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High-Performance Absorbing Boundary Conditions
for Photonic Crystal Waveguide Simulations

Masanori KoshibaSenior Member, IEEEYasuhide TsujiMember, IEEEand Satoru Sasaki

Abstract—A high-performance absorbing boundary condition
is newly developed for the reduction of spurious reflections in pho-
tonic crystal (PC) waveguide simulations. The PC waveguide is ter-
minated with a perfectly matched layer (PML) in which the orig- y
inal PC structure remains as is. This PC-based PML works well,
compared to a conventional PML, which acts as a homogeneous
absorbing medium, simulating a semi-infinite free space and to a
distributed-Bragg-reflector waveguide, which was recently devel-
oped to reduce reflections from PC waveguide ends, improving a
wavenumber matching condition for PC waveguide modes.
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Index Terms—Absorbing boundary condition, perfectly
matched layer, photonic crystal, photonic crystal waveguide,
time-domain analysis.
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I. INTRODUCTION

;
]

HOTONIC crystals (PCs) have inspired great interest
beca.use of th.elr potential ability to control the. lightway ig. 1. Photonic crystal (PC) waveguide surrounded by PC-based perfectly
propagation. Mekiset al. [1] have demonstrated high transyaiched layer (PML) regions 1 to 8.

mission through a sharp 9®end in PC waveguides by using

the finite-difference time-domain (FDTD) method. Whe
simulating PC waveguide devices and/or circuits, in order 10
reduce spurious reflections from the computational window
edges, the use of appropriate absorbing boundary conditions is
indispensable. For this purpose, the so-called perfectly matched
layer (PML) condition [2] has been applied to PC waveguidgith
simulations [1]. Although the impedance matching condition

is satisfied at the interface between the PML region and the SyS= /S 0 0

non-PML, real PC region, substantial reflection was observed [A] = 0 $2Sz/ Sy 0 (2
[1], [3]. Recently, Mekiset al. [3] have proposed to terminate 0 0
a PC waveguide with a distributed-Bragg-reflector (DBR)

waveguide improving the wavenumber matching condition fevhereso andu are permittivity and permeability of free space,
PC waveguide modes. However, this condition can be exactlyis the refractive index, and the PML parametets, s,,, and
satisfied at only one frequency, and the reflection level was stll, are given in Table I. Assuming parabolic profiles of artificial
on the order of a few percent. In this paper a high-performanekectric and magnetic conductivities,ands*, the value ofs;
absorbing boundary condition for PC waveguide simulatioms Table | is taken as

will be presented.

Tg], the PML permittivity and permeability tensors are written

[e]lpmr = gon”[A], [lpmL = polA] (1)

SpSy/S.

We consider a two-dimensional PC waveguidg¢dz = 0) . 2
. . i — 1—7 dz ta 61 3
surrounded by PMLs of thickness (i = 1 to 4) as shown in y 3lp/d:)” tan ©)
Fig. 1,inwhich the original PC structure remains as is, hereafter,
referred to as PC-based PML. Using the anisotropic PML [4}ith
tan 61 — g4, maQX — O—i, max (4)
WEQN; Wl
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TABLE | PC waveguide conventional PML
----- o 0 @ 02 0@ 9 @ 0 6
PML PARAMETERS ceos 0000 00
. Sl cescccanse
PML PML region 60600606000
parameter 17 2 3 4 5 6 7 & 1la
Sy $1 $2 1 1 S1 §2 8 82 :::::ZZZ§§22§§§
S, 1 1 s3 84 83 S3 S84 84 et esenna
s, = 1in all the PML regions. ~ _e.... eoo0ee00000 X
(€Y
TABLE 1l PC waveguide DBR waveguide
DEFINITION OF®, p,ANDGg e ce 6000600 OF e )
..... @
..... Sesescsecs
..... ®
e T P e S =
n : a
TM HT ]_/nz 1 """ Q@@G@OOGOG}—»-W")» A
@ Ly L e e e e 00080065 ¢
----- G 8 @ 008 0 0 0 D
----- (=3 T I = I TR <3
] . L R 600600006 0 X
the interface between the PML region and the real PC region e
(52 = sy = 5. = 1). ®)
From Maxwell’'s equations with (1) and (2), we obtain _
PC waveguide PC-based PML
----- OG@O@@@OOC‘B@OODGQOOG@ii
9,5 08N O (s OB\ s g PO SNSRI SIS SH (SIS S S Ede:
Ay " szsy Oy 9z \"sys, Oz sy 2 02 5 e eeeecatlocenccanna
: 11a
. . . . () ----- O@GG@O@G@E:)OG@OOO@@@O
Wherec IS the |Ightve|OCItyIn free Space, al¢dp, qare deﬁned ooooo 60 0006000CO0000O06000068O0
. . - oy tl e o~ e e G@@OOG@OB$®06®@9®®@0
in Table Il with £, and H,, being, respectively, the compo- ... cosoccoscobloccoacooae
nents of the electric and magnetic fields. To solve (5) in time ~  —=-* ccoopooorrpeercescal
domain, we adopt arecently developed time-domain beam prop- A 10.5a-A
agation method based on a finite element scheme [6] which can (©)

treat a slowly varying envelope of a pulsed wave. In the time-dprg. 2. PC straight waveguides terminated with (a) conventional PML, (b)
main analysisy in (4) is regarded as a carrier center anguldtBR waveguide, and (c) PC-based PML.

frequencyw..

In order to quantify reflection properties when a PC-based 0'305 R )
PML is applied to a PC waveguide, we carry out numerical sim- 0.25F conventional PML
ulations of pulse propagation in a PC straight waveguide [3]. 0.20F e L

The waveguide is terminated with a conventional PML, a dis-
tributed-Bragg-reflector (DBR) waveguide [3], and a PC-based
PML as shown, respectively, in Fig. 2(a)—(c), where dielectric
rods with circular cross-section of raditis= 0.2a¢ and refrac-
tive indexn = 3.4 are embedded in air on a square array with
lattice constant. The waveguide, which runs along the middle
of the cell, at the distance 6& from the edges, is designed long
enough that at the cell center there is virtually no overlap be-
tween the original pulse and the pulse reflected from the wave- i
guide end. This PC has a photonic band gap (PBG) for TE modes 107L
which extends fromva/(2wc) = 0.283 10 0.424, but not for TM g
modes. Due to the exponential decay of guided modes within o A=3a /4 | |
PBG, the fle_lds are very small _at the ce_II boundaries parallel to 1 032 034 036 038 040 042
the waveguide and thus, special care is not necessary at these wa/(2nc)
boundaries.

The measured reflection coefficient is shown as a functigny. 3. Reflection amplitudes for conventional PML, DBR waveguide, and
of normalized angular frequency in Fig. 3, where the inputtétf-based PML terminations.
TE Gaussian pulse has a carrier center angular frequency
wea/(27c) = 0.368, and the reflection amplitudes from the PQhere is a large improvement over the reflection from the con-
waveguide end terminated with a conventional PML, a DBRentional PML termination, but it is still on the order of a few
waveguide, and a PC-based PML are, respectively, calculapetcent. Also, the reflection level depends on the distanbe-
from FDTD [3] (also checked by using FETD-BPM), FDTDtween the beginning of DBR waveguide and the line defined by
[3], and FETD-BPM. the centers of the last row of rods within the real PC region, and

When using a conventional PML, substantial reflection is olbhe lowest reflection is obtained fax = «/2. When using a
served on the order of 20 to 30%. When using a DBR waveguid®C-based PML proposed here, on the other hand, the reflection
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Fig. 5. Electric field patterns for PC-based PML termination.t(ax 0 fs

(incident pulse). (b} = 120 fs. (c)t = 150 fs. (d)t = 180 fs. (e}t = 210 fs.

(f) t = 240 fs.

(b)
(e)
®
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Fig. 4. Electric field patterns for conventional PML termination.#&y O fs

(incident pulse). (b} = 120 fs. (c)t = 150 fs. (d)t = 180 fs. (e}t = 210 fs.

(f) t = 240 fs.

the PBG waveguide terminations.

amplitude is drastically reduced and is less th@ dB across a tional window edges, compared to the conventional PML and

wide range of frequencies, irrespective of valueaoft should
be noted that the reflection is larger at low and high frequencies

near PBG edges.
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