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Time-Division Parallel FDTD Algorithm
Shinichiro Ohnuki , Member, IEEE, Ryohei Ohnishi, Di Wu , and Takashi Yamaguchi

Abstract— We propose a novel and efficient algorithm to
parallelize the finite-difference time-domain method, where the
observation period is divided into an arbitrary number of
subsections, whose computation is distributed to corresponding
computer nodes. The proposed algorithm roughly reduces the
computational time to an nth fraction of the conventional
algorithm, where n is the number of nodes for parallel computing,
thus verifying its efficiency improvement.

Index Terms— Fast inverse Laplace transform, finite-
difference complex-frequency-domain method, finite-difference
time-domain method, time-division parallel algorithm.

I. INTRODUCTION

WE PROPOSE a novel concept of parallelized finite-
difference time-domain (FDTD) method. The resulting

algorithm performs a time-division computation that roughly
reduces the computational time to one n-th of the conventional
algorithm, where n is the number of nodes for parallel com-
putation. Specifically, the observation period can be divided
into n subsections corresponding to the number of nodes
available for computation. Then, the time-domain response
can be computed for the whole observation period without
requiring data exchange among nodes.

We realize this parallel algorithm using the recently devel-
oped hybrid technique that includes the finite-difference
complex-frequency-domain (FDCFD) method [1] and the fast
inverse Laplace transform (FILT) [2], [3], which allows to
determine the initial response for each subsection. Then,
the conventional FDTD method [4], [5] is applied to the
initial responses to simultaneously update the electromagnetic
response on all the nodes. We verify the high efficiency and
accuracy of the proposed algorithm by analyzing the time-
domain responses of a silver cylinder.

II. PARALLEL FDTD ALGORITHM

Fig. 1 illustrates an example of time-division for the pro-
posed parallel FDTD algorithm, where the observation period
of T = 20 fs is divided into four subsections. The calcula-
tions corresponding to the subsections are distributed to four
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Fig. 1. Example of time-division for parallel FDTD algorithm.

Fig. 2. Flowchart of time-division parallel FDTD algorithm.
(EM: electromagnetic).

computer nodes, namely, node 1 for T1 = 0–5 fs, node 2 for
T2 = 5–10 fs, node 3 for T3 = 10–15 fs, and node 4 for
T4 = 15–20 fs. Each node retrieves the partial time-domain
response for the allocated subsection, and hence the proposed
algorithm does not require data exchange among the nodes
during the parallel computation.

Fig. 2 shows the flowchart of the proposed algorithm that
consists of five steps:

1) Establish a computational model using the conven-
tional FDTD method, where model data are shared among
nodes.

1041-1135 © 2018 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but
republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

https://orcid.org/0000-0002-0025-409X
https://orcid.org/0000-0002-5213-1657


2144 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 30, NO. 24, DECEMBER 15, 2018

Fig. 3. Flowchart of the initial response calculation of a subsection by
FDCFD–FILT at observation time t.

2) Divide the observation period, T = t0–tn , into n
subsections: T1 = t0–t1, T2 = t1–t2, . . . , Tn = t(n−1) − tn .

3) Compute the initial response of electromagnetic field at
t0, t1, . . . , tn−1 on the corresponding n nodes. This step allows
to realize the parallel algorithm as detailed below.

4) Using the initial values obtained in step 3, the con-
ventional FDTD method is simultaneously applied on all the
nodes to update the electromagnetic field estimates in the
subsections. This process is completely parallel as no data
exchange occurs among nodes.

5) The complete response for the observation period
is obtained by merging the partial responses of all the
subsections.

Besides step 3, the proposed parallel algorithm is simple as
it only applies the conventional FDTD method. The process
to obtain the initial responses at instants t0, t1, . . . , and tn−1
in step 3 is based on the hybrid FDCFD–FILT technique [1],
depicted in Fig. 3 and detailed as follows:

i) We use an FDCFD formula that derives from the
finite-difference frequency-domain method [6]–[8]. The time
dependence of the Maxwell’s equations is assumed to be est ,
where the complex frequency is represented by s = σ + jω.
The following finite-difference form can be obtained by
replacing the partial derivative with respect to time by the
two-dimensional TE case:

Hz (i + 0.5, j + 0.5) − Hz (i + 0.5, j − 0.5)

�y
− sε0εr Ex (i + 0.5, j) = Jx (i + 0.5, j) , (1)

Hz (i − 0.5, j + 0.5) − Hz (i + 0.5, j + 0.5)

�x
− sε0εr Ey (i, j + 0.5) = Jy (i, j + 0.5) , (2)

Ex (i + 0.5, j) − Ex (i + 0.5, j + 1)

�y
+ sμ0μr Hzy (i + 0.5, j + 0.5) = 0, (3)

Ey (i + 1, j + 0.5) − Ey (i, j + 0.5)

�x
+ sμ0μr Hzx (i + 0.5, j + 0.5) = 0, (4)

Fig. 4. Modulated Gaussian pulse incidence obtained from conventional
FDTD method.

where i and j are the coordinates of the lattice points in the
x and y directions, respectively, �x and �y determine the
size of a unit cell, and Hzx and Hzy are the components of Hz

propagating along the x and y directions, respectively. Then,
the simultaneous equations for computing the electromagnetic
field can be obtained by applying the abovementioned equa-
tions over the entire computational space, where the unknown
electromagnetic field components in the complex-frequency
domain can be evaluated using either a direct or an iterative
solver [9].

ii) After determining the electromagnetic fields in the
complex-frequency domain, the time-domain response at
ti (i = 0, 1, …, n − 1) can be obtained using the FILT.
Response f can be computed to evaluate the following finite
series [2], [3]:

f (ti ) = eα

t

⎛
⎝

k�
m=1

Fm + 1

A p0

p�
q=1

A pq Fk+q

⎞
⎠ , (5)

where

Fm = (−1)m Im [F (s)] , s = α + j (m − 0.5) π

ti
, (6)

A pp = 1, A p0 = 2p, A pq = A pq−1 − (p + 1)!
q! (p + 1 − q)! , (7)

F(s) is the image function, α is the approximation parameter
determining the accuracy, k is the truncation number, and p
is another truncation number for executing the Euler transfor-
mation [1]. This process can be completely parallelized over
n nodes.

iii) The conventional FDTD method is applied on the
obtained the initial response f (ti ), and the electromagnetic
response can be updated as detailed in Fig. 2.

III. COMPUTATIONAL RESULTS

We verified the performance and accuracy of the proposed
parallel FDTD algorithm using modulated Gaussian pulse
incidence on a two-dimensional silver cylinder with diameter
d = 1 nm and the time-domain response obtained by the
conventional FDTD method [4], [5] shown in Fig. 4. The
electric field is evaluated at 0.1 nm along the lateral direction
away from the surface of cylinder. The center wavelength of
the Gaussian pulse was set to 350 nm for exciting the surface
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Fig. 5. Modulated Gaussian pulse incidence obtained from proposed time-
division parallel FDTD algorithm.

Fig. 6. Result of continuous plane wave incidence using time-division parallel
FDTD algorithm.

plasmon at bandwidth of 84 nm. To model the cylinder using
a square cell of size �x = �y = 0.01 nm, we evaluated the
electromagnetic field over observation period T = 0–20 fs
with timestep �t = 2 × 10−5 fs to satisfy the CFL condition.
The frequency dispersion of the permittivity in the complex-
frequency domain was assumed to follow the Lorentz–Drude
model:

εr (s) = 1 + f0ω
2
p

s2 + s�0
+

N�
j=1

f j ω
2
p

s2 + s� j + ω2
j

, (8)

where ωp is the plasma frequency and N is the number
of oscillators at frequency ω j , strength f j , and damping
coefficient � j . These parameters were selected as in [10].

We applied the proposed parallel FDTD algorithm using
time division to compare it with the conventional algorithm.
The observation period was divided into 10 subsections and the
computational tasks were equally distributed to 10 nodes with
the same characteristics. Hence, each subsection contained 2 fs
of data points. The time-domain response obtained using the
proposed algorithm is shown in Fig. 5 and suitably agrees with
that obtained using the conventional FDTD method.

We conducted a similar simulation for continuous wave
incidence with wavelength of 350 nm. The transient response
show in Fig. 6 was obtained using the proposed time-division
parallel algorithm and is in excellent agreement with that
using the conventional FDTD method. Note that the field
intensity is gradually enhanced due to plasmonic resonance.
In addition, we investigated the computational accuracy for the
initial response at t5 = 10 fs. Fig. 7 shows the convergence

Fig. 7. Accuracy of FDCFD–FILT technique according to truncation
number k at t = 10 fs considering approximation parameter α = 5 and
truncation number for Euler transformation p = 3.

TABLE I

COMPARISON OF INITIAL RESPONSES USING CONVENTIONAL

FDTD AND FDCFD–FILT TECHNIQUE

Fig. 8. Distribution of electric field component Ey at t = 18 fs obtained
from time-division parallel FDTD algorithm.

according to truncation number k of the FDCFD–FILT tech-
nique to obtain the initial response with approximation para-
meter α = 5 and truncation number for Euler transformation
p = 3. The value converges to the original FDTD result up to
four decimals of precision when k ≥ 30. The initial responses
for all the subsections are listed in Table I, which confirms
the agreement between the conventional FDTD result and the
FDCFD–FILT technique up to four decimals. Fig. 8 shows
the distribution of electric field Ey at t = 18 fs obtained
from the time-division FDTD algorithm. The surface plasmon
is excited by incidence, and the field intensity enhanced. The
normalized relative error between the time-division algorithm
and conventional FDTD method is shown in Fig. 9, exhibiting
an error below 0.01% throughout the computational space.

Finally, we evaluated the computational time of the pro-
posed algorithm. The computational time for the conventional
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Fig. 9. Normalized relative error between time-division parallel algorithm
and conventional FDTD.

TABLE II

COMPUTATIONAL TIME OF PARALLEL FDTD ALGORITHM
AT DIFFERENT PERIODS

Fig. 10. Speed-up of parallel FDTD algorithm according to the number of
nodes.

single-node FDTD calculation is approximately 6000 s.
As shown in Table II, the proposed parallel algorithm retrieves
computational times of approximately 600 s for the FDTD
method and 100 s for determining the initial responses using
the FDCFD–FILT technique per node.

Fig. 10 depicts the speed-up of the time-division parallel
FDTD algorithm when varying the number of nodes [11].
When the computation nodes increase from 1 to 100, the
speed-up increases. For the observation time of 600 fs,
it follows the ideal case and reaches over 94 for 100 nodes.
It tends to be saturated around 25 nodes for the observation
time of 20 fs, since the computational cost of obtaining the

initial response becomes more expensive than that for FDTD
computation. In our proposed algorithm, the time for FDTD
computation is always reduced to an n-th fraction, where n is
the number of nodes. On the other hand, the time to obtain the
initial response remains almost constant. Extrapolating to an
infinite number of nodes, the CPU time to compute the FDTD
would be zero for a constant initial response time. In our future
work, the optimized selection of the number of nodes and
observation period will be investigated.

IV. CONCLUSION

We propose a simple and efficient algorithm for time-
division parallel FDTD algorithm. The proposed algorithm
allows to divide the observation period into an arbitrary
number of subsections, whose calculations are distributed to
corresponding computer nodes. Moreover, the algorithm is
completely parallel, because no data exchange among nodes
occurs during computation. The proposed algorithm can be
highly efficient to study a wide variety of time-domain electro-
magnetic, optic, and plasmonic problems, as it notably reduces
the computational time.
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