.
Then, ZP:intp ] + ZN:inty)y = 0, so that J = Qv with
é (ZD mt) ZN,int. (17)
p

Substituting into the exterior problem gives 1) in terms of ¥inc,
_ N T
b= (2Q+2") i (18)
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FIGURE 2. The illustration of N scatterers where the shown scatterers
are indexed as 1, 2, g, p.

Next, we consider multiple scattering by NV discrete scatter-
ers with boundaries S, p = 1,..., N (Fig. 2); the shape of
each scatterer can be different. Isolating scatterer g,

Yinel5) +/Sq a0 [() '
—g(p, )0 V'p(p')]
(19)
+Z/S e’ [p(p'ya' - V'g(p, p)

p#q "~ OP

= 9(p, p) A V'e(p)] = ¥(p)
if p is outside the scatterers. We use point matching on §,.

Using the matrix elements Z,gi?f;) and Z, S?f;),

ZN@a)yla) 4 7DP(ag) J(9)
(20)

4 Z( ZN ) (v) 4 ZD(ap) j(p)) — ine(a)
pFq

For each scatterer, the interior problem gives J() = 6:2(?)1/_1(1’)
with Q) — — L (ZD:in.(p))~1 ZN.int.(®) Then
Pp
(ZN(qq) + ZM(I(J)@((I)) (@

D nc
+ ( qp + qp Q p ) w b w q .

p#q
Let the exciting field 1)°*(9) of scatterer ¢ be

X9 = qpine(a) _ Z(ZN(QP) + ED(tm)é(p)) 0P, (22)
P#q

Physically, the exciting field is the sum of the incident wave

and scattered fields from all other scatterers p # ¢. Then

- = = = -1 _
P = (ZN(QQ) + ZD(qq)Q(Q)) o (23)
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Substituting,

QLGX(q) _ @im(Q) + Z C:vE(qp)z/jeX(p),

PF#q

24

is the Foldy-Lax equation formulated by the MoM. The near-
field T-matrix of scatterer p is expressed as

CEap) — _ ( ZN@p) | jD(qm@(p))

(25)
« (§N<pp) n §D<pp>@<p>) -

This is the single-scatterer T-matrix because it depends only on
the pth scatterer through (ZN () 4 ZP®P)Q(P)) =1 In scatter-
ing to ¢, C7(@) depends only on the position of g relative to p;
it does not depend on the scattering properties of scatterer ¢. In
a more general framework, we note that
(i) S does not have to be on the surface of the scatterer. This can
be a convenient surface that encloses the scatterer. The surface
S can tightly enclose the scatterer.
(i1) The interior problem can be solved using CEM commercial
software which provides .J as a function of 1/ on the enclosing
surface S.
(iii) The interior fields are not involved in the MST equations.
The formulation also permits more general constitutive mod-
els inside each scatterer. The derivation above requires the
exterior/background medium, and therefore the Green’s func-
tion used for inter-cell propagation, to retain the isotropic
form assumed here. Within each enclosing surface, however,
anisotropic or frequency-dispersive material response can be
incorporated through the interior operator Q (or an equivalent
numerically extracted surface operator) obtained with a solver
that supports the desired constitutive model. For dispersive ma-
terials, this operator is recomputed or interpolated as a func-
tion of frequency, while the exterior ML-MST assembly is un-
changed. An anisotropic background medium would instead re-
quire the corresponding anisotropic Green’s function and trans-
lation/lattice operators.

3. MULTIPLE SCATTERING THEORY WITH VECTOR
CYLINDRICAL WAVES

We describe the Foldy-Lax multiple scattering equations using
VCW as a basis [6]. For a scatterer centered at p,, outgoing
and regular VCW are defined by

Un(p— pp) = HP (k|p — ppl) e™Pe,  (26)

Rgn(p = pp) = Ju(klp — ppl) €7, @7)
where ¢, is the polar angle of p— p,, with respect to the global

x axis. For an isolated scatterer centered at p,, with a minimum
enclosing circle of radius Ry,

WP (p) = > wPRgyu(k(p—pp)),  (28)
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while the scattered field is expanded in outgoing waves valid
for |p — pp| > Ry,

29

p) = ay P, (k(p— pp)) -

The single-scatterer T-matrix is aj” =3 T(p . The
exciting field of scatterer ¢ is the sum of the 1nc1dent wave and
the scattered waves from all other scatterers:

wE(Q)( = Yine(p) + Z ¢S(P)

pF#q

(30)

Let the incident wave be a plane wave in the k; direction,

’f“ P = 3 UiRgiy(kp). For k; = cos¢; & + sing; g,
Yy = i”e‘i”d”". Then

> w PRy (k(
— Y U (7 - )
+3 N @D (k(p — pp))

pF£q ™M

= NP1y R ((p — py))

33N T B g k(5 — )

p#q m n’

P = Pq))

€2))

We next make use of the addition theorem, for |[p — 7,| <
|ﬁp - ﬁq |9

H) (klp—

ﬁp|) "o

Oo .
S Tu(klp— pl) €inéren

n=—oo

(32)

puly e,

Substituting the addition theorem into the scattered-field terms
gives

> wlRg k(5 — pg))

— ik Z Rt (k(p — pg))

(33)
FD DD T Ko = pul)
p#q m n’
X H{, (klpp = pgl) 7900,
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Balancing the coefficients gives

wglq) =

iki-pg,,inc
ey

+ 335 =Y, (K6, — pg)

p#q m n'

(34

x e~ Un=m)ds,5, Tr(rﬁ)l,wif).

Let [5(0)] = HD, (k|7 — pal)e= =™ %000 Then, in
matrix form,
o - eiki-ﬁq@inc + Z 5(ap)p(p) 5 (P) (35)
pFq
forq = 1,..., N. This is the MST equation in VCW with the

translational addition theorem.

4. MULTILEVEL MULTIPLE SCATTERING THEORY

Let g be the set of nearest neighbors of g. We separate the
scattered waves into p € gy and p ¢ qn. For the MST-VCW,

oD — ik pqwmc + Z (ap) p(P) 5(P)
PEGN
(36)
+ Z 5(ap)p(p) ()
péan
For the MST-MoM,
@E(Q) _ @irw(Q) + Z C:vE(qp)djE(p)
PEGN
(37)
+ Z CElap) B )

pEan

First, we note that the dimension of w is 2N, + 1. The di-
mension of ¥ is Ny, which is the number of MoM points on
the tightest enclosing surface of the scatterer. The two should
be consistent; therefore, Ny.x must be such that the VCW
exciting field can reproduce the variation of ¥**. Generally,
2Npmax +1 < Ny, Let Twmw(q) be the transformation from

@D to PP,

@E(q)

of dimension Ny X (2Nmax + 1). The matrix Ty, is
constructed column by column; its nth column is the sur-
face field ¢)”(@) at the N, points on S, produced by the nth
regular VCW basis function. For a scatterer with boundary
S, centered at the origin, the VCW basis function of w9 is
Jm Ny —1(kp) exp(i(m—Nmax—1)@),m = 1,..., 2Npax+1.
Decomposing S, into intervals o, with center (py,, ¢r,),

= Ty w@@?, (38)

(Tw(q)u;(q)) = mmeaxfl(kpn)ei(m_Nmax_l)qﬁ"7
nm

o 2Ny + 1.
(39)
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The inverse transformation T (@) g (a) is
@D = Ty P @, (40)

where we use the Moore—Penrose pseudo-inverse of Td,(q)w(q).
The two-level MST is obtained by replacing the p ¢ gy term
of MST-MoM with that of MST-VCW, transforming to VCW,
and back to MoM:

PF@) = gpinela) 4 Z CEap) B )
PEGN
- o 41)
+T¢(q)w<Q) Z E(qp)T(p)Tw@)w(p),JjE(p)'
pEaN

Because @ must be compatible with ¢, we use the p € qn
MST-MoM term to replace the p € gy term of MST-VCW.
Similar transformations give

0@ = gikiPayjine

+ Typwpaw Y CPOIT 0 0w ™
PEAN (42)

+ Z (ap) () 5(

pEan

In the two-level scheme, multipole truncation plays two dis-
tinct roles, and a different order is assigned to each. The near
level, which carries the rapidly varying near fields of overlap-
ping cells through CP(P) and the basis transformations Ty
and de,, is retained to a high order NV, so that the regular
VCW expansion can reproduce the strong field variation on the
enclosing surface of close scatterers. The single-scatterer 1'-
matrix T is truncated at a lower order Nmax,s < Nmax. For scat-
terers that are small compared with the wavelength, the high-
order regular-wave amplitudes J,(kR) become very small;
therefore, the high-order rows and columns of T are formed
from the inversion of nearly singular blocks and are dominated
by numerical noise. Retaining T' at the lower order Nax, s
keeps it numerically stable. The two orders are combined by
computing T at Nmax,s and applying it within the order-Npax
space; the bookkeeping is provided in Appendix B. In practice,
both orders are increased until the band solution converges.

5. APPLICATION TO BAND THEORY AND THE MUL-
TILEVEL KKR EQUATION

For band theory, let Rag = aay + [as, where a1, ao are
the lattice vectors, and use the combined index («, 3) — p.
There is no incident wave; let ¢ = (0,0) and @(? = w. For

the Bloch vector k;, the Bloch condition is w® = e'*+-frp
All scatterers are identical, TP — T, Tw(p)w(m = Tyw, and

[ ww~ The ML-MST equation becomes

T ) =
w = f w Z CE(OP iR, ’f
peEON

+ 225(010)617C By i

pEON

(43)

We next sum the p ¢ Ox terms using the broadband Green’s
function (BBGF):

S GOk Ry =S DM Gk

pgON

) (f?ﬂ) )’

(44)
where the D coefficients, with the nearest neighbors subtracted,
are

DAL (ki) = > H, (kIR |) @

pEON

—i(n—m)¢s, ezk Rp

L _ (45)
In matrix notation, 3° 4, - 5P e o Tw = DMTw,
We apply the BBGF to compute the p ¢ 0 sum. The lattice
Green’s function is

k p, j{: 1 (U

) 1 =
= JH (kp) + Y- JH (Ko~ R

pelN

+ Y H (Klp - Ryl) ™

pgON

RPD eiEi~Rp

p) e 4g)

Using the addition theorem for p < |R,|,

(oo}
H(()l)(k|,6— Rpl) = Z Jn(kp)ei"¢H7(ll)(ki|Rp|) e—m@%’
(47)
we obtain

(43)

= 30 L (Hp— Ryl) e

pEON

Let p = R. Integrating with ;- 027r dpe=?,

Mk F) = 4 [1 I

—ilo 5. ks
ZJE( R) 27_[_ d(be gZ)(k?p?k’L)

7
— Z(smﬁrg”(kbz)

—ilop
427r/ doe

< (g - Ryl) o,

(49)

peEON
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where p = R cos ¢ £+ R sin ¢ ¢ and the contour radius R, = R
is chosen smaller than the smallest center-to-center distance to
anon-neighbor cell. A detailed expansion of Dé‘/f is provided in
Appendix A. The multilevel KKR equation based on the mul-
tilevel MST is expressed as

=Y TuyCOP Ty et Frg
pElN

(50)
+ DMTw.
The eigenvalue problem becomes
Aw =0, (51)
where
(52)

AT DMF— 3 By GEONT, o
pelN

Equation (51) is the central result of this formulation and ex-
hibits a multilevel structure. The second term in A accounts for
all non-neighbor cell interactions through the truncated BBGF
lattice sum D™, which excludes near neighbors. They are han-
dled by the third term, which represents the explicitly computed
near-field T-matrix interactions mapped into the VCW basis.

The near-neighbor block T, C¥OP) T, also has a useful
connection to the hopping description used in tight-binding
(TB) models. In a TB model, nearest-neighbor coupling is rep-
resented by one or a few hopping parameters after the field
is projected onto a selected set of localized cell modes. In
the present full-wave formulation, no phenomenological hop-
ping parameter is introduced; instead, the near-neighbor block
maps the complete retained vector of VCW amplitudes of one
cell into the exciting-field amplitudes of another. It is there-
fore a matrix-valued, frequency-dependent full-wave represen-
tation of nearest-neighbor coupling. If this operator were fur-
ther projected onto a reduced localized-mode basis, its matrix
elements would play a role analogous to TB hopping ampli-
tudes; in a single-mode-per-cell reduction, the corresponding
coupling could reduce to a scalar hopping coefficient.

The single-scatterer 7-matrix 7' that multiplies D in the
non-neighbor term is evaluated at the reduced order Npax s,
while the near-neighbor term T, C(°P)T},,, is retained at the
higher order Ny, so the dimension of A is set by Npa. The
order bookkeeping is detailed in Appendix B.

6. NUMERICAL RESULTS AND DISCUSSION

In the numerical results, the multilevel KKR-MST formula-
tion was applied to the band calculation of a two-dimensional
hexagonal periodic structure consisting of equilateral triangu-
lar dielectric scatterers. The geometry is illustrated in Fig. 3.
Each scatterer had a relative permittivity €, = 20, and the
background medium had a relative permittivity €,, = 2.5. The
triangle side length was fixed at L = 9 mm, and the center-
to-center distance between neighboring cells, R, was varied to
scan from the well-separated regime to the regime, in which
the minimum enclosing circles of neighboring cells overlapped.
Four values were considered: R = 10.5, 9, 8.5, and 8 mm.

89

FIGURE 3. Layout of the 2D hexagonal grid of triangular dielectric
scatterers. L is the triangle side length, and R is the center-to-center
distance between neighboring cells.

The minimum enclosing circle of an equilateral triangle with
side L has radius L /+/3, which gives an enclosing radius of ap-
proximately 5.196 mm. The enclosing circles of two neighbor-
ing cells just touch when R ~ 10.39 mm. Thus, R = 10.5 mm
lies in the well-separated regime, in which the standard KKR
equation with only T-matrices is valid, and the near-neighbor
set in (52) becomes empty. The remaining three cases, R = 9,
8.5, and 8 mm, all have overlapping enclosing circles among
the six nearest neighbors, and the multilevel formulation in Sec-
tion 4 is required. For these cases, the near-neighbor set is taken
to consist of six nearest neighbors, and the corresponding pair
near-field T-matrices C®(9P) are computed once per frequency
sample.

Both polarizations are considered. For TM,, the nonzero
electric-field component is E, and the boundary-condition fac-
tor in (16) is p = p,/p1 = 1. For TE,, the nonzero magnetic-
field componentis H, and p = ¢, /e1 = 8. The single-scatterer
T-matrix and the pair near-field 7-matrices were computed in-
dependently for the two polarizations.

The hexagonal Bravais lattice is generated by the primitive
vectors @; = Rjj and a, = R(\/3%/2 — §//2), with reciprocal
vectors by = (27/R)(&/+/3 + ¢) and by = (27/R)(22//3).
The band diagram was computed along the standard high-
symmetry pathI' - K — M — T in the first Brillouin zone,
with T' = (0,0), K = (by + b2)/3,and M = by /2.

6.1. Numerical Parameters
The boundary S, of each scatterer is discretized with N = 60

pulse-basis patches in the MoM evaluation of ZV, ZP, ZN-int,
and ZD- The same boundary discretization is used to con-
struct the basis-transformation matrices Tww and T, wy 10 (38).
For a fair comparison, the COMSOL mesh inside the scatterer
uses an average triangle edge length equal to the patch length
adopted in this study.

For the COMSOL validation, a custom finite-element mesh
was used with a maximum element size of L/5 = 1.8 mm and
a minimum element size of L/15 = 0.6 mm, the latter applied
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especially inside the dielectric triangle. At 9 GHz, these sizes
correspond to approximately A,/11.5 in the background and
Aint/12.5 inside the scatterer, respectively. For the R = 8 mm
case, the mesh contained 986 domain elements and 141 bound-
ary elements, resulting in 7035 degrees of freedom. Robust
analysis setting and quadratic field representation were used.
Eigenfrequencies were computed with the ARPACK solver us-
ing a search centered at 5 GHz.

The VCW cylindrical-wave truncation index Np,x is se-
lected on a case-by-case basis. When the scatterers are not
close, a smaller Ny, value is sufficient. As the scatterers
move closer together, close-neighbor near-field interactions be-
come stronger, and the MoM exciting fields exhibit more spa-
tial variation; consequently, a larger Ny« is required to repre-
sent the fields consistently on the enclosing surface. For the
R = 10.5mm case, Np.x = 4 is sufficient, because the cells
are well separated and no near-field 7T-matrix is needed. For
the overlapping cases, the multipole truncation takes two dis-
tinct values, as introduced in Section 4. The near level, com-
prising the pair near-field 7T-matrices and the basis transforma-
tions Ty, and Ty, is retained at the higher order Nyux = 5
to capture the strong close-neighbor interactions. The single-
scatterer 7-matrix is truncated at the lower, numerically sta-
ble order Nmax,s = 4. The eigenproblem dimension is set by
Nmax = 5.

The single-scatterer size is L = 9mm, and the frequency
range extends to 9 GHz. The scatterer is not large compared
with the wavelength. Thus, the single-scatterer 7T-matrix and
the near-field T-matrix are smooth functions of frequency.
They are evaluated at 20 frequency samples and interpolated
during the band search.

For the BBGF evaluation of the lattice sum coefficients D,
via (A3), the spatial-truncation parameter is Nyp, = 13, and the
spectral-truncation parameter is Ny, = 2. The contour radius
R, in (A3) is chosen smaller than the smallest center-to-center
distance to a non-neighbor cell. BBGF lattice sum is evaluated
directly at every (k, k;) pair because the BBGF setup makes
this evaluation algebraically inexpensive.

The number of Bloch vectors sampled along the path was
Ny = 150 for the reference case R = 10.5mm and Ng = 60
for the overlapping cases R = 9, 8.5, and 8 mm. For each Bloch
vector along the path, the band eigenfrequencies are extracted
as local minima of the smallest singular value of A(k, k;) as a
function of &, retaining minima below a tolerance of 0.1.
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A truncation-order convergence test was also performed for
the most strongly overlapping case, R = 8 mm. Three combi-
nations of the near-level order Ny, and the single-scatterer or-
der Npax,s were compared with COMSOL, as shown in Fig. 4.
With (Nmax, Nmax,s) = (5,4), which is used for the reported
overlapping cases, the maximum frequency difference from the
corresponding COMSOL bands was approximately 120 MHz,
with no extra or missing bands. Reducing Nyax s to 3 while re-
taining Ny.x = 5 increased the maximum difference to approx-
imately 210 MHz and produced additional duplicate bands. Re-
ducing both orders to (4, 3) produced substantial deviations in
several branches. We therefore adopt (Nmax, Nmax,s) = (5,4)
as an adequate truncation for the overlapping cases considered
here.

6.2. Reference Case: R = 10.5mm

For R = 10.5mm, the enclosing circles of the neighboring
cells do not overlap, and the standard KKR equation applies
without near-field 7-matrices. The near-neighbor sum in (52)
is empty, and the multilevel formulation reduces to the conven-
tional BBGF-KKR-MST. This case serves as a verification of
both the BBGF lattice-sum implementation and the VCW T-
matrix construction in a regime where the standard method is
known to be accurate.

Figure 5 presents the band diagram along the ' — K —
M — T path, obtained using the proposed method, compared
with the COMSOL solution using the same triangle discretiza-
tion. Both polarizations were overlaid on the same plot. Ex-
cellent agreement was observed across the entire path. Fig. 6
presents the same band diagram with the TM, and TE, modes
plotted separately. A band gap was observed in the TM mode
between the first and second bands, located between approxi-
mately 5 GHz and 6.3 GHz at the K and M points, respectively.
The TE mode does not exhibit a gap in this frequency range, and
its bands fill the spectral region of the TM gap; therefore, the
gap is polarization-selective rather than complete.

6.3. Overlapping Enclosing-Circle Cases: R — 9, 8.5, 8 mm

For R = 9, 8.5, and 8 mm, the enclosing circles of the six
nearest-neighbor cells overlap with that of the reference cell,
and the convergence condition of the translation addition theo-
rem (32) fails for those neighbors. Therefore, the standard KKR
equation is inapplicable, and the multilevel formulation (50) is
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Overlay of the multilevel KKR-MST method (markers) and COMSOL
(asterisks) with both TM, and TE., polarizations.

used. The six nearest-neighbor interactions are handled by the
explicitly computed pair near-field 7-matrices C(9P) derived
in (52), whereas all other lattice cells continue to be handled by
the truncated BBGF sum DM

Figs. 7, 8, and 9 show computed band diagrams for R = 9,
8.5, and 8 mm, each compared with the corresponding COM-
SOL solution with both polarizations overlaid. Fig. 10 presents
the band diagram for R = 8 mm with the TM, and TE, modes
plotted separately. The agreement with COMSOL remains ex-
cellent across the path for all three values of R, confirming that
the multilevel splitting between near-field T-matrices and the
truncated BBGF sum reproduces the band structure correctly,
even in the regime where the conventional KKR method breaks
down.

To directly assess the effect of the near-neighbor treatment,
Fig. 11 compares the R = 8 mm ML-MST result with conven-
tional MST calculations using Npa.x = 5 and Nyax = 4, in both
cases without the pair near-field coupling matrices, as well as
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with COMSOL. The conventional MST solutions follow COM-
SOL along some portions of the bands but depart from the ref-
erence along several branches and can follow different band
paths. These deviations occur in the regime where the close-
neighbor interaction is strongest, and the translation-addition
representation is outside its convergence region. In contrast,
the ML-MST solution remains in agreement with COMSOL be-
cause the six overlapping-neighbor interactions are supplied by
the MoM near-field coupling matrices.

The TM mode retains a band gap between the first and second
bands across all three overlapping cases, similar to that in the
reference case. As R decreases, the gap shrinks. The TE mode
did not exhibit a gap in this range for any of the three cases.

6.4. Computational Efficiency

Table 1 summarizes CPU times for the three overlapping cases,
along with the corresponding COMSOL run times on the same
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TABLE 1. CPU time comparison between the multilevel KKR-MST method and COMSOL for one full band diagram alongI" - K — M — T, for
the overlapping (neighbor) cases. T-mat: assembly of the single-scatterer VCW T-matrix and the six pair near-field T-matrices, including frequency

interpolation. KKR: assembly and eigen-extraction of A at all sampled (k, k;).

R (mm) Regime T-mat (s) | KKR (s) | Total (s) | COMSOL (s)
9.0 Multilevel KKR-MST 0.19 0.08 0.27 87
8.5 Multilevel KKR-MST 0.19 0.08 0.27 84
8.0 Multilevel KKR-MST 0.19 0.08 0.27 83
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Nmax = 4 without pair near-field coupling matrices.

machine. All calculations were performed on a single PC, and
the reported values were the average of 10 independent execu-
tions. The multilevel KKR-MST run time decomposes into two
parts: the construction of the single-scatterer VCW T'-matrix
and the six pair near-field 7-matrices, which together require
approximately 0.19 s per band diagram, and the assembly and
eigen-extraction of A at the 100 sampled frequencies along the
path, which requires approximately 0.08 s. The total CPU time
per band diagram was approximately 0.27s. The COMSOL
solution, which used a mesh resolution to be comparable to
the MoM boundary discretization, required approximately 83 s
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FIGURE 10. Band diagram for R = 8 mm with the TM, and TE, modes
plotted separately.

on the same hardware. Thus, the proposed method is approxi-
mately two orders of magnitude (300x) faster than COMSOL
for this problem.

The method efficiency is rooted in the same three proper-
ties identified in Section 4. First, the single-scatterer VCW
T-matrix is independent of k; and smooth in %, so it is tabu-
lated at a small number of frequencies and interpolated. Sec-
ond, the pair near-field T-matrices are also independent of k;
and smooth in &, and the same interpolation strategy applies;
this is what makes the overlapping-circle cases nearly as inex-
pensive as the well-separated case. Third, the BBGF lattice sum
is broadband by construction: after a one-time setup, Dl (k, ];ZZ)
is obtained algebraically from F; (Ei, k), given in Appendix A;
therefore, adding more frequencies incurs negligible cost. The
eigen-extraction at each (k, k;) acts on a small 11 x 11 matrix
in the overlapping cases (and a 9 x 9 matrix in the reference
case). Within this 11 x 11 system, the single-scatterer 7-matrix
enters at the reduced order Npax s = 4, as a 9 x 9 block, while
the near-field contributions are carried at order Npax = 5.

The dimension of A is two orders of magnitude smaller than
the matrices that arise in plane-wave or finite-element band cal-
culations for the same problem, where typical matrix sizes are
in the thousands. This dimensional reduction, made possible
by the cylindrical-wave representation in the scatterer’s extinc-
tion region, is the underlying reason for the speedup. The near-
field T-matrix machinery extends this dimensional reduction to
the dense-packing regime, where the standard cylindrical-wave
method alone would fail.
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7. CONCLUSIONS

Standard KKR formulations for periodic structures rely on the
translation addition theorem, whose convergence fails when the
minimum enclosing circles of neighboring cells overlap. This
study resolves this by partitioning the lattice into two groups
according to whether each cell’s enclosing circle overlaps with
that of the reference cell, with each group handled in its own
representation of the exciting field. Non-overlapping cells re-
main in the VCW basis, where the lattice sum is evaluated using
the broadband Green’s function. Overlapping cells are treated
using pairs of near-field 7T-matrices constructed from the sur-
face integral equations of multiple scattering by the method of
moments. Projecting these pair operators onto the VCW ba-
sis allows both contributions to be combined in a single eigen-
value equation, whose size is set by the VCW truncation alone.
The two contributions are carried at different multipole orders:
the overlapping (near) level is retained to a higher order to
capture the strong close-neighbor interactions, while the non-
overlapping level uses a reduced order that keeps the single-
scatterer T-matrix numerically stable; thus, the truncation order
decreases from the near level to the non-near level.

Numerical tests on a hexagonal lattice of equilateral dielec-
tric triangles were performed at four center-to-center distances,
spanning the well-separated case through the strongly overlap-
ping case. The resulting band diagrams reproduce the COM-
SOL solutions at the high-symmetry points of the first Brillouin
zone for both TM and TE polarizations. The runtime on the
same hardware was shorter than that of COMSOL by approx-
imately two orders of magnitude. Changes in scatterer shape,
material anisotropy, or frequency dispersion require only re-
computation of the corresponding interior and pair near-field
operators (as functions of frequency for dispersive media); the
exterior ML-MST machinery remains unchanged so long as the
background Green’s function retains the form assumed here.

In this paper, we developed a multi-level, multiple scattering
theory. The ML-MST formulation allows neighboring scatter-
ers to be close to each other and also covers cases in which
the enclosing circles overlap. The MST-MoM equations were
derived and synthesized with the MST-VCW equations so that
MST-MoM near-field T-matrices are used for close-neighbor
interactions. The ML-KKR results are in good agreement with
COMSOL and are computationally much more efficient.

In this paper, we used two expansions for the exciting field:
VCW and MoM. Transformations are derived between the
exciting-field expansions of VCW and MoM. We also call the
method the MMMST method (Multi-expansion, Multi-level,
Multiple Scattering theory). We are currently extending the
MMMST theory to the three-dimensional scattering of vec-
tor electromagnetic waves. The MMMST theory will also be
adapted for microwave remote sensing and metasurfaces.
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APPENDIX A. DM (k, k;) WITH NEIGHBOR SUB-
TRACTION

We follow the definitions in [33]. Define

_ 1 27 _ .
Fik, ki) = [QW / do gp(k, ki, p)e”| . (AD)
0 p=R

Because Fj is a coefficient, it is evaluated by fixing p = R,
with p = Rcos ¢ & + Rsin ¢ ¢, and integrating over ¢. Then

Difk. k) = o [k R) + 160 No(kR)] . (A2)
Dulh, k) = 3 Dilk, ki) — b, (A3)

The explicit expressions for Fj to the sixth order in the BBGF
are given in Eqs. (28)—(38) of [33].
In the main text,

_ 4 1 27 ) _
DM (k. k;) = — | dede g, (ko, p, k;
y ( ) ) ZJ((/{R){ |:27TA ¢e gp( 05 P ):|p=R
1
- Z%Hg”(wz)
ir1 [? it
-> s [
peOD

Using (A1)-(A3),

4

M 7- = ——
Dy (k ki) iJo(kR)

)
{DlJl(kR) — ZégoJo(kR)
. 27
ST e
pelN T Jo

x HD (kolp — Ry) e”“'RPL_R}'

) (AS)
For |o] = R < |R, |

HG (klp = Ryl) = D Ju(kp)e ™ H (k| Ryl )e™ "%

(A6)

p=R (A7)
= Jo(kR)H{ (k| Ryl)e ™%
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Substituting,

DY (k ki) = Dy — Y e ReH{Y (k| Ry )e . (A8)
pEON
For the hexagonal structure in this study, the six neighbors are

R, = +a,,*ay, £as, with az = a; + az. By the symmetry
between opposite neighbors,

> R R i (k| Ryl)e 0

peln

_ Hlfl)(k|dl|)e*”¢&l {eu’ci.al + (71)€67i12:i~&1:|
+ HD (klag|)e™ 0% [ehro2 4 (—1)fe ko]
+ Hél)(k|@3|)6_ié¢63 {eiki-as + (_1)56—1‘&-&3}

Only the Hankel functions depend on k; the remaining terms
do not. For the hexagonal lattice, |a1| = |az| = |as|.

APPENDIX B. ORDER CONSIDERATIONS FOR A,
Nmax,s; AND Nmax
In the main text,

w =0, (B1)

A
A=T-DMT - 3" T,,CO)Ty, ™R (B2)

The product DM T'w arises from the contributions of the non-
neighbor scatterers. For these terms, a small N,y is sufficient,
because T is small for large Nyax. Therefore, we adopt an order
Nmax, s that is held constant for all cases, consistent with the size

of the scatterer and the magnitude of the entries of ZI:’,
Nmax,s S Nmax' (B3)

For example, Niax,s = 4, whereas N,y varies with R.
The exciting-field coefficient w has dimension 2Ny, + 1,

whereas in
o] =M, T
"
we set
[ﬂ =0, 0| > Noxs or [0 > Nias. (BS)

The coefficients [D™],,, _,, need to be computed only for
_Nmax,s <m-n< Nmax,37 (B6)
[DM] =0, (B7)
In the numerical results, with the fixed scatterer size used in this
paper,

|m —n| > Npax,s-

m—n

Nmax,s =4 (BS)
for all cases, whereas N,y increases as R decreases, as indi-
cated in the Results section.
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