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Abstract

This paper presents a Nonorthogonal Finite-Difference
Time-Domain (NFDTD) modelling of Photonic
Bandgap (PBG) structures. The NFDTD method
discretise the curved structures in a conformal way. As a
result, when the curved elements or oblique surfaces are
involved in the EBG structure, the NFDTD scheme
requires much fewer cells compared with the
conventional Yee's scheme. Consequently the
requirement of the computer memory and the
computation time can be reduced.

1 Introduction

Electromagnetic bandgap (EBGs) structures are studied
using a variety of methods including the plane wave
expansion method [1], generalized Rayleigh identity
method [2], transfer matrix method [3], etc. Among
them, the Finite-Difference Time-Domain (FDTD)
method is a widely used method for EBG structure
modelling because of its simplicity in algorithm and
capability to model complex structures with wide
frequency band solutions. In previous FDTD
approaches, an overwhelming majority is based on the
Yee's scheme [4-6], using uniform orthogonal meshes.
There is also an alternative FDTD approach developed
in the nonorthogonal coordinate system [8], in which
the dispersion diagram is obtained using a uniform
rhombic grid in order to model a rhombic unit cell. In
that approach, the formulas are derived from the
conventional Yee's scheme with adjustments for the
fixed skewed angle in the grid. However, when the
curved unit cell element is considered, staircasing
approximation is employed, either with an orthogonal
grid [4-7] or with a rhombic grid [8]. It is anticipated
that the staircasing approximation will cause numerical
errors when the wavelength of interest is small with

regard to the cell size. Consequently, a dense grid with
high spatial resolution is required and hence leads to
extensive computation with large computer memory
requirement.

On the other hand, the nonorthogonal FDTD (NFDTD)
scheme originated by Holland in 1983 [9] uses
structured meshes when modelling curved structures.
Compared to the staircase FDTD scheme, fewer meshes
are needed to represent the curved or oblique boundary
of electromagnetic structures. However, it has been
reported that the NFDTD scheme suffers the late time
instability which is inherent in the algorithm [10].

In this paper, two infinite two-dimensional structures
namely metallic cylinder rods loaded periodically in
free space and air holes periodically embedded in
dielectric background are modelled as examples to
demonstrate the modelling of the EBG structure using
the NFDTD scheme. Dispersion diagrams of these EBG
structures are plotted. The numerical accuracy and the
requirements on the spatial resolution are compared
with the conventional Yee's scheme.

2 NFDTD Modelling of the EBG Structure
2.1 NFDTD Algorithm

Maxwell's curl equations
nondispersive, lossy materials:

in linear, isotropic,
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To deal with the electric and magnetic field quantities
on a nonorthogonal grid, two different local coordinate

158



polarization respectively using different spatial
systems are used: the normal basis vectors { a }(i-1, 2, resolution.

3), and the reciprocal basis vectors { a }(i-1, 2, 3).

The reciprocal basis related to the unitary basis as:
-l a9xa3 -2 a3 xal 3 al xa2

where
Fg = a, -2 x a3

is the volume enclosed by the unit cell.
Then, an arbitrary vector can be expressed by:

3 3

Le= eii = eiai

And the relationship holds:
ai *a' = 8i,

In the metallic rods modelling, the material of rods is
chosen as copper with relative permittivity c, = 1 and
conductivity c = 5.8x 107 S/m. The ratio of the radius (r)
to the lattice constant (a) is r/a - 0.2.

(2)
In the modelling of the air hole embedded in dielectric
background, the dielectric material is with relative

(3) permittivity &. = 8.9. The ratio of the radius (r) to the
lattice constant (a) is r/a = 0.2.

2.3 Conformal Mesh

(4)

where 6 is Kronecker delta:
(l(i= j)

gi,J =d
tO(i j) (5)

The operation of curl in the nonorthogonal coordinates
can be written as [19]:

VxA=-E [( , i Wk - ("k jia]
J i=l

The unit cell can be meshed with different spatial
resolution using a NFDTD algorithm. Figure 1 shows
examples of 18x18 (for square lattice) and 18x15 (for
rhombic/ triangular lattice) NFDTD grid. As is the case
of the conventional Yee's FDTD scheme, a denser mesh
can often provide a more accurate result.

(6)
If a contravariant base vector a (m=1, 2, 3) is used to
perform a scalar dot product of equation (6), equation (6)
becomes:

VxA. am = jz[( - Ai xik 'am -() k( Ai i am)]
(i, j, k in ascending order) (7)

Taking m=1 for example:

V xA. =- 1 [(aj Ai k a -(ak Ai
vg i=l

3
A A

=-Z[(33A2)- (2 A3)]

1 aA3 aA2
gL au2 aU3 (7a)

Equation (7) is the basis of Holland's (conventional)
differential equations.

2.2 Model Parameter

Two types lattices, namely a square lattice and
triangular one are simulated in terms of TE and TM

(a)
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(b)

Fig. 1 Mesh schemes for the unit cells of the PBG
structures in NFDTD grid. (a) 18x18 for square
lattice; (b) 18x 15 fortriangular lattice;

2.4 Boundary Condition

Since the the EBG structure is periodic, the fields
should satisfy the Bloch theory, i.e., the fields can be
written in the following Bloch form:

E(= ik7r () H(7) ek r1h(-) (8)

where e() and h(r are periodic functions in space
which means for the lattice vector of L,

e( +L=er; hr+ L) (); (9)
Therefore, the Bloch's periodic boundary condition
(PBC) at each end of the computation domain are
written as:
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(+ )= e'k(',+) ±+i)
ik L ik 7- ()

± =K) . +W= ik -L . E(r)
H( + L)= e'i (r+f) h(r + L)

ik L i
e . -X=ee.hkr)

ikL . H(r
(10)
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0.12.5 Result Processing

The structures are fed with a modulated Gaussian pulse
at a random point with different normalized central
frequencies in different numerical experiments. The EM
fields at random points are monitored and the temporal
results are processed by using the Fourier
Transformation.. On the frequency spectra of each k
vector, the resonant frequencies are recorded and plotted
against the k vector. In this way, the dispersion
diagrams of the modelled PBG structures are plotted
and shown in Fig. 2 and Fig. 3.

3 Simulation Results

The dispersion diagrams of the proposed EBG
structures are obtained from the NFDTD scheme using
low spatial resolution (18 x 18 for square lattice and
18x15 for triangular lattice). The NFDTD results agree
well with the conventional Yee's results (shown in
Fig.3(b)) and the analytical results by coordinate-space
finite-difference method [ 1 1].

3.1 A Periodic Air Hole in Dielectric Background

Figure 2 plots the dispersion diagrams of the cylindrical
air holes periodically embedded in dielectric
background in square lattice as an example. Here, r/a =
0.2.
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Fig.2 Plots of the several lowest normalized eigenmodes

versus the wave vector k for the Air Hole structure in
square lattice. rla - 0.2. (a) TM mode; (b) TE mode.

3.2 Metallic Rods in Free Space - Triangular Lattice

Figure 3 shows the dispersion diagrams of the copper
rods in triangular lattice in free space as an example.
Here, r/a 0.2.

In figure 3 (b), the dispersion diagram from NFDTD
with grid size 18 x 15 is compared with the conventional
Yee's FDTD results with a much higher spatial
resolution (grid size 80x69). As can be seen, the two
results agree well. More numerical experiments show
that a minimum of 30x26 grids is required in the
simulation using the Yee's FDTD scheme.
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The comparison with the conventional Yee's FDTD
approach shows that NFDTD method is able to model
curved EBG structure using much coarser meshes
without much reduction on the accuracy of the results.
In this sense, the requirement on the computer memory
and the computation time can be reduced by using the
NFDTD method when curved elements are involved in
the modelling.
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Fig.3 Plots of the several lowest normalized eigenmodes

versus the wave vector k for the copper rods EBG
structure in triangular lattice. r/a = 0.2. (a) TM mode; (b)
TE mode - NFDTD result with grid 1 8x 15 in comparison
with the Yee's FDTD results with grid 80x69.

4 Conclusions

The modelling of EBG structures using the
Nonorthogonal FDTD method has been presented in
this paper. Two examples namely the metallic rods
periodically loaded in free space and the air holes
embedded in dielectric background have been simulated
in terms of rhombic/triangular lattice and square lattice
separately. The dispersion diagrams of the
aforementioned structures are presented in terms of TE
and TM polarization respectively.
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