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Abstract: An accelerated algorithm that can efficiently calculate the light scattering of a single metal
nanoparticle was proposed. According to the equivalent principle, the method of moment (MoM)
transforms the Poggio-Miller—-Chang-Harrington-Wu-Tsai (PMCHWT) integral equations into linear
algebraic equations, which are solved by the flexible generalized minimal residual solver (FGMRES).
Each element of near field MoM impedance matrix was described by Rao-Wilton-Glisson (RWG)
basis functions and calculated by double surface integrals. Due to the low-rank property, the adaptive
cross approximation (ACA) algorithm based on the octree data structure was applied to compress the
MoM impedance matrix of far field action leading to the significant reduction of solution time and
memory. Numerical results demonstrated that the proposed method is both accurate and efficient.
Compared with the traditional MoM, the ACA algorithm can significantly reduce the impedance
matrix filling time and accelerate the scattering field’s computation from actual metal nanoparticles
using PMCHWT integral equations.

Keywords: PMCHWT; adaptive cross approximation; octree; metal nanoparticles; light scattering

1. Introduction

The unique optical properties of metal nanostructures have attracted significant at-
tention from researchers in recent years [1,2]. In the optical band, the metal nanoparticles
change from good conductor property to medium property. The physical mechanism of this
phenomenon can be described by complex permittivity [3,4]. Surface plasmon polaritons
(SPPs) are generated on the surface of the metal-dielectric interface when irradiated by light
waves of a specific frequency [5]. For metal nanoparticles with a size smaller than or close
to the wavelength, localized surface plasmon resonances (LSPRs) occur [6]. Theoretically,
this phenomenon leads to three effects: enhanced light absorption, far-field scattering, and
localized surface electric field. The functions and applications of optoelectronics, sensing,
photoacoustic imaging, photothermal therapy, and detection based on the properties of
metal nanostructured LSPRs have also been continuously developed, resulting in much
meaningful progress in the application of LSPRs [7-10]. Therefore, discussing the rapid
calculation of far-field scattering characteristics of metal nanoparticles can promote the
research progress of LSPRs.

The study of the optical properties of metal LSPRs can be carried out using theoretical
simulations and experiments. The theoretical simulations not only calculate the near-field
and far-field optical properties of metal nanoparticles but also assist in designing experi-
ments and theoretically analyzing the experimental results [11-17]. The optical response
of metal can be well described in the classical framework based on Maxwell’s equations.
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Many numerical methods can be used for solving Maxwell’s equations, such as the finite
difference time domain (FDTD) [18] method, finite element method (FEM) [19], and method
of moment (MoM) [20]. FDTD and FEM are based on differential equations, while MoM
is based on integral equations. When calculating metal scattering properties, FEM and
FDTD need to discretize the scatterer and the surrounding space, while the MoM only
needs to discretize the scatterer, thus reducing the time cost and storage. In addition, it is
not easy to construct boundary conditions that describe open-domain problems. However,
the Green function automatically satisfies the radiation boundary conditions, so MoM is
used to calculate the scattering of any particle, ensuring high accuracy of the solution.
For the electromagnetic problems of arbitrary three-dimensional targets, both the surface
integral equation (SIE) [21] and the volume integral equation (VIE) [22] can be applied.
Since the metal nanoparticle is considered a uniform medium, the SIE is preferred with
fewer unknowns than VIE. Reference [23] used the SIE and VIE formulas to calculate the
bistatic scattering of the plasma, respectively and then compared with the accurate results
to show the superiority of the SIE method.

The major computational costs of the MoM for solving SIEs are combined in two
parts: they are the times for filling the impedance matrix and iteratively solving the
equations. According to reference [12], the most accurate and reliable formula among
the SIEs commonly used in plasma simulation is PMCHWT integral equations [24,25].
However, the diagonal elements of the impedance matrix established by the PMCHWT
integral equations are not dominant, and the iterative solution suffers from the issue of
slow convergence. This deficiency can be overcome if preprocessing is performed before
the iterative solution [12]. In reference [26], FGMRES was considered to replace GMRES for
solving large linear equations. There is a preprocessing technique based on the traditional
GMRES solver added to the FGMRES solver, which makes the iteration convergence more
efficient. By reducing the number of steps required for convergence, FGMRES achieves the
purpose of saving calculation time.

On the other hand, the accelerated impedance matrix filling can be carried out in two
ways. One is to reduce the calculation amount of unknowns by improving the calculation
accuracy of matrix elements [27], and the other is to reduce the calculation time by using
the additional algorithm to accelerate the calculation of matrix elements without reducing
the unknowns. This article chose the second method. ACA [28] is a purely algebraic accel-
eration algorithm based on octree structure grouping and low-rank matrix compression,
which can speed up impedance matrix filling. An octree is a three-dimensional spatial
hierarchical tree-like data structure, which effectively represents the grouping of the far
and near fields of three-dimensional objects. The impedance matrix formed by the far-field
region has a low-rank characteristic, which utilizes the decomposition and compression
characteristics of ACA to speed up the filling of the impedance matrix.

The ACA algorithm was proposed by Bebendorf in 2000 [28]. It uses the mathematical
method to process the matrix and decreases the computational complexity and memory
requirements. In 2005, Zhao introduced the ACA algorithm into the MoM to analyze
electromagnetic radiation and scattering problems [29]. Since the impedance matrix is
composed of the interaction between the field point and the source point, the farther the
distance between the field point and the source point is, the smaller the effect is, which
is reflected in the impedance matrix in that the far-field group matrix block is low rank.
The ACA algorithm uses the low-rank characteristic of the far-field group matrix block to
decompose and compress it to accelerate the filling of the impedance matrix.

Gold and silver are commonly studied in metals. Gold nanospheres have plasmon
resonances in the region where gold is highly absorbing. The resonances are therefore
strongly damped, but gold spheroids or silver nanospheres at resonance may prove more
difficult. This paper focused on the calculation of bistatic RCS of a single metal nanoparticle
(taking the calculation of a gold nanoparticle as an example). The electromagnetic scattering
characteristics of metal nanoparticles were analyzed based on the PMCHWT integral
equations by using the MoM as the numerical solution method. Combined with the ACA
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algorithm of matrix compression, the fast filling of the impedance matrix was accelerated
to realize the fast calculation of far-field scattering characteristics of metal nanoparticles.

2. Materials and Methods
2.1. Generic PMCHWT Formulation for a Metal Nanoparticle

Considering a metal nanoparticle in a homogeneous medium space, the subscripts of
the metal nanoparticle, the homogeneous medium, and the free space related parameters
are represented by 1, 2, and 0, respectively. €; = e;,69 and p; = pgp are the complex
permittivity and permeability of the metal nanoparticle; e, = €5,&9 and yy = o, are the
complex permittivity and permeability of the homogeneous medium; gy and yy are the
permittivity and permeability of free space. Where ¢;,, j1;,, i = 1,2 are the relative permittivity
and relative permeability. The surface of the metal nanoparticle is denoted as S. There
is uniform plane wave (E™c, H") jrradiation outside the surface S. In the internal and
external regions of the metal nanoparticle, the equivalent model is constructed by using the
equivalent principle to solve the distribution of internal and external fields. The equivalent
model is shown in Figure 1.

E;(G.H.;(ﬂ

o=

e

82)' > llllr

|-

Figure 1. Scattering model of a spherical metal nanoparticle.

Where n and t are the unit normal and unit tangential vector of the outer surface
of the medium, respectively; J. and J,; are the equivalent currents and magnetic currents
on the outer surface, respectively; —J. and —]J,, are the equivalent currents and magnetic
currents on the inner surface, respectively; E;* and H{* are the scattering electric field
and the scattering magnetic field of the inner surface, respectively; ES** and H5* are the
scattering electric field and the scattering magnetic field of the outer surface, respectively.

Equations (1) and (2) calculate the scattering electric and magnetic fields, respectively:

 H —%171-/5 Gi (r,r') Je (r')ds - /S VGi (”’> *Jm (r’>d5’ =12 @

HE — —%/5 Gi(nr) T (x)ds + /5 VGi(r1r) x Jo(r )ds, i = 1,2 @

1

where 7 and 7, represent the propagation constants of the inner and outer regions,
respectively; Equation (3) defines the propagation constants; #; and #, represent the wave
impedance in the inner and outer regions, respectively; Equation (4) defines the wave

impedance; P.V. represents the principal value integral; Meanwhile, G; and G represent
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the corresponding regions of Green function and dyadic Green function, respectively;
Equation (5) defines the Green function, and Equation (6) defines the dyadic Green function.

Vi = wy/pig;, 1=1,2 3)
=B i=12 (4)
‘C—z
, e*’)/i‘rfr"
Gi(r,r)zill i=1,2 (5)
Ei(r/r,) = <T - ZZ)Gi(r,r’), i=1,2 (6)
i

where 1’ and r represent the source point and observation point, respectively. Equation (7)
introduces boundary conditions of electric field and magnetic field on the outer surface;
Equation (8) introduces boundary conditions of the electric field and magnetic field on the
inner surface:

> (Einc + Ezca) — _Jm/ ;\l % (Hinc +H3ca) — Je (7)
nx B =7, nx HE = —J, ®)

Then, we establish normal surface integral Equations (9) and (10) for electric current
and magnetic current by combining the scattered electromagnetic fields and boundary
conditions on the inner and outer surfaces, respectively:

nXEmC ZHX’Yﬂ?z/G rr Jg( )dS+HXPV/VG I'I')ij() )

i=1
n><HmC anl/G rr)-J,(r )dS—nxPV/VG (r,¥) xJ,(r)dS  (10)
i=1

Next, the tangential PMCHWT Equations (11) and (12) are obtained by applying nx
on both sides of Equations (9) and (10):

2
B (r Z” w;z/G 6r) J,(6)dS + tt PV/VG (r,r) xJu()ds (1)

tt- H" (r Ztt /G 1) dS—tt PV/VG (r,¥) xJ,(r)dS  (12)

Finally, balancing the magnitudes of the electric and magnetic fields of Equations (11) and
(12) with the wave impedance 7, yielding the tangential PMCHWT Equations (13) and (14):

2 AN
tt Emc Ett '717717/(; rr Jg( )d5+tt PV/VG rr)X]m( ) (13)

£ - o H" (x Ztt i/sa(r,r')~]m(r')dS—tt~P.V./S VGi(r,£) x T,(£)dS  (14)
Hir

where, 17;, = %’ i=12,T.(r)=1oJe(r).
The current density and magnetic current density of the electric field integral equation
are expanded by the RWG basis function Ap(r'):

N
Jo(r ( ) = 770]e Z ‘XnAn m(r’) = Z ﬁnAn(r,) (15)
n=1
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When the unknown functions of the PMCHWT integral equations are expanded by
the basis function A,(r), the task of solving the integral equations is transformed into
the unknown coefficients o), and B, of the basis function. The number of expansion basis
functions is the number of equations unknowns.

When the MoM is used to analyze the SIE of a target, the surface of any shape object
can be simulated by a planar triangular patch, and the surface current and magnetic current
can be described by a planar RWG basis function. Each RWG basis function is composed
of two adjacent triangles, describing the current or magnetic current flowing from one
triangle (positive triangle) to another (negative triangle). The mathematical expression is as
in Equation (16):

An(r) = ZZ‘; p, reT,; (16)
0 others

where Aﬁ represents the area of the corresponding triangle, [, is the side length, p,jf is the
direction vector of the current in the triangle, and T; represents the positive and negative
triangle. The definitions of each symbol are shown in Figure 2.

-t
Ty
Iy

Pn

Figure 2. Planar RWG basis function diagram.

The RWG basis function has two important properties. The first characteristic is
the continuity of the normal component of the edge, which ensures the continuity of
the current across the common edge; the second characteristic is that the divergences of
the basis function of the two triangles are equal, and the symbols are opposite, which
ensures that the total charge corresponding to the basis function is zero. Its expression is as
in Equation (17):

/IT’L re T,
VoAu(r) =4~ reTy 17)
0 others

Since the RWG basis function is a vector basis function, it is often used to expand the
surface current density and magnetic current density.
The structure of the impedance matrix of the PMCHWT equations is shown in Figure 3.

7E 7 EM J VE

ZHJ ZHAI J”, VH

Figure 3. The structure of the impedance matrix of the PMCHWT equations.
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The impedance matrix elements are calculated by Equations (18)—(21). The double
integrals fs A (r fs G i(t,1) Ay (r')dS'dS and me Ap (1) fSn VGi(r,t) x Ay(x')dS'ds

involved in Z,%, Z%\{I, Z,% ,and Z,; H M are calculated by six-point Gaussian integral.
Zuin = Zwylr S Ante)- [ Gilax) - Anle)as'as (18)
ZEM _ 2/ Am(r / VGi(r,r) x An(r)dS'dS (19)
2 4 4
zH —Z/ r) / VGi(r,r) % An(r)dS (20)
i=175m Sn
2 ., - . )
ZHM _ 24/ Am(r)-/ Gi(r,x) - Au(r)dS (21)
=1 1717' m Sn
The right vector elements are calculated by Equations (22) and (23):
VE = / An(r) - E" (r)dS 22)
Sm
Vi =0 [ Aw(r) - H"(x)ds (23)
Sm

2.2. Triangular-Triangular Cyclic Integral Method for Element Calculation of Impedance Matrix

In the calculation of the traditional MoM, the cycle unit filled by impedance matrix
elements is often the basis function itself. Each current RWG basis function contains
two triangular patches for the commonly used triangulation. It is easy to find that the
basis functions of non-single-sided basis function units such as RWG as they often have
overlapping regions in the solution region, which leads to a large number of repeated
calculations in the process of taking the basis function itself as the iterative unit. If the
RWG-RWG cyclic integral is used, three edges of each triangle correspond to an RWG basis
function. The same triangle area score will be repeated nine times in the iterative integral
of the interaction of a pair of basis functions. If the triangle—triangle cyclic integral is used
instead of the RWG-RWG, the repeated calculation can be avoided, which dramatically
improves the calculation speed and iterative efficiency of matrix elements.

2.3. The Octree Establishes Grouping

The ACA algorithm is based on the low-rank matrix factorization principle, so it is
applied to solve the matrix equation in the electromagnetic field and must have certain
preconditions; that is, it can only be used to solve the far-field impedance matrix generated
by far-field interaction. The impedance matrix generated by near-field interaction is gen-
erally of high rank, which is suitable for solving by the traditional MoM. Therefore, the
basis function must be grouped. To make the established matrix have good performance,
in the regional division of the whole three-dimensional object, we should try to ensure
that each sub-domain has little difference. An octree is a tree-like data structure used
to describe three-dimensional space. The basic idea of the subdivision is equalizing in
every direction. In the specific subdivision process, we use a cube to represent the space
where the entity is located; that is, the octree starts from a cube. The first divides it into
eight sub-cubes, the next continues to decompose according to certain rules, and then
divides some sub-cubes into eight sub-cubes, according to this recursive division, until a
certain division termination condition is satisfied. The whole partitioning process can be
represented by a tree structure with 8 or 0 child nodes per node.

In this paper, the metal nanoparticle was stratified by a square box. The square’s side
length is the maximum length of the metal nanoparticle in the three coordinate axes of the
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three-dimensional coordinate system. The specific octree structure can be defined in the
following way.

As shown in Figure 4, the cube surrounding the entire metal nanoparticle is first
divided into eight small cubes; because these eight cubes cannot distinguish between far
interaction or near interaction, each cube has to be further divided down. Therefore, there
are 64 small cubes in the second division. We take these 64 cubes divided twice as the first
layer and then divide them again as the second layer. In this way, this is the whole process
of octree division of the object region. After the partition, the square boxes in the whole
region are divided into non-empty groups and empty groups according to whether the
small square contains the split triangular mesh. Empty groups are groups that do not need
to be calculated and are discarded directly. According to the distance between non-empty
boxes, the interaction is divided into far-field interaction and near-field interaction, and
then calculated, respectively.

o

Figure 4. A layer of a tree structure.

The simplified two-dimensional plane diagram is shown in Figure 5. The self-acting
group refers to the interaction between the basis functions in the same square box; the
near-field group refers to the interaction between adjacent square boxes; the far-field group
refers to the interaction between square boxes that are not separated.

Empty group Self-acting
group
Near-field
group
Far-field
Non-empty group
group

Figure 5. The far and near field diagram of non-empty group division.

2.4. Overview of the Adaptive Cross Approximation (ACA) Algorithm

The ACA algorithm draws on the octree structure model, divides the basis functions
into each group according to the vertex position, then divides the impedance matrix into
many sub-matrix blocks with different dimensions. The diagonal matrix block is a full rank
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matrix, representing the interaction between self-acting groups and near-field groups. The
traditional MoM is used to calculate. The non-diagonal matrix block is a low-rank matrix
block that represents the interaction between far-field groups and is calculated by the ACA
algorithm. The matrix block diagram is shown in Figure 6.

Matrix block of self-acting group

Matrix block of near-field group

Matrix block of far-field group

Figure 6. Matrix block diagram.

The ACA algorithm is a pure algebraic algorithm, which approximately decomposes a
large matrix into the multiplication of two small matrices according to the decomposition
principle of matrices [30]. Assuming that the rank of the matrix A is r, the number of
dimension objective basis functions of the matrix is determined, and it is assumed to be
mxn, which is approximately decomposed into the multiplication of two matrices U and V.
Matrix decomposition is shown in Figure 7, and its expression in Equation (24):

Am><n :UWIX}"V}‘XH (24)

Amxn Umxr ern

Figure 7. Matrix A compression approximate decomposition diagram.
The rank of a matrix can be artificially set by stopping criteria. Equation (25) defines
the threshold condition of iteration.

SmxXn

&

_ HAmxn _ Kmxn

< el )

where R is an error matrix, ¢ denotes the stop precision, and ||-|| means the matrix
Frobenius specification.
The detailed process of the ACA Algorithm 1 is as follows [29]:
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Algorithm 1. The detailed process of the ACA algorithm

Initialization steps:

(1) Initializing the index of the first row: I} = 1, suppose A= 0;

(2) Initializing the first row of the error matrix: R(Iy,:)= A(Iy,:);

(3) Determining the index J; of the first column: |R(Iy, J;)|= maxj(|f{(11,j) D;

(4) Obtaining the first row of the V matrix: vi = R(I3,:)/|R(I1, J1)[;

(5) Initializing the first column of the error matrix: R(;, J;) = A(;, J1);

(6) Obtaining the first column of the U matrix: u; = R(;, J1);

(7)  Computing the approximate matrix: Hg(l) 2= HK(O) H2—|—||u1 121va 1%

(8) Determining the index of the second row I: |R(Ip, J;)|= maxj(|f{(i, TOD;

Next, the k th iteration:

(1) Updating the I; th row of the approximation matrix of the error:
R(I, )= A(l,:) — T2 (), vp

(2)  Finding the maximum value in line I} to determine the J; th column:
IR(Ik, J) |= max; (IR (L, j)1), j # 1 -+ i N

(3) Obtaining the k th row of the V matrix: v = R(I,:);

(4) Updating the Ji th column of the error matrix: g(:, Ji)= ~A(:, Je) — Z;‘;ll (vi)y,w;

(5)  Getting the k th column of the U matrix: uy = R(:, J)/|R(I, Ji)|;

(6) Computing the approximate matrix:

~ (k)2 ~(k=1)2 k— 2 2
AT = AT P2 S fuf el - o] v llugl vl

(7)  Judging convergence error, if |Jug||||vg]| < € A® ||, end iteration, else go on;
(8)  Continue looking for the next line I 1: |[R(Ix11, Jx)|= maxj(|f{(i, T, i#L, ... L.

When the ACA algorithm is used to solve the matrix U and V, according to the
adaptive principle, only k rows and k columns in the matrix are selected, and each element
of the impedance matrix is not calculated in advance, which reduces the complexity. Since
k < min(m,n), the calculation number of impedance matrix elements is k x (m + n), far less
than m x n, and the computational complexity is reduced to 2kX, where X is the number
of unknowns.

The most prominent feature of the ACA algorithm is that it does not depend on Green’s
function and integral equation in the solution process. In addition, another advantage
of the ACA algorithm is that it approximates the original matrix only by knowing the
elements of the original matrix and updating the specific column information.

2.5. ACA Algorithm Accelerates Filling Impedance Matrix

The octree data structure has divided all unknowns into near-field and far-field groups.
The near-field group’s impedance matrix filling adopts the traditional storage method, and
all impedance elements are stored in sequence. The far-field impedance matrix elements
are screened by the ACA algorithm, and the sparse storage method only needs to store k
rows and k columns of elements, which significantly saves memory. At the same time, the
ACA algorithm changes the matrix—vector multiplication order for the iterative solution of
the equation. As shown in Figure 8, A"*"-X" = b" in the traditional MoM is changed to

U<k, (vkxn.xm) = b" where n is the number of unknowns. The amount of calculation is

changed from n x n to 2kn, plus the element filling time of the impedance matrix of the
near-field group, and the overall time complexity is reduced to nlogn.
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An-n Xn bn [T”’k ‘Vk'” Xn bn

Figure 8. Matrix—vector multiplication order changed using the ACA algorithm.

3. Results and Discussion

In this section, we provide some examples to prove the accuracy and efficiency of the
PMCHWT integral equations with the ACA algorithm in analyzing the far-field scattering
characteristics of a metal nanoparticle. The CPU model used in all examples in this section
is Intel CoreTMi5-7500, and the memory capacity is 8 GB. The relative permeability is 1.0.

Considering a gold nanosphere with a radius of 200 nm analyzed in reference [14], the
uniform plane wave with a wavelength of 550 nm is illuminated on the metal nanosphere;
meanwhile, the pitch angle is 0°, and the azimuth angle is 0°. The relative dielectric
constant of the gold nanosphere at this incident wavelength is listed in reference [3]
as €7, = —8.0 — j1.66. The number of unknowns is 1920. Figure 9a calculates the HH
polarization and VV polarization of the bistatic RCS of the metal sphere; Figure 9b—d
calculate the memory consumption of the near-field impedance matrix, the impedance
matrix filling time, and the time required for each iteration step respectively after applying
the ACA algorithm under HH polarization.

-110 10’ ]
-0 ACA 4
——O(NlogN)
-120 2
ON?)
- @ 10
Z-130 = 4
S g
& -140 5
& =10
i —HH-ACA
-150 - = HH-MoM
VV-ACA
- = VV-
e MoM 100
0 50 100 150 200 10° 10*
Pitch angle (deg) Number of unknowns
(a) (b)
i 10!
10 -0 ACA
) -0 ACA ——O(NlogN)
2 ——O(NlogN) = ON?)
2 ON?
% () g 10°
£10? =
= e
= D
= =
= i =4
- =
E z 10"
310 s
3
< "
B 102
0

10° 10*
Number of unknowns

10 3
10° 10*

Number of unknowns

(c) (d)

Figure 9. Related analysis of a gold nanosphere calculated by MoM and ACA: radius 200 nm, incident
wavelength 550 nm, e, = —8.0 —j 1.66, j17, = 1.0. (a) Bistatic RCS; (b) memory occupied by the near
field matrix; (c) filling time of impedance matrix; (d) average solution time per iteration.
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It is obtained from Figure 9a—d that the PMCHWT equations solved by the pure
moment method and the PMCHWT equations solved by the ACA algorithm acceleration are
in good agreement and also reduce the computation time from N2 to Nlog(N), where N is the
number of unknowns. Table 1 shows the time comparison between filling impedance matrix
with pure MoM and accelerating the filling impedance matrix with the ACA algorithm.

Table 1. Time comparison between MoM and ACA calculation with radius 200 nm.

Method MoM ACA
HH polarization calculation time (s) 42.64 28.84
VV polarization calculation time (s) 42.61 28.86

Considering a gold nanosphere with a radius of 68.25 nm analyzed in reference [15]
and a radius of 456 nm analyzed in reference [17], respectively, the uniform plane wave with
a wavelength of 546 nm is illuminated on the metal nanosphere; meanwhile, the pitch angle
is 0°, and the azimuth angle is 0°. The relative dielectric constant of the gold nanosphere
at this incident wavelength is listed in reference [3] as €7, = —5.84 — j2.11. The number
of unknowns is 1920. Figure 10a,b calculate the HH polarization and VV polarization of
the bistatic RCS of the metal sphere. It can be seen from the graph that the PMCHWT
equations solved by the pure moment method and the PMCHWT equations solved by the
ACA algorithm acceleration are in good agreement. Table 2 shows the time comparison
between the filling impedance matrix with pure moment method and accelerating the
filling impedance matrix with ACA algorithm.

-5 25

z z \
4 Z 10 N\~
) = 1 X\
% 2 S ANAAL A
A ) ol it
o ~ =
- 0
e —HH-ACA
Kl - = HH-MoM ;
VV-ACA &
- - VV-MoM

-30 -10

50

100
Pitch angle (deg)

(a)

150

200

0 50 100 150 200
Pitch angle (deg)

(b)

Figure 10. Bistatic RCS of a gold nanosphere calculated by MoM and ACA: incident wavelength
546 nm, g7, = —5.84 — j2.11, py, = 1.0. (a) radius 68.25 nm; (b) radius 546 nm.

Table 2. Time comparison between MoM and ACA calculation with radius 68.25 nm and 456 nm.

Radius (nm) 68.25 456
Method MoM ACA MoM ACA
HH polarization calculation time (s) 41.30 27.90 45.22 30.37
VV polarization calculation time (s) 41.19 27.47 44.61 30.57

4. Conclusions

A method for rapidly calculating the light scattering of a metal nanoparticle was pro-
posed. Aiming at the light-scattering problem of metal nanoparticles, the MoM discretized
PMCHWT integral equations, and, finally, the integral equation system was solved by
FGMRES. Due to the low-rank characteristic of the far-field impedance matrix, a pure alge-
braic ACA algorithm was used to compress the far-field impedance matrix, which reduced
the computation time. Numerical examples verified the effectiveness and versatility of the
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ACA-based PMCHWT integral equations for solving metal nanoparticles. Specifically, three
examples in the literature were considered. Through these examples, it was concluded
that when the number of unknowns remains unchanged, the ACA algorithm significantly
reduces the filling time of the impedance matrix compared with the traditional MoM.

Author Contributions: Conceptualization, Z.L. and L.X.; methodology, Z.L. and L.X,; software, L.X;
validation, Z.C.; formal analysis, Z.C.; investigation, Z.L. and L.X.; resources, Z.L. and Y.B.; data
curation, Z.C.; writing—original draft preparation, L.X.; writing—review and editing, Z.L. and
Y.B.; visualization, Y.B.; supervision, Z.L. and Y.B.; project administration, Z.L. and Y.B.; funding
acquisition, Z.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Jiangxi provincial Outstanding Youth Talent Project of Science
and Technology Innovation, grant number 20192BCBL23003; Natural Science Foundation of Jiangxi
Province, grant number 20202BAB202004; National Nature Science Foundation of China for Youth,
grant number 62001245; Natural Science Foundation of Jiangsu Province for Youth, grant number
BK20200757; State Key Laboratory of Millimeter Waves, grant number K202108.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors have declared no conflict of interest.

References

1.  Hedayati, M.K; Faupel, E,; Elbahri, M. Review of Plasmonic Nanocomposite Metamaterial Absorber. Materials 2014, 7, 1221-1248.
[CrossRef] [PubMed]

2. Hutter, E.; Fendler, ].H. Exploitation of localized surface plasmon resonance. Adv. Mater. 2010, 16, 1685-1706. [CrossRef]

3. Johnson, P.B.; Christy, R.W. Optical constants of the noble metals. Phys. Rev. B 1972, 6, 4370. [CrossRef]

4. Aizpurua, J.; Hanarp, P; Sutherland, D.S.; Kéll, M.; Bryant, G.W.; Garcia de Abajo, EJ. Optical properties of gold nanorings. Phys.
Rev. Lett. 2003, 90, 057401. [CrossRef] [PubMed]

5. Pendry, ].B.; Holden, A].; Robbins, D.].; Stewart, W.J. Magnetism from Conductors and Enhanced Nonlinear Phenomena. IEEE
Trans. Microw. Theory Tech. 1999, 47, 2075-2084. [CrossRef]

6. Cantale, V,; Simeone, F.C.; Gambari, R.; Rampi, M.A. Gold nano-islands on FTO as plasmonic nanostructures for biosensors. Sens.
Actuators B Chem. 2011, 152, 206-213. [CrossRef]

7.  Watanabe, M.; Sassa, F.; Hayashi, K. Formation of oriented metal nanostructures by polarized light irradiation for optical sensing.
In Proceedings of the 2016 IEEE SENSORS, Orlando, FL, USA, 30 October-3 November 2016.

8.  Choy, W.C.H.; Ren, X.G. Plasmon-Electrical Effects on Organic Solar Cells by Incorporation of Metal Nanostructures. IEEE |. Sel.
Top. Quantum Electron. 2015, 22, 1-9. [CrossRef]

9. Liu, Z.Q.; Liu, G.Q.;; Huang, S.; Liu, X.S.; Wang, Y.; Liu, M.L.; Gu, G. Enabling Access to the Confined Optical Field to Achieve
High-Quality Plasmon Sensing. IEEE Photonics Technol. Lett. 2015, 27, 1212-1215. [CrossRef]

10. Liu, Z.Q.; Liu, G.Q,; Liu, X.S.; Fu, G.L.; Liu, M.L. Improved Multispectral Antireflection and Sensing of Plasmonic Slits by Silver
Mirror. IEEE Photonics Technol. Lett. 2014, 26, 2111-2114. [CrossRef]

11.  Yu, D.M.; Liu, Y.N.; Tian, EL.; Pan, X.M.; Sheng, X.Q. Accurate thermoplasmonic simulation of metallic nanoparticles. J. Quant.
Spectrosc. Radiat. Transf. 2017, 187, 150-160. [CrossRef]

12.  Aratjo, M.G.; Taboada, ].M.; Solis, D.M.; Rivero, ].; Landesa, L.; Obelleiro, F. Comparison of surface integral equation formulations
for electromagnetic analysis of plasmonic nanoscatterers. Opt. Express 2012, 20, 9161-9171. [CrossRef] [PubMed]

13. Liu, Y.N.; Pan, X.M.; Sheng, X.Q. Skeletonization Accelerated MLFMA Solution of Volume Integral Equation for Plasmonic
Structures. IEEE Trans. Antennas Propag. 2018, 66, 1590-1594. [CrossRef]

14. Taboada, ].M.; Rivero, J.; Obelleiro, F.; Aratjo, M.G.; Landesa, L. Method-of-moments formulation for the analysis of plasmonic
nano-optical antennas. J. Opt. Soc. Am. A Opt. Image Sci. Vis. 2011, 28, 1341-1348. [CrossRef] [PubMed]

15.  Araujo, M.G,; Taboada, ].M.; Rivero, J.; Solis, D.M.; Obelleiro, F. Solution of large-scale plasmonic problems with the multilevel
fast multipole algorithm. Opt. Lett. 2012, 37, 416-418. [CrossRef] [PubMed]

16. Rivero, ].; Taboada, ].M.; Landesa, L.; Obelleiro, F,; Tufién, I.G. Surface integral equation formulation for the analysis of left-handed
metamaterials. Opt. Express 2010, 18, 15876-15886. [CrossRef]

17. Aratjo, M.G.; Taboada, ].M.; Rivero, J.; Solis, D.M.; Obelleiro, F.; Landesa, L. Electromagnetic Analysis of Metamaterials and
Plasmonic Nanostructures with the Method of Moments. IEEE Antennas Propag. Mag. 2012, 54, 81-91. [CrossRef]

18. Gaffar, M,; Jiao, D. An Explicit and Unconditionally Stable FDTD Method for Electromagnetic Analysis. IEEE Trans. Microw.

Theory Tech. 2014, 62, 2538-2550. [CrossRef]


http://doi.org/10.3390/ma7021221
http://www.ncbi.nlm.nih.gov/pubmed/28788511
http://doi.org/10.1002/adma.200400271
http://doi.org/10.1103/PhysRevB.6.4370
http://doi.org/10.1103/PhysRevLett.90.057401
http://www.ncbi.nlm.nih.gov/pubmed/12633394
http://doi.org/10.1109/22.798002
http://doi.org/10.1016/j.snb.2010.12.008
http://doi.org/10.1109/JSTQE.2015.2442679
http://doi.org/10.1109/LPT.2015.2414940
http://doi.org/10.1109/LPT.2014.2348563
http://doi.org/10.1016/j.jqsrt.2016.09.007
http://doi.org/10.1364/OE.20.009161
http://www.ncbi.nlm.nih.gov/pubmed/22513627
http://doi.org/10.1109/TAP.2018.2790258
http://doi.org/10.1364/JOSAA.28.001341
http://www.ncbi.nlm.nih.gov/pubmed/21734731
http://doi.org/10.1364/OL.37.000416
http://www.ncbi.nlm.nih.gov/pubmed/22297371
http://doi.org/10.1364/OE.18.015876
http://doi.org/10.1109/MAP.2012.6387784
http://doi.org/10.1109/TMTT.2014.2358557

Micromachines 2022, 13, 1086 13 of 13

19.

20.
21.

22.

23.

24.
25.

26.
27.

28.
29.

30.

Jin, ].M.; Volakis, J.L. A hybrid finite element method for scattering and radiation by microstrip patch antennas and arrays
residing in a cavity. IEEE Trans. Antennas Propag. 1991, 39, 1598-1604. [CrossRef]

Harrington, R.E. Field computation by moment methods; Macmillan: London, UK, 1968; ISBN 0780310144

Umashanker, K.; Taflove, A.; Rao, S.M. Electromagnetic scattering by arbitrary shaped three-dimensional homogeneous lossy
dielectric objects. IEEE Trans. Antennas Propag. 1986, 34, 758-766. [CrossRef]

Schaubert, H.; Wilton, D.R.; Glisson, A.W. A tetrahedral modeling method for electromagnetic scattering by arbitrary shaped
inhomogeneous dielectric bodies. IEEE Trans. Antennas Propag. 1984, 32, 77-85. [CrossRef]

Kern, A.M.; Martin, O.].F. Surface integral formulation for 3D simulations of plasmonic and high permittivity nanostructures.
J. Opt. Soc. Am. A 2009, 26, 732-740. [CrossRef] [PubMed]

Wu, TK,; Tsai, L.L. Scattering from arbitrarily-shaped lossy dielectric bodies of revolution. Radio Sci. 1977, 12, 709-718. [CrossRef]
Chang, Y.; Harrington, R.E. A surface formulation for characteristic modes of material bodies. IEEE Trans. Antennas Propag. 1977,
25,789-795. [CrossRef]

Saad, Y. A flexible inner-outer preconditioned GMRES algorithm. SIAM ]. Entific Comput. 1993, 14, 461-469. [CrossRef]
Raziman, T.V,; Somerville, W.R.C.; Martin, O.J.F; Ru, E.C.L. Accuracy of surface integral equation matrix elements in plasmonic
calculations. J. Opt. Soc. Am. B 2015, 32, 485-492. [CrossRef]

Bebendorf, M. Approximation of boundary element matrices. Numer. Math. 2000, 86, 565-589. [CrossRef]

Zhao, K.Z.; Vouvakis, M.N.; Lee, J.F. The adaptive cross approximation algorithm for accelerated method of moments computa-
tions of EMC problems. IEEE Trans. Electromagn. Compat. 2005, 47, 763-773. [CrossRef]

Liu, ZW.; Tang, D.; Zhang, Z.Y.; Zhang, Y.y.; Wang, X.L.; Jie, S.L. Combination of MLFMA and ACA to accelerate computation of
scattering from underground targets. Int. ]. Antennas Propag. 2019, 2019, 3456871. [CrossRef]


http://doi.org/10.1109/8.102775
http://doi.org/10.1109/TAP.1986.1143894
http://doi.org/10.1109/TAP.1984.1143193
http://doi.org/10.1364/JOSAA.26.000732
http://www.ncbi.nlm.nih.gov/pubmed/19340246
http://doi.org/10.1029/RS012i005p00709
http://doi.org/10.1109/TAP.1977.1141685
http://doi.org/10.1137/0914028
http://doi.org/10.1364/JOSAB.32.000485
http://doi.org/10.1007/PL00005410
http://doi.org/10.1109/TEMC.2005.857898
http://doi.org/10.1155/2019/3456871

	Introduction 
	Materials and Methods 
	Generic PMCHWT Formulation for a Metal Nanoparticle 
	Triangular–Triangular Cyclic Integral Method for Element Calculation of Impedance Matrix 
	The Octree Establishes Grouping 
	Overview of the Adaptive Cross Approximation (ACA) Algorithm 
	ACA Algorithm Accelerates Filling Impedance Matrix 

	Results and Discussion 
	Conclusions 
	References

