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1 Introduction

Great interest has been given to the photonic crystals [1-3]. By using the strong confinement
of the light by the photonic band gap, it is expected that waveguide devices whose size is on the
order of the wavelength of light can be realized [2,3].

We analyze the characteristics of several kinds of optical waveguides constructed by two-
dimensional photonic crystal of circular dielectric rods in air on a square array numerically.
To do so, we need a highly accurate numerical solution since we have to consider change of
polarization, reflected waves and radiated waves in time domain and that in the complicated
structures and media [3]. One of the effective numerical analysis method is the finite-difference
time-domain (FD-TD) method based on the principles of multidimensional wave digital filters
(MD-WDFs) [4,5]; this method can easily be implemented and is more accurate than the con-
ventional one, the Yee algorithm [6]. In order to design high density integrated optical waveguide
devices it is important to establish fundamental properties of photonic crystal waveguides such
as dispersion relation. We have confirmed the eigen mode propagation in the photonic crystal
optical waveguide and check the dispersion relation of this waveguide [7].

In this paper, we analyze the transmission characteristics of two-dimensional L-shaped bend
waveguide with additional dielectric rods in the corner region. These rods act as potential
barriers used for resonant tunneling in a quantum wire [8]. We show that reflected waves
from the right-angle corner can be completely eliminated by adding additional rods due to
resonant tunneling. Next we design the directional coupler with right-angle bend waveguide and
demonstrate that it can work as low-insertion-loss wavelength demultiplexer whose size is on
the order of the wavelength of light.

2 Formulation of problems and numerical results

We consider a optical waveguide constructed by two-dimensional photonic crystal of circular
dielectric rods on a square array with lattice constant a as shown in Fig.1. The relative permit-
tivity of the rods and background are ¢, = 11.56 and g, = 1.0, respectively and the radii of rods
are 17,/a = 0.175. The photonic crystal has photonic band gap for only the E polarized field
(Ey, Hy, H.) which extends from frequency wa/2mc = 0.320 to wa/2mc = 0.462 where c is the
speed of light in a vacuum. The incident pulse is taken as

N2
Y(x, 2z =0,t) = Po(x) exp (%) sin {w.(t — to)}, (1)
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where 1) (z) denotes a transverse profile which is a half-waveform of cosine, T" is pulse duration,
to is center point of the incident pulse, and w. is center angular frequency. In this paper we
analyze single mode waveguide whose waveguide width is W/a = 1.65. Considering cut-off
frequency of fundamental mode in this waveguide [7] and photonic band gap, we choose the
incident parameters as w.a/2mc = 0.40 and ¢T'/a = 11.0.

First we analyze the right-angle bend waveguide with additional dielectric rods in the corner
region as shown in Fig.1. In the corner region two additional dielectric rods whose radii and
relative permittivity are r o and €49, respectively are placed. Fig.2 shows transmission charac-
teristics of optical power when radii and relative permittivity of additional rods are changed. By
adding additional rods we can completely eliminate reflected waves from the right-angle corner
at the resonant frequency. From Fig.2(a) with an increase in radii 7,2 the resonant frequency
shifts to lower and its quality factor increases. We can see from Fig.2(b) that increasing rel-
ative permittivity €,0 made same effect which arise when radii r49 are changed. Fig.3 shows
Poynting vector and electric intensity of L-shaped bend waveguide. The radii and relative per-
mittivity are rqo/a = 0.175 and £, = 11.56, respectively and the frequency of incident waves
is wa/2mwc = 0.388. We can see that optical power flow efficiency through right-angle bend and
electric field concentrate at corner region due to resonant tunneling.

Next we design the directional coupler with L-shaped bend constructed by single mode
waveguide whose width is W/a = 1.65 as shown in Fig.4. In the corner region additional rods
are placed at position denoted black circles in this figure. The radii and relative permittivity
of additional rods are 742/a = 0.175 and e4,9 = 2.25, respectively and the length of coupling
region is L/a = 19.0. Fig.5b shows propagation characteristics of the directional coupler. We
can see from this figure that there is little influence of right-angle bend by adding additional
rods and realize high extinction ratio which is almost 19dB at the frequency wa/2mc¢ = 0.413
when optical power is transmitted at port II. Fig.6 shows electric intensity of the directional
coupler for frequency wa/2mc = 0.383 and wa/27wc = 0.413. We can see that low-insertion-loss
and high-extinction radio coupler can be realized in both incident frequencies.

3 Conclusion

We have analyzed the characteristics of two-dimensional photonic crystal optical waveguides
using the FD-TD method based on the principles of MD-WDFs. First we have analyzed the
transmission characteristics of a L-shaped bend waveguide with additional dielectric rods in the
corner region and shown that reflected waves from the right-angle corner can be completely
eliminated due to resonant tunneling. Next we have designed the directional coupler with right-
angle bend waveguide and demonstrate that it can work as low-insertion-loss and high-extinction
radio wavelength demultiplexer. From these results we can conclude that the photonic crystal
optical waveguide is a candidate of basic elements for constructing high density integrated optical
circuits whose size is on the order of the wavelength of light.
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Fig. 1 Photonic crystal optical L-shaped (b)
bend waveguide with additional rods in the
corner region. Fig. 2 Optical power transmission characteristics

of L-shaped bend waveguide. (a) Radii r,o are
changed. (gq2 = 11.56) (b) Relative permittivity
€q2 are changed.(rq2/a = 0.175)
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Fig. 3 Poynting vector and electric intensity of L-shaped bend waveguide. The frequency of
incident waves is wa/2mc = 0.388, and the radii and relative permittivity of additional rods are
re2/a = 0.175 and e,9 = 11.56, respectively. (a) Poynting vector. (b) Electric intensity.
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Directional coupler with bend wave 000 e e
Black circles denote additional rods Normalized frequency wa/2rc

whose radii and relative permittivity are

ra2/a = 0.175 and e,0 = 2.25, respectively.
Length of coupling region is L/a = 19.0.

Fig. 5 Propagation characteristics of the di-
rectional coupler.

(b)

Electric intensity of the directional coupler. (a) wa/2mc = 0.383. (b) wa/2wc = 0.413.



