Comparative Finite-Difference Analyses of Strong
and Weak DBR Mirrors

Shayan Saeidi
Inpho (ElectroPhotonic-IC Inc.)
Kanata, Canada
shayan.saeidi@inpho.io

Abstract— We compare two frequency-domain finite-
difference formulations based on coupled-mode theory and full-
wave solution of inhomogeneous Helmholtz equation for
assessing the spectral characteristics of distributed Bragg
reflector (DBR) mirrors. Both approaches take into account the
partially radiative modes through Floquet mode decomposition.
Their accuracy and computational efficiency are evaluated
against a conventional finite-difference time-domain method.
Two benchmark DBR structures exhibiting weak and strong
modal overlap with the grating region are used for evaluation.
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I. INTRODUCTION

Waveguide Bragg gratings (WBGs) have been an essential
component of the photonics industry since their introduction
[1]. They are used in a wide range of photonic devices and
components, but are particularly well known for their function
as optical mirrors. Numerous theoretical models have been
developed to describe WBGs operating as distributed Bragg
reflectors (DBRs) and to evaluate their spectral
characteristics, including reflection, transmission, and
scattering losses at wavelengths of interest.

One of the earliest methods for analyzing DBRs is the
coupled-mode theory (CMT), initially introduced in [2] by
considering coupling between only the fundamental
transverse modes. It was later improved in [3] to account for
radiation modes by decomposing the fields into Floquet
modes. Due to the analytic nature of this method, it is
generally limited to relatively simple waveguide geometries,
such as three-layer epitaxial structures or groove profiles that
can be described analytically. Recently, finite-difference
coupled-mode theory (FDCMT) has been introduced [4],
allowing the method to be applied to structures with greater
geometric complexity. Nevertheless, CMT-based approaches
remain constrained by the underlying assumption of weak
perturbations, where modal amplitudes vary slowly along the
propagation direction. A widely used alternative is the finite-
difference time-domain (FDTD) method, which can
accurately model DBRs regardless of their grating strength.
However, FDTD simulations are often computationally
expensive. In this work, we propose an intermediate approach
based on a frequency-domain finite-difference (FDFD)
formulation combined with Floquet-mode decomposition. We
compare all the three methods by applying them to two DBR
structures with weak and strong gratings to assess their
accuracy and computational efficiency.

II. STUDIED MODEL

Fig. 1 shows the benchmark structure used in this paper,
including the layer refractive indices and thicknesses. The
grating layer thickness is denoted by g, which is used as a
variable to control the grating strength. We consider two
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values, g = 60nm and g = 200nm. Increasing g increases
the overlap between the propagating mode and the grating
region, thereby strengthening the grating coupling. The
grating period is A = 487nm with a duty cycle of W/A =
0.75, corresponding to a second-order grating with a Bragg
wavelength in C-band.
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Fig. 1. Grating structure.
III. METHODS
Considering the TE Helmholtz equation
V2Ey,(x,2) + k§n?(x,2)E, (x,2) = | 6))

where x and z are the transverse and propagation directions,
respectively, ko is the free-space wavenumber, n is the
refractive index and ] represents a source term. The
propagating field E, can be expressed as infinite sum of
modes using Floquet decomposition:

Ey(x,2) = T ES™ (x, 2)ePm? )
in which m is an integer denoting the mode order and £3,,is the

corresponding propagation constant (S, = By + 2rm/A).
Substituting (2) into (1), yield an inhomogeneous system:
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The FDCMT approach simplifies this system by
separating the determination of the transverse modal basis
from the calculation of the longitudinal coupling. The
transverse eigenmodes are first obtained from the
homogeneous waveguide eigenvalue problem. The periodic
index perturbation then introduces Fourier components that
act as driving terms, coupling the fundamental guided mode
to higher-order spatial harmonics. The numerical solution of



this system is extensively discussed in detail in [4]. After the
coupling coefficients are obtained, the longitudinal coupled-
mode equations can be solved analytically under the
appropriate DBR boundary conditions to evaluate the spectral
characteristics [3]. The power radiated into cover and
substrate can be calculated using the Poynting vector [5]. In
this paper, we focus on the spectral results.

For our FDFD approach, equation (3) can be solved
directly for each spatial Floquet harmonic within a single
global system for a finite-length structure. A simulation
window is defined and discretized using finite differences in
both the x and z directions. In this work, we only consider the
m = 0 harmonic, as other 5, components lead to negligible
fields for the structure considered here. The solution of this
system requires a definition of a source term, which we
implement as the waveguide’s fundamental mode launched
into the grating region from z < 0, as shown in Fig. 1.

We carried out the FDTD simulations using the
commercial Lumerical software [6].

IV. RESULTS AND DISCUSSION

For the simulations, all sides of the computational window
are bounded by perfectly matched layers (PMLs). For FDTD
and FDFD, PMLs are applied on all four sides of the domain,
while for FDCMT they are applied on the transverse x
boundaries. The discretization size is uniform with 25 nm for
all methods. Due to the finite mesh size, both FDTD and
FDFD exhibit numerical dispersion, which results in a spectral
shift relative to the physical solution. This shift is
compensated for when reporting the spectral results.

For the weak grating (g = 60 nm), the overlap of the
propagating mode with the grating region is approximately
2.2%. Fig. 2 shows the reflectance R and loss (calculated as
L =1-—R—T, whereT is the transmittance) for this grating
with L, = 200 pm, obtained using all three methods. Overall,
there is good agreement among the methods.

Fig. 3(a) shows the same comparison for the strong
grating, where g = 200 nm and L; = 25 um, and the overlap
of the mode with the grating increases to approximately 9.7%.
In this case, FDCMT no longer agrees with FDTD and FDFD
on the shorter-wavelength side of the bandgap,
underestimating the loss. However, good agreement is
observed at other wavelengths. Fig. 3(b) shows the electric
field profile at a wavelength of 1565 nm obtained using FDTD
and FDFD. Both methods exhibit similar radiative behavior,
with radiation into the substrate and the cover.

Table I compares the computational time of the three
methods for both gratings. All simulations were performed on
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Fig. 2. Comparison of reflectance and loss obtained using different
methods for g = 60 nm and L; = 200 pm.
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Fig. 3. (a) Comparison of reflectance and loss obtained using different
methods. (b) Electric field distribution over the grating at wavelength 1565
nm obtained using FDTD and FDFD. g = 200 nm and L, = 25 pm.

the same hardware (Intel Core i7 CPU at 2.5 GHz processor,
16 GB RAM).

FDCMT provides a clear computational advantage. For
strong gratings (larger mode overlap with the grating region),
FDFD and FDTD show similar computational performance
when computing the full spectrum. However, for simulations
at one or a few wavelengths, FDFD is more efficient because
it directly solves the frequency-domain problem. In contrast,
FDTD operates in the time domain and requires
approximately the same simulation time regardless of the
number of wavelengths extracted.

TABLE L. COMPUTATION TIME FOR THE STUDIED GRATINGS USING
THREE DIFFERENT METHODS
Weak Grating Strong Grating
Method (L, =200 um) (L, =25 um)
FDCMT ~5s ~5s
FDFD ~60 s/sim* ~20 s/sim
FDTD ~90 min ~12 min

2 seconds per simulation. Each discrete point in Figures 2 and 3 corresponds to a separate simulation.
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