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Abstract: We present a near-to-far-field (NTFF) transformation scheme tailored for pseudospec-
tral time-domain (PSTD) simulations. Surface currents on the NTFF boundary are computed
using a modified sinc interpolation method, eliminating the need for local averaging required
infinite-difference time-domain (FDTD) simulations. Numerical results for dielectric sphere
scattering, compared with Mie solutions, demonstrate that the proposed PSTD scheme achieves
root-mean-square errors an order of magnitude lower than FDTD for the far-field patterns. The
sinc interpolation method exhibits exceptional accuracy, even when applied to coarse grids.
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1. Introduction

The analysis of electromagnetic radiation and scattering phenomena plays a pivotal role in various
fields. Central to such analyses is the near-to-far-field (NTFF) transformation technique, which
enables the extraction of far-field information from near-field distributions. In time-domain
simulations, particularly within the framework of the finite-difference time-domain (FDTD)
method, numerous NTFF formulations have been developed to accurately capture far-field
responses while adhering to the staggered-grid structure inherent to FDTD.

The pioneering works of Umashankar and Taflove in the early 1980s marked the inception of
NTFF transformation techniques within the framework of the FDTD method [1,2]. These seminal
contributions laid the groundwork for subsequent advancements in the field, sparking a surge of
research endeavors aimed at refining and extending the applicability of such transformations.
Over the ensuing decades, a plethora of scholarly works have been published, each contributing
to the evolution and diversification of NTFF transformation methodologies [3—14]. Traditionally,
NTFF transformations in FDTD simulations have predominantly been executed in the frequency
domain. This approach entails the conversion of scattered fields into the frequency domain via
either discrete Fourier transform (DFT) or fast Fourier transform (FFT) techniques. Luebbers et
al. [4] and Yee et al. [5] stand among the vanguards of this methodology, devising time-domain
far-zone transformations that are particularly well-suited for scenarios necessitating time-domain
results or a broad spectrum of frequencies. In [7], Ramahi introduced a novel approach to NTFF
transformation leveraging Kirchhoft’s surface integral representation. Martin, advancing the
discussion of the topic, sought a formulation which requires no interpolation for the FDTD
calculations [9]. Recently, a new algorithm of the fast calculation of NTFF transformation
based on the spherical coordinates splitting is proposed, which does not rely on the conventional
sampling scheme [14]. The contributions of these researchers have significantly enriched the
FDTD toolkit, empowering practitioners to tackle a diverse array of electromagnetic problems
with enhanced efficiency and accuracy.

However, the discussion surrounding NTFF formulations becomes notably sparse when
considering simulations based on the pseudospectral time-domain (PSTD) method, which utilizes
collocated grids. PSTD simulations offer distinct advantages, particularly in their ability to
compute fields using information from the entire computational domain [15—-17]. Unlike FDTD,
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which relies on local approximations, PSTD leverages the spectral properties of the field globally.
This allows PSTD to adhere to the Nyquist theorem, ensuring accurate field reconstruction even
with a coarser grid. When properly utilized, PSTD excels in modeling large-scale problems
[18]. In contrast, FDTD requires a much finer grid to maintain the same level of accuracy
(normally, 20 points per smallest wavelength in most simulations), making PSTD more efficient
in terms of computational resources while achieving higher precision with fewer grid points. In
recent years, there has been notable progress in the application of PSTD techniques to scattering
problems, as highlighted in Refs. [18-24], and the NTFF transformation stands out as a crucial
step in obtaining the simulation results in the above-mentioned research. Despite this, there
remains a gap in the literature regarding the adaptation of NTFF transformations to suit the
unique characteristics of PSTD simulations.

In this paper, we address this gap by presenting a novel NTFF transformation scheme tailored
specifically for PSTD simulations. Leveraging the inherent capabilities of PSTD in calculating
fields, which encompass the entire computation domain, our approach eliminates the need for
local averaging processes required by traditional FDTD-based NTFF formulations. Through
detailed analysis and simulation results, we demonstrate the effectiveness and accuracy of our
proposed scheme in calculating far-field information from PSTD simulations.

2. NTFF transformation

In this section, our focus lies in utilizing the calculated near fields to ascertain the harmonic
far fields at specific frequencies. We embark on this exploration by initially elucidating the
foundational principles of NTFF transformation, delineating its fundamental concepts and
methods. Subsequently, we delve into the existing implementations for FDTD simulations,
providing a comprehensive overview of the prevalent techniques employed within this domain.

Having established a solid understanding of the theoretical underpinnings of NTFF transfor-
mation within the context of FDTD simulations, we pivot towards introducing a novel NTFF
transformation scheme specifically tailored for PSTD simulations. This proposed scheme
represents an innovative approach aimed at leveraging the unique computational framework
of collocated PSTD to enhance the accuracy and efficiency of NTFF transformations, and a
brief discussion on the extension to staggered PSTD is also provided. Through a meticulous
examination of the proposed method, we aim to elucidate its intricacies and highlight its potential
benefits in the realm of electromagnetic simulation and analysis. In this paper, a three-dimensional
(3D) formulation is considered.

2.1. Surface equivalence theorem

As illustrated in Fig. 1, based on surface equivalence theorem [25], the core idea of calculating the
far-field from a time-domain simulation is to set a fictitious surface which encloses the scatterers
and sources, and then transform the problem under investigation to an equivalence problem in
which the fields outside the surface remain the same but the fields inside the surface are zero. To
comply with the boundary conditions, the equivalent surface currents on the surface are given by

J,=nxH (1.2)

M, = -AxE (1.b)

where i is the normal unit vector pointing out of the surface. From the equivalence surface
currents given above, a set of vectors can be computed by integrating the surface currents over
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the closed surface to find the far-field radiation

N = f{ 3T cosd g’ (2.a)

S
L= 55 M,k €080 g/ (2.b)
S

where 6 represents the angle between the position of the source point r’#’ and the observation
point rf. k = 27/ A is the wave number. The electric far field in spherical coordinate is given by
ik eikr

E =
4rr

[(=Ly — 10Na)® + (Lg — 10N )] 3

where 19 denotes the intrinsic impedance of free space. In practice, the NTFF surface in an FDTD
simulation is a rectangular box composed of six surfaces on which the equivalent surface currents
are easily computed by the calculated electric and magnetic fields following (1). However, the
staggered-grid nature of FDTD gives rise to the problematic while choosing such closed surface
when both the fictitious electric and magnetic currents are to be aligned on the same surface.

(E,H) | (E, H)

—_——

(E, H) (0,0)

scatterer or
source

-
=
[7,)

(@) (b)

Fig. 1. Tllustration of the equivalence theorem as applied to NTFF transformation. The
left panel (a) depicts the NTFF surface enclosing the scatterer or source, where the
electromagnetic fields are computed directly. The right panel (b) shows the equivalence
theorem applied to replace the enclosed region with equivalent electric and magnetic surface
currents (J5 and M) on the NTFF surface. These equivalent currents are used to calculate
far-field quantities while ensuring that the field solutions outside the NTFF surface remain
unchanged. The dashed orange line represents the NTFF boundary, showcasing the region
of integration in the NTFF formulation.

2.2. NTFF implementations for FDTD simulations

For the case of an FDTD simulation, there exists several methods to deal with the un-collocated
nature of the calculated equivalent surface currents. In this paper, we follow the scheme proposed
in [26,27] for the NTFF box selection. As depicted in Fig. 2(a-1), the calculated magnetic surface
currents are aligned with the electric field, and thus no interpolation is needed, only a 1/2 factor
is introduced as a weighting for elements that lie on the boundaries of the surfaces. As for the
equivalent electric current calculations depicted in Fig. 2(a-2), an averaging process is utilized to
take account for the 2 adjacent magnetic fields.

The averaging process could be arithmetic or geometric. It has been shown in [27] that taking
the geometric mean gives better results than the arithmetic mean. In [28], a comparative study is
provided in detail. The FDTD numerical examples shown in this paper utilize the NTFF scheme
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Fig. 2. NTFF transformation scheme for (a) FDTD and (b) PSTD simulations, showing the
top surface with the x-component of the equivalent surface currents. (a-1) illustrates the
calculation of magnetic currents in FDTD, aligned with the electric field, while (a-2) shows
the calculation of electric currents using adjacent magnetic fields. (b) depicts the PSTD case,
where collocated electric and magnetic fields allow the calculation of surface currents via
the proposed sinc interpolation method.

shown in Fig. 2(a), and geometric mean is applied to average the magnetic field in order to
correctly calculate the equivalent electric currents.

2.3. Proposed NTFF transformation for PSTD simulations

The difference between PSTD and FDTD mainly lies in their way of taking the spatial derivatives.
For a Fourier-based PSTD scheme, the formulation yields a uniform collocated grid structure for
field computations, and thus simplifies many cumbersome processes such as material or field
averaging caused by the Yee grid structure in FDTD. Also, since PSTD capitalizes on the spectral
characteristics of a function to approximate differentiation, which means that all the available
field information is utilized to approximate partial derivatives, thereby nearing the Nyquist limit
for recovering special field distributions with a sampling rate of at least two points per wavelength.
This characteristic enables us to effectively capture the intricate temporal dynamics embedded
within the PSTD simulation despite the limitations imposed by its grid resolution.

Considering the NTFF scheme shown in Fig. 2(b), since the electric and magnetic fields are
collocated, the calculations of the magnetic and electric surface currents share the same spatial
configuration. In our proposed scheme, the equivalent surface currents are equally spaced in
between the fields, and each of them occupies the same size of area; thus, no weighting is needed
as illustrated in the FDTD case. Instead of taking arithmetic or geometric mean to perform the
calculation of the fictitious currents, it is the task of this paper to utilize the advantages of PSTD
to accurately evaluate the equivalent surface currents from all the computed field values located
at the same NTFF plane via a modified sinc interpolation. It had been shown in [29] that by
exploiting the information embedded within a coarse grid via sinc interpolation, the correct field
values can be theoretically reconstructed, and is far more accurate than any other numerical mean
method.

We confine our discussion in 1D representation of the interpolation scheme for simplicity.
The formulation for the 2D case (i.e. the six imaginary planes on the NTFF box) can be easily
derived. As proposed in [29], the field information inside the simulation space can be perfectly
recovered by interpolation of the field values with the sinc function

sin(2zWn) _ sin(zn/An)
2tWn  wn/An

fn) = =sinc(7/An), 1 :=xy,z )
where W = N/2L is the approximated bandwidth in the spatial domain, N is the total number of
field points in 7 direction, and L = NAp is the total extend of the simulation space in 5 direction.
Theoretically, any field in between can be acquired by the infinite sum if Nyquist limit is followed
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for the sampling of the field distribution

s =" ufn-ndny= Yy, ST

n 5
eV 80— ®

where ¢, = ¢ (nAn) represents the field samplings, i.e., the calculated field values from PSTD
simulations. However, this scheme may be unrealizable due to the finite length of the simulation
space. This may impose little accuracy issue if the boundary field values taken account lies in
the perfectly matched layers (PMLs). For cases where only a portion of the simulation space
is considered, like the situation when we are to calculate the equivalent surface currents from
the field values on a finite NTFF plane, there is a need to modify the representation in (5) to
accommodate the situation.

In [30], a modification of sinc interpolation for the periodic finite case is derived from previous
works [31,32]

Y(n) = oy, Yng(n —ndn)

sin(zny /An)
Nsin(znnp/NAn) ° N odd (6)

sin(zrn /An)
Ntan(zn/NAn) °

g(n) =
N even

with N, — N; = N being the period of the signal. This representation gives accurate results if the
samplings are taken over a period, otherwise the interpolation process still suffers from signal
oscillations at the boundaries of the interpolated data [33]. A simple method which does not
alter the main formulation but still yields faithful interpolation results is to apply a well-chosen
smooth low pass filter in the convolution process

W)= Ungln — nAm)sine((n - ndn)/2n) )

In (7), a broadened squared sinc function is chosen as a multiplication factor to the applied
kernel. It had been tested by the authors that when applying the filtering in (7), both kernels
(sinc or the modified) give nearly the same results for interpolation. However, we still use the
modified kernel g(n) for implementation. To apply this method to the NTFF transformation,
the formulation is extended to a double summation formulation, and ¢ in (7) is replaced by the
Cartesian components of the electric field E and magnetic field H. Instead of interpolating at an
arbitrary position, the equivalent surface currents are calculated at the center of the rectangular
patch formed by four adjacent grid nodes. This approach ensures that each surface current
occupies an equal area, eliminating the need for weight factors. By leveraging the interpolation
method in this manner, the NTFF transformation is more effectively applied to the PSTD
simulation.

Although not the primary aim of this paper, an extension to the staggered Fourier PSTD can
also be considered. For staggered Fourier PSTD NTFF transformations, while it is feasible to
directly apply various Yee-grid FDTD formulations, the proposed method can still be employed
with slight modifications. It is noted that we can choose the positions of the fictitious currents
in the staggered case to be the same as in the collocated case. For the calculation of surface
magnetic currents, a 1D interpolation is utilized along the direction where the electric fields are
at the boundaries and is repeated along the other direction. For the surface electric currents, the
geometric means proposed in [27] can be used to calculate the fields aligned on the NTFF surface
first, followed by the same repetitive 1D interpolation. This hybrid method reduces the use of the
1/2 factor commonly found in most FDTD NTFF transformation schemes while still benefiting
from the spectral accuracy of PSTD calculations.

In short, despite the simulation being confined to discrete grid points, it is possible to interpolate
field values at arbitrary spatial positions based on the coarse sample values. By leveraging
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a generalized sinc function interpolation scheme, a high-resolution field distribution can be
reconstructed. This approach unveils the intricate details of the field distribution that were
obscured within the collocated PSTD grid, as opposed to the arithmetic or geometric mean used
in FDTD, effectively enhancing the fidelity of the simulated results, and enabling a more accurate
analysis of NTFF transformation.

3. Numerical results

In this section, we present the PSTD/FDTD simulation results for a simple dipole source
radiation and homogeneous dielectric sphere scattering. These examples are chosen because
analytic solutions exist for both cases, allowing for a comparison with the numerical results.
To demonstrate the effectiveness of the NTFF calculation in the PSTD algorithm compared to
FDTD, we use the same simulation settings for both algorithms as closely as possible, i.e., the
same grid resolutions and time step, the same size of the simulation space, etc. Although using
FDTD with a coarse grid may not be entirely fair due to its requirement for finer grid resolutions,
we ensure that the simulation parameters, such as grid resolution and time steps, are as consistent
as possible across both methods for comparison.

The NTFF computation for FDTD follows the second scheme proposed in subsection 2.2,
utilizing the geometric mean for the calculation of the equivalent electric surface currents. The
schematics of the numerical examples are shown in Fig. 3. The 3D PSTD/FDTD codes used in this
paper are written in Julia. The grid representation of the sphere in Fig. 3(b) was generated using
the VoxelModel package [34], and the radiation patterns were plotted with RadiationPatterns
[35]. In the following simulations, a Gaussian pulse g(¢) = e~(=0/7* s ysed as the excitation
waveform function with the parameters 7 = V2.3/2xf., f. equals to 600 THz, and ty = 4.5 7.
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Fig. 3. Schematics of the (a) dipole source radiation and (b) scattering from a dielectric
sphere. In (a), the top-view schematic with detailed settings is shown. The sources are
utilized in a twin-fashion to eliminate Gibbs phenomena. In (b), the full 3D schematic is
provided. The grey boundary encloses the whole simulation space, inside it is the PML
boundary (pink) and the NTFF surface (purple). The dielectric sphere is illuminated by a
plane wave propagating in the + z-direction.

3.1.  Dipole source radiation

Dipole source radiation has been the simplest case for testing the effectiveness of a NTFF
transformation scheme, since its setting is simple, and the radiation solution is well-known.
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For an infinitesimal electric current source placing along z-direction, the directivity pattern is
1.5 sin?(6), and the directivity value is 1.5 [36], (section 4.2).

In this example, a J, current source is placed at the center of the simulation space. In order to
eliminate Gibbs phenomena caused by the field discontinuity, a twin-source scheme is applied,
which occupies the 8 cells surrounding the origin [37]. The gird size is 0.05 pm (1/10 wavelength
of 600 THz) in each direction. The simulation is composed of a 50 x 50 x 50 cells grid, with
10-cell PML placing at the boundaries. The time step is 0.05 fs, and a total time of 25 fs (500
steps) is simulated. The NTFF surface is selected with a 5-cell distance apart from the PML, and
a full 3D far-field pattern is calculated for a 1-degree precision in both 6- and ¢-direction. The
top-view schematic of the simulation setting is shown in Fig. 3(a). Served as a comparison, the
FDTD modeling retains the same configuration and parameters as the PSTD simulation.

The calculated directivity results at 600 THz are shown in Fig. 4. In Fig. 4(a), the horizontal
patterns in linear scale are presented. The result obtained by FDTD exhibits a ripple-like pattern,
with a calculated directivity value of 1.5475. This discrepancy is likely due to the relatively
coarse grid size, numerical anisotropy, and the 1/2 factor used in the NTFF scheme, all of which
can introduce errors in the FDTD results. In contrast, the PSTD result shows agreement with
the analytical solution, with a calculated directivity value of 1.5075. The 3D dipole directivity
pattern calculated by the proposed PSTD case in dB scale is shown in Fig. 4(b). The light blue
plane indicates the calculated 2D cut.

90°

(@ (b)

Fig. 4. (a) The calculated horizontal cut of the directivity pattern in linear scale for PSTD,
FDTD and the exact solution. (b) 3D directivity pattern for the PSTD case. The targeted
wavelength is 600 THz, and the gird resolution in this simulation is 1/10 wavelength. One
can observe an obvious ripple for FDTD results in the horizontal cut. The PSTD results, on
the contrary, closely align with the analytic solution for both cuts. The calculated directivity
is 1.5075 for PSTD and 1.5475 for FDTD, compared to the analytical value of 1.5.

3.2. Scattering from a homogeneous dielectric sphere

Since modeling dielectric sphere requires stair-cased approximation, there exists a higher
requirement for grid resolution. For example, as the case demonstrated in [27], the radius of the
sphere is discretized with 60 cells (with a cell size approximately equals to 1/20 wavelength).
Another issue arises in FDTD while simulating nonuniform dielectric coefficient distribution over
the space is the need to perform material averaging due to the Yee grid structure. In this example,
we use the method in [26] to calculate the effective dielectric coefficients over the simulation
space, where 4 surrounded values are used to take the arithmetic mean. For collocated PSTD,
this averaging process is not needed since the field calculations are at the same positions for all
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three directions. The analytic solution in this example is calculated with Mie theory, with which
we make use of the MiePlot Software as our comparison [38].

In this simulation example, a homogeneous dielectric sphere with its relative dielectric
coefficient €, = 2.25 (refractive index n = 1.5) and radius equal to 0.5 um (one wavelength at 600
THz) is simulated, with a discretization of 15 cells per wavelength for the simulation space in each
direction. The simulation is composed of an 80 x 80 x 80 cells grid, with 10-cell PML placing at
the boundaries. The time step is 0.03 fs, and a total time of 60 fs (2000 steps) is simulated. The
plane wave source is introduced into the space by pure scattered-field (SF) formulation, with its
propagation towards + z-direction, and the electric field polarized along + x-direction (Eg). The
NTFF surface is selected with a 7-cell distance apart from the PML, and a full 3D radar cross
section (RCS) pattern is calculated for a 1-degree precision in both 6- and ¢-direction. The RCS
is calculated by the following

k2
RCSy = ———|Ly + noNag|? (8.2)
¢ 87”70Pinc| ¢+ 9|
2 2
RCSy = ———|Lg — noN, 8.b
» 87m(ﬂpm| 0 — oNg| (8.b)

where k = 271/A and Pjye = |Eine(w)|? /210, with E;,.(w) being the DFT of the incident electric
field waveform at the calculated frequency. The schematic of the simulation model is shown in
Fig. 4(b). The calculated RCSy for ¢ = 0° cut and the 3D total radar cross section pattern in dB
scale at 600 THz are shown in Fig. 5(a) and 5(b), respectively.

RCS (dBspm)

RMSEpsp = 0.33
RMSEgprp = 3.08 M

0 30 60 90 120 150 180
6 (deg)

(@) (b)

Fig. 5. RCS analysis of scattering from a dielectric sphere with a diameter of 1 um. The
targeted frequency of this simulation is 600 THz, and the grid resolution is 1/15 wavelength.
The refractive index of the sphere is 1.5. The (a) RCSg pattern for ¢ = 0° cut in dB scale
for PSTD, FDTD and the analytical solution calculated by MiePlot and (b) the 3D total
radiation cross section pattern calculated by the proposed method are shown. The RCS
results are shown in the unit of dB squared pm. One can note that results obtained by PSTD
align closely with the analytical solutions, while results obtained by FDTD exhibit certain
deviations at the peaks and nulls of the pattern. The RMSE analysis demonstrates that the
PSTD NTFF method achieves an accuracy that is an order of magnitude higher than the
FDTD NTFF method.

One can see from Fig. 5(a) that with such resolution used for this simulation (1/15 wavelength
per grid, modelling a 1-wavelength radius dielectric sphere), results obtained from PSTD still
agree with the results calculated by Mie theory. As for FDTD, the computed values exhibit
non-negligible deviations from the analytic solutions in the forward-scattering direction and the
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nulls of the scattering pattern. The root-mean-square error (RMSE) compared with the Mie
result (in linear scale) for both PSTD and FDTD are calculated: the RMSE of PSTD is 0.33, and
the RMSE of FDTD is 3.08. The RMSE in FDTD is nearly an order of magnitude higher than in
PSTD.

The simulation example is also carried out to compare the front (6 = 0°) and back (6 = 180°)
RCSy at various wavelengths, which are shown in Fig. 6(a) and Fig. 6(b) respectively. The
calculated wavelength ranges from 400 nm to 800 nm, with a 1 nm step. In this simulation, which
requires a frequency span, we still use a constant relative dielectric coefficient for our sphere
model. The previously shown simulation result corresponds to a wavelength of approximately
500 nm. As shown in Fig. 6, the PSTD results generally exhibit better agreement with the analytic
results calculated using Mie theory compared to FDTD. A closer examination for Fig. 6(a) reveals
that at shorter wavelengths (higher frequencies), the FDTD results show more deviations from
the Mie results at the peaks and troughs of the spectral pattern as compared with PSTD results.

480,5.25 «
484,4.83 ¢

CS (dBspm)

475,17.77
475,17.66

RCS (dBspm)

R
A

480,16.87

A

400 450 500 550 600 650 700 750 800 400 450 500 350, 500 550 700 750 800

v h (hm)
wavelength (nm) wavelength (nm)

@ (b)

Fig. 6. The front and back scattered RCS values are analyzed across various wavelengths,
building upon the previous simulation, using a fixed grid size of 1/30 um. The (a) front
(6 = 0°) and (b) back (6 = 180°) RCS in dB scale as a function of wavelength for PSTD,
FDTD and the analytical solution calculated by MiePlot are shown. The wavelength ranges
from 400 nm to 800 nm, with a 1 nm step. The results from the PSTD simulations maintain
strong agreement with the Mie theory across the entire wavelength range. FDTD, on the
other hand, shows deviations, particularly near the peaks and nulls of the RCS pattern, which
become pronounced at specific wavelengths (e.g., 480 nm in the front-scattering case and 484
nm in the back-scattering case). The proposed PSTD NTFF method effectively demonstrates
its capability in analyzing the Mie scattering problem across a broad wavelength range, even
with a coarse grid.

Since the spectral patterns produced by the FDTD method exhibit noticeable shifts when
compared to the Mie theory results, analyzing the RMSE becomes less insightful. Instead, we
focus on examining the local maxima near the 500 nm region to assess the accuracy of the
simulation methods in capturing the key scattering characteristics. For the front-scattered spectral
pattern, the local maxima for Mie, PSTD and FDTD are 17.66 dBusm at 475 nm, 17.77 dBusm
at 475 nm and 16.87 dBusm at 480 nm, respectively; For the back-scattered spectral pattern, the
local maxima for Mie, PSTD and FDTD are 5.30 dBusm at 479 nm, 5.25 dBusm at 480 nm and
4.83 dBusm at 484 nm, respectively. The local maxima near 500 nm for PSTD differ by only
0.11 dBusm in the front-scattered pattern and 0.05 dBusm in the back-scattered pattern, while
the wavelengths of the maxima coincide almost exactly with those of Mie theory (only 1 nm
difference in the back-scattered case). On the other hand, The FDTD results show a clear shift in
the wavelength at which the maxima occur, with a 5 nm shift in the front-scattered pattern and a
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5 nm shift in the back-scattered pattern. Additionally, the FDTD spectral peaks are noticeably
lower than both Mie and PSTD, with a 0.79 dBusm difference in the front-scattered pattern and a
0.47 dBusm difference in the back-scattered pattern. These discrepancies reflect limitations of
FDTD in accurately capturing the spectral characteristics at these wavelengths.

4. Conclusion

In this paper, we introduced a NTFF transformation scheme optimized for PSTD simulations.
Unlike traditional FDTD methods that rely on local averaging techniques (e.g., arithmetic or
geometric means), which yield coarse approximations of the true value, our PSTD-based approach
uses a modified sinc interpolation method. This method, based on the Nyquist theorem, offers a
more accurate representation of the field values. By leveraging the proposed sinc interpolation,
we achieve precise field recovery without the need for artificial smoothing or averaging processes.
The numerical results for dipole source radiation and dielectric sphere scattering demonstrate the
effectiveness of the proposed NTFF scheme in PSTD simulations. The PSTD method consistently
provides results that closely match analytical solutions, even with coarse grid resolutions, whereas
FDTD simulations exhibit significant deviations. This work underscores the potential of the
proposed NTFF transformation scheme to enhance the accuracy of far-field calculations using the
PSTD method and sets the stage for our future work in analyzing complex scattering problems in
electromagnetic simulations.
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