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Analysis of Leakage Losses in One-Dimensional
Photonic Crystal Coupled Resonator Optical
Waveguide Using 3-D Finite Element Method

Yuki Kawaguchi, Student Member, IEEE, Kunimasa Saitoh, Member, IEEE, and Masanori Koshiba, Fellow, IEEE

Abstract—We have evaluated leakage losses of one-dimensional
photonic crystal coupled resonator optical waveguides (1-D
PC-CROW) by using three-dimensional finite element method
(3-D FEM). We propose structure of 1-D PC-CROW with shifted
position of air-hole, changed size of air-hole, and changed air-hole
depth. We have also proposed air-bridge 1-D PC-CROW and
evaluated group velocity and leakage losses of these CROWs. Our
numerical results show that 1-D PC-CROW has large leakage
losses, especially for vertical direction, and the proposed structure
can reduce leakage losses. Leakage loss of 1-D PC-CROW with
changed air-hole depth is two order of magnitude lower compared
with normal structure.

Index Terms—Coupled resonator optical waveguides, finite ele-
ment method, leakage loss, photonic crystals.

I. INTRODUCTION

C OUPLED RESONATOR OPTICAL WAVEGUIDES
(CROWs) are highly attractive for integrated delay lines

[1]–[3] and nonlinear effects enhancement [4]. Especially,
optical delay lines have emerged as key components for future
optical networks and information processing systems. There
is a wide range of applications of optical delay lines, such
as optical buffers [5], optical regenerators [6], wavelength
converters [7], and optical delay-line filters [8]. CROWs are
attractive for these applications because of their specific small
group velocity and zero group velocity dispersion (GVD) at the
transmission miniband [9]–[19]. CROW can be classified in
several categories in terms of the resonance structures such as,
CROW relying on ring resonators [18], Fabry–Perot cavities,
and photonic crystal (PC) microcavities [12], [13], [15], [16],
[20]. Among configurations relying on one- to three-dimen-
sional PC cavities, one-dimensional (1-D) PC-CROWs based
on photonic wires are the most attractive in terms of simplicity,
while keeping the advantages of PCs such as compactness
and integrability [21], [22]. Such 1-D PC-CROWs are also
useful with respect to experimental applications because 1-D
PC-CROW is composed by cascading 1-D PC microcavities and
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there are a lot of reports of 1-D PC microcavities [23], [24]. One
of the drawbacks of 1-D PC-CROW is its intrinsic propagation
losses due to diffraction. This strongly limits their usefulness in
various applications [25]. However, recently we have shown a
loss reduction mechanism for the 1-D PC-CROW and low-loss
1-D PC-CROW structure, therefore the low-diffraction-loss
1-D PC-CROW can be a good candidate for developing various
ultra compact optical circuits, while a uniform structure for
the vertical direction has been assumed in the previous work
[26]. For a practical application, we need to design optical
devices considering leakage losses of both horizontal and
vertical direction. However, there are no reports that evaluate
them quantitatively. Therefore, in this work, we have evaluated
dispersion relationships and leakage losses of 1-D PC-CROW
in details by using three-dimensional finite element method
(FEM) for periodic structure analysis [27].

The remainder of this paper is structured as follows. In
Section 2, we describe a model and fundamental characteristics
of 1-D PC-CROW. We show that leakage losses of the vertical
direction is quite high and 3-D analysis is important to examine
waveguide characteristics of 1-D PC-CROW. In Section 3, we
characterize four types of 1-D PC-CROW to achieve low-loss
structure, 1-D PC-CROW with shifted air-hole or changed
air-hole size, air-bridge 1-D PC-CROW, and 1-D PC-CROW
with shallow etched air-hole. In Section 4, findings in the
numerical analysis are summarized.

II. STRUCTURE OF NORMAL 1-D PC-CROW

We consider a 1-D PC-CROW as shown in Fig. 1. We set
structural parameters as follows. The lattice constant of 1-D
PC is 400 nm, the waveguide width is nm, the air
hole radius is nm, the distance between air holes
across the defect is nm [26], and the waveguide
height is nm. In this case, the intercavity distance

becomes nm. We assume silicon, silica, and
air as core, under cladding, and over cladding materials, respec-
tively. We set the refractive index of 3.5 as silicon and 1.45 as
silica.

In Figs. 2(a) and (b), we show the dispersion curve and the
group velocity in 1-D CROW for quasi-TE mode calculated
by 3-D FEM for periodic structure waveguides [27] with solid
curves, where is the operating wavelength, is the propaga-
tion constant along the propagation direction ( direction),
is the group velocity, and is the velocity of light in vacuum.
Here we give some details about numerical implementation. The
analysis region is divided into linear tangential/quadratic normal
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Fig. 1. (a) Top view of 1-D PC-CROW and (b) enlarged view for one period.

(LT/QN) tetrahedral element (20 variables). The size of each
element needs to be carefully chosen in order to converge the
solution. We confirmed the convergence and divided the anal-
ysis region. The number of nodes and edge variables used for
the calculation are 162625 and 745876, respectively. In order
to solve the eigenvalue equation, the method of inverse itera-
tion with shifts of origin is applied. The matrix equations to be
solved in this iterative procedure are sparse complex unsym-
metric linear systems of equations, which can be solved with
appropriate software, such as PARDISO library [28]. We also
plot dispersion curve and group velocity calculated by 2-D FEM
[26] with dashed curve for comparison. Structural parameters
for 2-D analysis are the same with 3-D analysis except for .
Since a uniform structure is assumed for direction, waveguide
height is set as . The transmission miniband of the guided
mode allocated within the PBG exists from the normalized fre-
quency of 1.437 to 1.469 and the zero GVD is obtained
around the central frequency of the miniband. In the zero GVD
region, the normalized group velocity is about 0.095. Com-
pared with 2-D analysis, dispersion curve shifts to higher fre-
quency and group velocity is almost same value. In this 2-D
calculation, the refractive index of core material is set as 3.5.
Of course, the operating wavelength gets close to 3-D simula-
tion results by applying effective index method. However, we
note that when we adopt effective index method, group velocity

becomes larger because the strength of refractive index modula-
tion changes. From the result of group velocity in Fig. 2(b),
we can evaluate propagation losses as follows. In the used FEM
formulation, a complex frequency of the guided mode is ob-
tained as an eigenvalue from a predefined propagation constant

by solving a complex eigenvalue problem, where
stands for the real part of the propagation constant. Then we can
obtain the imaginary part of the propagation constant by
the following equation [29]

(1)

where is the angular frequency and the leakage loss can be
estimated as . In Fig. 2(c), we show the leakage
losses as a function of the normalized frequency. The leakage
loss becomes small around the zero GVD region and the loss is
0.5 dB per one period. Dashed curve in Fig. 2(c) shows leakage
loss of 2-D analysis. Leakage losses of 1-D PC-CROW, which
is assumed to be a uniform structure in the direction, is about
0.07 dB per period. From this result, we can see that leakage loss
for the vertical direction is quite high and 3-D analysis is abso-
lutely imperative for examining transmission characteristics of
1-D PC-CROW.

III. DESIGN OF LOW-LOSS 1-D PC-CROW

A. 1-D PC-CROWs With Shifted Air-Holes

Next, we address to reducing the leakage losses in 1-D
PC-CROW. If the reflection of the electromagnetic field is
weakened at the cavity edge, the change of electromagnetic
field becomes gentler and its envelope function gets close to
Gaussian function. As a result, the tangential components of
wavevector in the leaky region are reduced, leading to the
suppression of leakage losses [26]. In order to weaken the
reflection of the electromagnetic field at the cavity edge, we
shift two air holes’ position neighboring cavities to outside as
shown in Fig. 3(a), where the displacement of the air holes
at the cavity edges is set as . In Figs. 3(b), (c), and (d), we
show dispersion curves, group velocity, and leakage losses,
respectively, where is a variable parameters. By increasing
the displacement of the air holes, dispersion curve shifts to
lower frequency side and group velocity becomes large. As was
expected, the leakage losses are reduced to 0.4 dB per period at
the central wavelength, however, the suppression of the leakage
losses is not enough.

B. 1-D PC-CROW With Changed Air-Hole-Size

As another approach to weaken electromagnetic field reflec-
tion at the cavity edges, we consider changing two air holes’
radius neighboring cavities to as shown in Fig. 4(a). In
Figs. 4(b), (c), and (d), we show dispersion curves, group ve-
locity, and leakage losses, respectively, where the modified air-
hole radius is set as , and . As in the
case of previous approach, the dispersion curve shifts to lower
frequency side and group velocity becomes large by decreasing
the air-hole radius. We can see that the leakage losses are re-
duced by adjusting two air holes’ radius neighboring cavities.
Specifically, when we set , the leakage losses are
reduced to about 0.2 dB per period at the central wavelength.
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Fig. 2. (a) Dispersion curve, (b) group velocity, and (c) leakage loss of 1-D
PC-CROW.

In this structure, calculated normalized group velocity is
about 0.13.

C. Air-Bridge 1-D PC-CROW

We consider weakening the reflection of electromagnetic field
at the cavity edge to reduce the leakage losses so far, however,
they need to be decreased further for practical applications. For
designing low-loss 1-D PC-CROW structure, we consider an-
other approach for reducing leakage losses. We can expect that
leakage losses for vertical direction are suppressed by making
relative refractive index difference higher, therefore, next we
evaluate leakage losses of air-bridge 1-D PC-CROW as shown
in Fig. 5(a). Red curves in Figs. 5(b), (c), and (d) show disper-
sion curve, group velocity, and leakage loss, respectively, for
the air-bridge structure . We can see that the dis-
persion curve of air-bridge 1-D PC-CROW shifts to higher fre-
quency region. And we can also see that the group velocity be-
comes smaller. This is because air-bridge structure can confine

Fig. 3. (a) Structure of 1-D PC-CROW with shifted air-holes, (b) dispersion
curves, (c) group velocity, and (d) leakage losses of 1-D PC-CROW for � �

�� �����, and ����.

light stronger in the cavity than silica cladding CROW. Leakage
loss is decreased to about 0.33 dB per period. This leakage loss
can be further reduced by applying previously introduced tech-
nique. For example, we consider air-bridge 1-D PC-CROW with
changed air-hole radius neighboring the cavities. In this case, we
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Fig. 4. (a) Structure of 1-D PC-CROW with changed size of air-hole, (b) dis-
persion curves, (c) group velocity, and (d) leakage losses of 1-D PC-CROW for
� � ����� ������ ����.

set as . Blue curves in Figs. 5(b), (c), and (d) show dis-
persion curve, group velocity, and leakage loss, respectively, for
air-bridge 1-D PC-CROW with changed air-hole radius. We can
see that the leakage loss is reduced to 0.023 dB per period and
normalized group velocity is 0.105. Air-bridge 1-D PC-CROW

Fig. 5. (a) Structure. (b) dispersion curves, (c) group velocity, and (d) leakage
losses of air-bridge 1-D PC-CROW.

can achieve small group velocity and low-loss characteristics
simultaneously, however, we note that simplicity, which is ad-
vantage of 1-D PC-CROW, is lost in air-bridge 1-D PC-CROW
because some additional fabrication processes are needed.
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Fig. 6. (a) Structure of 1-D PC-CROW with shallow etched air-hole, (b) dispersion curves, (c) group velocity, (d) leakage losses of 1-D PC-CROW for � � ����,
(e) dispersion curves, (f) group velocity, and (g) leakage losses of 1-D PC-CROW for � � ����.

D. 1-D PC-CROW With Shallow Etched Air-Hole
The another method to reduce the leakage loss is weakening

the refractive index modulation of CROW. It is expected that
such structures can realize small leakage loss, however, group
velocity becomes larger. If one assumes to apply CROW to
pulse delay devices, leakage loss should be as small as pos-
sible even if group velocity is not small because delay time be-
comes longer by multiplying resonators. In order to weaken the
refractive index modulation, we consider 1-D PC-CROW with
shallow etched air-hole as shown in Fig. 6(a). We set air-hole

depth as . Red and blue curves in Figs. 6(b), (c) and (d)
show dispersion curves, group velocity, and leakage losses of
1-D PC-CROW for and , respectively. Black
curves show those of normal 1-D PC-CROW. We note that the
air-hole radius are set as . We can see that by
reducing the air-hole depth, the dispersion curve shifts to lower
frequency region and the group velocity becomes larger. When
we choose as , leakage loss is reduced to 0.07 dB per
period. Next, in order to achieve much lower leakage loss struc-
ture, we set as . Red and blue curves in Figs. 6(e), (f) and
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(g) show dispersion curves, group velocity, and leakage losses
of 1-D PC-CROW for and , respectively

. If we set and , leakage
loss can be reduced about 2 orders of magnitude lower com-
pared with normal structure and .
However, we note that this structure has also problem in terms
of simplicity in fabrication process as air-bridge structure.

IV. CONCLUSION

We have evaluated leakage losses of 1-D PC-CROW by using
3-D vector FEM for periodic structure analysis. We have shown
that the leakage losses are quite high especially for vertical di-
rection, however, it was shown that the leakage losses can be re-
duced by adjusting the air-hole position and radius neighboring
cavities. We have also shown that the leakage losses are re-
duced from 0.5 dB per one period to 0.023 dB per one period by
applying air-bridge structure to 1-D PC-CROW with changed
air-hole radius. Moreover, we have proposed 1-D PC-CROW
with shallow etched air-hole and shown that the leakage loss can
be decreased about 2 orders of magnitude lower compared with
normal structure. Since such structure’s modulation of refrac-
tive index is weak, group velocity becomes larger. Air-bridge
1-D PC-CROW or 1-D PC-CROW with shallow etched air-hole
can achieve low-loss characteristics, however, additional fab-
rication processes may be needed. Therefore, designing small
group velocity and low-loss 1-D PC-CROW with simple struc-
ture is next issue.
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