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The 3-D Multidomain Pseudospectral Time-Domain
Method for Wideband Simulation

Gang Zhao, Student Member, IEEE, Yan Qing Zeng, and Qing H. Liu, Senior Member, |IEEE

Abstract—A three-dimensional (3-D) multidomain pseudospec-
tral time-domain (PSTD) method with a well-posed PML isdevel-
oped as an accurate and efficient solver for Maxwell’s equations
in conductive and inhomogeneous media. The curved object isac-
curately treated by curvilinear coordinate transformation. Spatial
derivatives are obtained by the Chebyshev collocation method to
achieveahigh-order accuracy. Numerical resultsshow an excellent
agreement with solutionsobtained by the FDTD method under fine
sampling.

Index Terms—FDTD, inhomogeneous obj ects, PSTD, well-posed
PML.

|. INTRODUCTION

HE past decades have seen a rapid growth of the fi-

nite-difference time-domain (FDTD) agorithm and its
applications to electromagnetic problems. Meanwhile, sig-
nificant research efforts have been devoted to improving the
efficiency and accuracy of the FDTD method. Among such
efforts, the pseudospectral methods [1]-{6] have been demon-
strated marked advantages in accuracy and efficiency over
the FDTD method, and have been applied to inhomogeneous,
dispersive, and anisotropic media.

Previously, the Fourier PSTD method, which uses FFT to cal-
culate the spatial derivatives, has been developed by Liu [1],
[2]. It demonstrates a remarkable improvement in efficiency
and accuracy over the FDTD method, and it requires only two
sampling cells per minimum wavelength. However, as pointed
out in[1], [2], this agorithm suffers from the Gibbs phenom-
enon when applied to perfect conductors, and will incur a stair-
casing error when applied to curved objects. In order to over-
come these limitations, a multidomain Chebyshev pseudospec-
tral time-domain method has been proposed [3], [4]. It employs
the Chebyshev polynomias in computing the spatial deriva-
tives. The Chebyshev PSTD algorithm has shown the capacity
of solving problems in complex geometries with a great flexi-
bility, though it dightly increases computational burden because
about w points per minimum wavelength are needed to accu-
rately resolve a wave.

In this paper, we focus on developing the 3-D multidomain
Chebyshev PSTD method for inhomogeneous and lossy media
aswell asfor perfect conductors. A 3-D well-posed PML isin-
troduced for the truncation of the computational domain, and
the physical conditions are used as subdomain patching condi-
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Fig. 1. Coordinates transformation for each curved hexahedral subdomain.

tions on the interface of subdomains. This work is an extention
of the earlier research on the PSTD algorithm [3]{6].

II. THEORY

Consider an isotropic, conductive, inhomogeneous medium
with permittivity e, permesbility p, and conductivity o.
Maxwell’ s equations for such alossy medium are

VXE=—p— D

E
VxH:e%—t—i-aE—i-J. 2

In order to treat curved objects, the computational domainis
first decomposed into a series of hexahedral subdomains natu-
rally conformal with the problem geometry. Then, a curvilinear
coordinate transformation is performed to map a curved hexa-
hedral subdomainin (z, ¥, =) coordinates into a unit cubein (¢,
7, ¢ ) coordinates, as shown in Fig. 1.

With the transform relation

£=£(az,y,z), CIC(x,y,Z) (3)

Maxwell’s equations (1) and (2) in a source free region can be
written in the matrix form as follows:
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and B and C have asimilar form as A.
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After transformation onto the (¢, », ¢ ) coordinates, the sam-
pling points within each unit cube are located at the Cheby-
shev-Gauss-L obatto collocation points

§i:—cos<177r>, i=0,1,...1

)

A field component (£, 7, () defined in the unit cube is inter-
polated by the Chebyshev-Lagrange interpolation polynomials
9i(&), g;(n), and gi(¢) as

I J L
=SS F (6 ) 9O (<) (®)

=0 j=0 [=0
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where, for example, the interpolation polynomia g;(¢) is

(1-¢) T (=1
cil? (£ - &)
andcyg = ¢cf = 2andeg = 1forl <4 < I-1,and
the Ith order Chebyshev polynomial is defined as 7;(¢) =
cos(I cos™1 £). Thepartia derivativesof f(&,7, ) with respect

to &, n and ¢ are approximated as

gi(§) =
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where the differential matrix element is defined as [4], [5]

D =gi(ai), a=&n ¢ i k=01, .1,
(13
To absorb the outgoing waves for the finite computational do-
main, we use a 3-D well-posed PML for lossy mediaderived by
FanandLiu[7]. Incidentally, thiswork can beviewed asthefirst
implementation and validation for their 3-D PML formulations.
For the multidomain scheme, a special step called subdomain
patching is always necessary to exchange information between
the individual subdomains to match the boundary conditions at
their interfaces. This procedure is performed at each stage of
time integration after the field components are updated. In this
work, we use the physical conditions to achieve thisaim. Firgt,
the tangential components of electric and magnetic fields are
extracted as follows:

Htl =H- tla
Ey =E- tq,

HtQIH't2’ H,,,:H-n

Et22E~t2, En:En (14)

185

/\ " Fetp

" 0.5 f \
[ I I IR
£ \
IR
ol ||V

o 5 10 15 20

Time (ns)

Fig. 2. Radiation of an electric dipole source outside a PEC cube.

wherety, tz and n arelocal unit tangential and normal vectors.
Then, the tangential components are forced to be continuous
between two adjacent subdomains

(Htl( ) 4 Ht1(2))

Htl(l)aHtl(Q) —

Hyp® + Ht2( )
Ht2(1)7Ht2(2) — )

Et1(1)7 Et1(2) —

(
(Eﬂ (1) + En (2))
(

Eﬂ(l) 1 E <2>)

EtQ(l), Et2(2) — (15)
wherethe superscripts signify thetwo adj acent subdomains, and
the normal components are left unchanged. On the other hand,
for a surface adjacent to the perfect conductor, the tangential
componentsof electricfieldsand the normal component of mag-
netic fields are forced to be zero, and the tangential components
of magnetic fields remain continuous.

IIl. NUMERICAL RESULTS

In following 3-D PSTD results (except the first example),
we use a grid of 8 x 8 x 8 points for each hexahedron, and a
2-stage 2nd order Runge-K uttamethod for timeintegration. The
Blackman-Harris window function is chosen as the time func-
tion of the plane wave source and the dipole source for al ex-
amples.

Resonant Frequency of a PEC Cavity: A cubic PEC cavity
with a side length of 1.8 m is excited by an electrica dipole
source located at the center of the cavity; the central frequency
of the time function is 200 MHz. After the time-domain wave-
form for the wide-band signal is obtained by PSTD, we use
Fourier transform to obtain its spectrum. From the spectrum,
an obvious peak at 118.0 MHz is observed, which corresponds
to the resonant frequency and well agrees with the theoretical
value 117.9 MHz (error < 0.09%). The sampling density of
the PSTD method is 5.65 points per wavelength (PPW) with
4x4x4céls

A PEC Cube: We now consider the fields due to an electric
dipole source, J = 26(z — 0.6)6(x)6(y) outside a PEC cube
with side length of 0.6 m. The central frequency of the source
is 200 MHz. The cube is centered at (0, 0, —0.6) m, and the
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Fig. 3. Scattering of a plane wave from a dielectric cube of €, = 9.
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Fig. 4. Dielectric circular cylinder (¢« = 2.0 m) and its meshed transverse
section.

observation point is located at (0.6, 0, 0.3) m. The simulation
results of PSTD (8 PPW) and FDTD (20 PPW) are compared in
Fig. 2 and very good agreement is observed.

A Dielectric Cube: The third example considers the fields
due to a plane wave with a central frequency of 100 MHz in-
cident along += direction with the electric field polarized in =
direction. The incident wave is scattered by a dielectric cube
with ¢, = 9 and the side length & = 0.6 m. The observation
point islocated at (0, 0, —0.6) m. Fig. 3 presents the numerical
results of PSTD (5.3 PPW) and FDTD (13.3 PPW), showing an
excellent agreement.

A Circular Cylinder: The PSTD method is ideal for mod-
eling curved objects such as the circular cylinder structure
shown in Fig. 4. In this casg, it has a size ¢ = 2 m with
e, = 2.56; the mesh in the transverse section is shown
to illustrate the conformal grid. An electric dipole source
J = 26(2)6(x)6(y) islocated at the center of cylinder with a

——PSTD

- - FDTD
N 0.5¢f )
5]
NN
VIV
o
2 |
0.5 \/
~10 2‘0 4I0 6l0 8‘0 160 120

Time (ns)

Fig.5. Radiation of an electric dipole sourcein the dielectric circular cylinder
inFig. 4.

central frequency of 60 MHz. The location of observation point
is(1, —1, 2) m. Ascan be seenin Fig. 5, the simulation results
of PSTD (3.18 PPW) agree very well with the results of FDTD
(12.5 PPW).

IV. CONCLUSIONS

A 3-D multidomain pseudospectral time-domain agorithm
has been devel oped for inhomogeneous objects and perfect con-
ductors. A 3-D well-posed PML has been implemented and val-
idated in this work, and the physical boundary conditions have
been devel oped as the subdomain patching strategy for the mul-
tidomain algorithm. Numerical results show avery good agree-
ment between the 3-D multidomain PSTD and FDTD results,
even when the sampling density of the PSTD iscloseto « points
per wavelength.
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