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Analysis of Optical Waveguides
with High-Reflection Coatings

Using the FD-TD Method
Junji Yamauchi,Member, IEEE, Hiroyuki Kanbara, and Hisamatsu Nakano,Fellow, IEEE

Abstract—An optical waveguide with a high-reflection coating
is investigated using the finite-difference time-domain (FD-TD)
method. The obtained reflectivities are compared with those from
the transmission matrix method. Calculation shows the existence
of the field propagating along the coating layers, resulting in
deterioration of reflectivity, particularly for TM wave.

Index Terms—Finite-difference method, high-reflection coat-
ing.

I. INTRODUCTION

A HIGH-REFLECTION (HR) mirror consisting of alter-
nating dielectric layers [1]–[3] is useful in many appli-

cations, since mirrors made of metallic films often cause severe
heating problems. So far, the transmission matrix method
(TMM) [4] has widely been used to design an HR coating.
However, the TMM assumes a homogeneous medium in
the transverse direction, so that the estimated results do not
necessarily agree with the experimental results [1], particularly
for a waveguide facet with an HR coating. Furthermore, the
TMM does not give information on polarization dependence
at normal incidence.

In this letter, we numerically investigate the reflectivity of
an HR coating consisting of quarter-wavelength layers
of two different materials. For the analysis, the finite-difference
time-domain (FD-TD) method [5]–[7] is used, since it allows
us to study the reflection of optical power from alternating
layered media [8]. It is found that the reflectivity for the TM
wave considerably differs from those obtained from the TMM.
Further calculation shows the existence of the field propagating
along the coating layers, and this results in deterioration of
reflectivity, particularly for the TM wave.

II. CONFIGURATION AND NUMERICAL METHOD

For simplicity, we consider a two-dimensional waveguide
whose facet is coated with alternating dielectric layers, as
shown in Fig. 1. We choose AlO as the low-index dielectric
adjacent to the facet and Si as the high-index dielectric
material, i.e., 1.7 and 3.5. The refractive indices
of the core and the cladding are taken to be 3.6 and

3.24, respectively.
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Fig. 1. Configuration of an HR-coated waveguide.

Fig. 2. Power reflectivity at� = 0.8 �m as a function of layer thickness
for alternating layers.

Fig. 3. Power reflectivity as a function of core width.

The FD-TD method is used to analyze the field distribution
in this structure. The incident field ( or mode) is
excited toward the direction from the incidence plane
indicated by the dotted line in Fig. 1, so that the computation
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Fig. 4. Steady-state field distributions and corresponding Poynting vector plots (ct = 15 �m). (a)TE0 mode and (b)TM0 mode.

region is divided into reflected- and total-field regions [6]. The
computational parameters are as follows: 0.012 m,

0.004 m, and 0.001 m, where is the velocity
of light in free space. To avoid undesirable reflection from the
computational boundaries, the perfectly matched layer (PML)
[9] is placed at the edge of the computational region. The
effectiveness of the PML has already been verified in optical
waveguiding problems [7], [10]. In this analysis, the reflection
coefficient is taken to be 10 , and the number of
PML layers is 16.

III. RESULTS

We first consider reflectivities as a function of layer thick-
ness for alternating layers for AlO ( thick) and Si (
thick) sandwich. The core width of the waveguide is taken as

0.487 m, which corresponds to a normalized frequency
of 3.0 at 0.8 m. Fig. 2 shows the reflectivities
of the fundamental modes for TE and TM waves at 0.8

m. For comparison, the data obtained from the TMM is also
presented. From Fig. 2 we can see how the proper combination
of layers leads to a reasonable reflectivity. The results
obtained from the TE wave are close to those obtained from
the TMM. It should be noted, however, that the results for
the TM wave differ from the TMM results. For example, the
maximum reflectivities observed at six layers are 0.97 for the
TE wave and 0.88 for the TM wave, while the result from the

Fig. 5. Power reflectivity as a function of wavelength�.

TMM is 0.99. Incidentally, it is worth mentioning that a single
layer coating by AlO acts as an antireflection coating [11],
whose reflectivity is less than 0.02.

The field profiles for both polarizations spread, as the core
width is increased. Note that the TMM assumes a plane wave
in a homogeneous medium. Therefore, it is expected that the
results for both polarizations obtained from the FD-TD method
approach the value estimated from the TMM with increase
in the core width. Fig. 3 shows the power reflectivity as a
function of core width. The results are for six layers when
the fundamental mode is excited. The core width ranges from

0.243 m to 1.217 m, corresponding to a normalized
frequency range from 1.5 to 7.5. As expected, the
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calculated results for both polarizations approach the TMM
result with increase in the core width. When the core width
is larger than 1 m ( 6), the difference among them
is almost negligible.

Typical steady-state field distributions for both polarizations
are shown in Fig. 4. The results are for a six-layer stack with

0.487 m. Corresponding Poynting vector plots are also
presented. The arrow length is scaled according to the power
magnitude, in which the power of less than25 dB is omitted.
It is found that some power propagates along the coating
layers. Comparison between Fig. 4(a) and (b) shows that the
power coupled into the coating layers is more pronounced in
the TM wave. It should be noted that the alternating dielectric
layers on a waveguide facet can be regarded as a leaky
wave structure [12], so that the field propagating along the
coating layers tends to decay as it propagates. Furthermore,
the reflected field from the coating involves radiation modes,
particularly for the TM wave. The low reflectivity in the TM
wave can be explained by these observations.

Final consideration is given to the wavelength dependence
of reflectivity. Fig. 5 shows the results for a six-layer stack
with 0.487 m. Each coating thickness is fixed to be
a quarter-wavelength at 0.8 m. The TE wave exhibits
high reflectivities over a wide spectral range from 0.7 to 1.0

m, showing good agreement with the TMM results. It should
be noted, however, that at wavelengths of larger than 1.0m,
agreement is only qualitative. The tendency of our numerical
results is similar to the experimental observation reported
previously [1] (unfortunately with no information about the
waveguide dimensions). Fig. 5 also shows that the data for
the TM wave considerably deviates from the TMM result.

IV. CONCLUSION

The power reflectivity from an HR-coated waveguide con-
sisting of alternating dielectric layers has been investigated

using the finite-difference time-domain method. The numerical
results are compared with those obtained from the conven-
tional TMM. It is found that the field propagating along
the coating layers reduces reflectivity, particularly for TM
polarization. The TMM gives reliable results, only when the
core width of the waveguide is large enough, e.g., 6.
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