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On Topology Optimization Strategies for
Ultra-Compact High Contrast Grating Design

Jacob M. Hiesener , Robert P. Pesch , and Stephen E. Ralph, Senior Member, IEEE

Abstract— We describe a design methodology for optimizing an
ultra-compact 3 µm long circular high contrast grating (HCG)
reflector. A multi-stage optimization process involving parameter
optimization (PO) followed by seeded topology optimization (TO)
is demonstrated to design a device with performance better than
that achieved with PO or TO alone. The device is designed
for a foundry process and offers reflection commensurate with
waveguide-based Bragg gratings with a significantly higher band-
width in an ultra-compact footprint. A peak reflectance of 98.9 %
was simulated centered at 1569 nm with a minimum reflectance
of 97.9 % over C-band.

Index Terms— Topology optimization (TO), silicon photonics,
high contrast grating (HCG), inverse design.

I. INTRODUCTION

OPTICAL mirrors are a fundamental building block for
all integrated photonics platforms. Bragg gratings are

interferometric structures created with wavelength scale peri-
odic variations in effective index typically achieved through a
corrugated waveguide geometry [1]. Waveguide-based Bragg
gratings are commonly used as optical mirrors for many
applications including optical filtering, sensing, and integrated
lasers [2], [3], [4], [5]. Many of these applications require a
high reflectance in a compact footprint, which can be accom-
plished using a high contrast grating (HCG). HCGs operate
similarly to waveguide-based Bragg gratings but use larger
variations in effective index which increases the reflected
power per unit length. Though HCGs are orders of magnitude
smaller than waveguide-based Bragg gratings and ring loop
mirrors, these devices can suffer more loss due to scattering
and excitation of higher order modes. To mitigate loss due
to scattering, circular HCG geometries have been designed
and demonstrated to achieve high reflectance and bandwidth
with a compact footprint [5]. However, the reflectance of
these devices is often inferior to ring loop mirrors. In this
work, we improve upon existing HCGs by decreasing the
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device footprint while further increasing the peak and average
reflectance of the grating over C-band.

Topology optimization (TO) is a gradient-based inverse
design methodology used to iteratively optimize every voxel
of a device geometry to minimize a user-specified figure of
merit (FOM). The resulting structure often exhibits physically
nonintuitive features such as periodic ripples, low-index holes,
and peripheral structures [6]. These features are often critical
to the functionality of the device but may lead to design rule
check (DRC) violations. As investigated in [6], a subset of the
overall feature topology can be leveraged and re-optimized to
yield higher performing, more compact structures.

We began by analytically designing a parameterized
base model of the HCG for the GlobalFoundries (GF)
Fotonix™ process informed by similar concave grating
structures such as grating couplers. We performed initial simu-
lations to validate the geometry and then performed parameter
optimization (PO) to achieve a functional device geometry.
Finally, the functional geometry was further optimized with
a modified version of the TO methodology developed by
Hammond et al. [7], yielding a dual optimized device with
greater performance than is possible with conventional design
methods.

II. PHYSICAL LIMITS ON REFLECTED POWER

Any grating-based reflector has a limit on the reflected
power based on the length and effective index contrast of the
device. Coupled mode theory reveals that the peak reflectance
for a Bragg grating (at the Bragg wavelength) is given by [8]:

Rpeak = tanh
2 (L) (1)

Lis the grating length and  is the coupling coefficient
which, for an ideal rectangular grating profile, is [9]:

 = 21n
�
�B (2)

1n is the periodic effective index change given by 1n =
nef f 2 � nef f 1, where nef f 1,2 is the effective index of region
1 or 2 of the grating. �B = 23nef f is the Bragg wavelength
where 3 is the grating period and nef f = (nef f 1 +nef f 2)/2 is
the average effective index of the grating. These results assume
lossless, single mode operation with a fill factor of 0.5 (equal
lengths of region 1 and region 2).

From these equations we can calculate the theoretical
reflectance as a function of grating length and the effective
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Fig. 1. Reflectance (a) and bandwidth (b) vs grating length and periodic effective index difference for a Bragg wavelength of 1550 nm and a group index of
4. Regions of operation for HCGs, corrugated waveguide Bragg gratings (CWBG), post waveguide Bragg gratings (PWBG), and extended distributed Bragg
reflectors (EDBR) are marked. This is used as a guide for Bragg grating design. (c-d) Excitation of higher order mode in a HCG structure resulting in loss.
(e-f) Operation of proposed circular HCG.

index (Fig. 1a). The bandwidth between nulls in the response
of a Bragg grating is [8]:

1� = �2
B

⇡ng


2 +

⇣⇡

L

⌘2
�1/2 ⇠= �2

B

⇡ng

(3)

ng is the average group index of the Bragg grating
(⇠4 for a buried silicon waveguide). Using (3) we can
calculate the theoretical bandwidth versus grating length and
effective index (Fig. 1b). The bandwidth of the HCG is dom-
inated by the coupling coefficient ( � ⇡/L); therefore, the
above approximation is appropriate. Under the approximation
in (3), bandwidth is linearly proportional to the effective index
difference, resulting in a high bandwidth for a HCG structure.
The theoretical peak bandwidth and reflectance both break
down for high contrast structures where mode confinement
becomes an issue.

To achieve high reflectance in a short length, a grating struc-
ture requires large index contrast (Fig. 1a). Recent work has
demonstrated compact (15 µm) Bragg reflectors with an array
of nanoholes (100 nm diameter) in a silicon waveguide [10].
Although the structure achieves a significant index contrast
without supporting higher order modes it is not fabricable on
most commercial foundries due to the minimum enclosed area
constraint. The structures reported here support higher order
modes, however coupling to these modes is suppressed by
design allowing an even higher index contrast. If we extend
the grating sections of a corrugated waveguide Bragg grating
to increase the index contrast, higher order modes are excited
and scattered, causing significant loss (Fig. 1c-d).

Instead, we employ a circular Bragg grating geometry that
consists of concave gratings and a taper that shapes the mode
entering the grating structure (Fig. 1e-f). The input waveguide
mode must expand to ensure the phase front matches the
grating radius; otherwise, significant loss is ensured. The field
in the grating structure expands into the gratings, no longer
confined to a rectangular waveguide mode, and is subsequently
reflected into the taper.

III. ULTRA-COMPACT REFLECTOR DESIGN
METHODOLOGY

We utilize a dual optimization approach which enables
insight into the physics of this device, enabling superior
performance to PO or TO alone. We began by developing the
geometry for a parameterized device and then performed PO
on that geometry to yield a functional device. Our in-house
TO pipeline was modified and seeded with the functional
design from the PO and optimized, resulting in the final dual
optimized structure.

A. Parameter Optimization

The circular HCG was simulated using Lumerical’s 3D
finite-difference time-domain (FDTD) solver [11]. This device
consists of apodised concave gratings with a taper to shape the
waveguide mode entering the grating region. The taper length
(Ltaper), taper width (wtaper), grating extension angle (✓), and
the grating pitches (31, 32, 33) are the parameters that
define the device geometry (Fig. 2a). An elliptical geometry
was tested for the gratings but was found to provide a lesser
reflectance compared to circular geometry.

Preliminary PO studies revealed that a short taper is suffi-
cient and extension of the gratings beyond the 15� had little
effect on performance, therefore the taper length was set to
0.5 µm and the extension angle was set to 15�. The taper
width and the first 3 grating pitches were selected as free
variables for PO (Fig. 2a). More than 3 pitch parameters
were tested but after 32 the grating pitches converged to the
same value, therefore only 3 parameters were used for the
grating. The MATLAB function bayesopt [12] is employed
using default optimization parameters to implement a Bayesian
optimization [13] that minimizes the following figure of merit
(FOM):

F O M = 1 � Pr

Pin

(4)

Pr is the reflected power and Pin is the input power. The
device was simulated exclusively at 1550 nm during the opti-
mization, the high index contrast ensures good performance
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Fig. 2. (a) Diagram of the center section of the parameterized HCG with a
cutaway of the center projected below. (b) Simulated reflectance spectrum of
the parameterized HCG with the device shown in the inset. (c-e) Evolution of
taper width, grating lengths, and the FOM during the optimization process.

over a large bandwidth (Fig. 1b). The taper width and first
grating length were checked every iteration to ensure the oxide
semicircle at the taper-grating interface met the minimum
enclosed area constraint for the GF Fotonix™process. Optimal
device geometry was achieved in 142 iterations (Fig. 2c-e)
(approximately 4 hours on a desktop computer).

Importantly, the area of the enclosed semicircle for the
optimal geometry was consistently at the minimum enclosed
area limit, suggesting that smaller feature sizes would enable
increased reflection and that this is a peak reflectance limiting
design constraint. This can be seen in Fig. 2c as the optimal
taper width reduces to the smallest value allowed without
resulting in a DRC violation. Smaller feature sizes allow
more precise manipulation of the mode entering the gratings
resulting in lower loss.

To accurately validate the performance of this device com-
pared to the final device, the PO device was simulated in the
time-domain Maxwell solver, MEEP [13]. The initial device
design achieves a peak reflectance of 97.8 % at 1559 nm
with a minimum reflectance of 97.2% over C-band (Fig. 2b).
From this design, we employ topology optimization to further
improve performance.

B. Topology Optimization

Our TO algorithm is based on a hybrid time-frequency
domain methodology [7] where we simulate the time-domain
fields using MEEP [14] and accumulate the fields in a
discrete-time Fourier transform. Using the adjoint variable
method, we calculate the gradient of our device parameters
(voxels of the design region) with respect to a user-specified
objective function and evolve the topology of the device
toward a locally optimal structure.

Our in-house TO pipeline enables simultaneous opti-
mization of performance and satisfaction of factory DRC
constraints [15]. However, this can cause conflicts in
key areas where the two components of the optimization
algorithm (performance and DRC compliance) compete, pre-
venting the optimization algorithm from exploring additional
perturbations [6]. The device designer can mitigate this effect

Fig. 3. (a) Simulated reflectance spectrum of topology optimized device;
geometry shown in the inset. (b) Diagram of topology optimization pipeline.

by tuning hyperparameters which can be computationally
expensive and ineffective. To circumvent this, we implement
a mechanism that moves the design out of the local minimum
caused by competing optimizations. This functionality enables
the optimizer to find a superior local minimum that conforms
to DRC.

We modify our existing TO pipeline by initializing the
design region for the first iteration of TO with a filtered
functional geometry. We then cycle through optimization via
design region filtering and 12 iterations of traditional TO until
reflectance is maximized (Fig. 3b). In the filtering stage, the
design region is binarized and a blurring filter is used to add
noise to the geometry, ensuring the optimizer perturbs the
edges of the device. After the blurring filter, any minimum
enclosed area violations are subtracted from the design region
while any minimum area violations are added to the design
region. This strictly enforces DRC while allowing the opti-
mizer to make small modifications to the device geometry.
Like in the PO case, the FOM, given in (5), was chosen to
maximize reflectance.

The primary geometry of the gratings remains mostly
unchanged by the optimization while the taper is optimized
at the grating interface (Fig. 4c). This improves the transition
between the waveguide and grating while remaining DRC
compliant. This design process required less hyperparameter
tuning compared to pure TO, resulting in far fewer total simu-
lations. Seeding the optimization with a functional design also
allowed us to reach an optimal design in 60 iterations (12 hours
on a desktop computer) compared to over 200 iterations
(40+ hours) for some pure TO designs [7].

The peak reflectance is improved by 1.1 % and shifted to
1569 nm while the C-band minimum reflectance is increased
to 97.9 %. The reflectance remains over 98.3 % throughout L
band, indicating strong broadband performance.

IV. DEVICE ANALYSIS

In addition to the dual optimized HCG, a HCG of the
same size was designed purely using TO. The topology of
this structure is like the final HCG designed with dual opti-
mizations but suffers in performance over C-band (Fig. 4a).
The primary distinction between the two structures is in the
waveguide taper and outer-grating region. The pure TO HCG
lacks a taper which results in additional coupling loss at the
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Fig. 4. (a) Simulated reflection spectra for the 3 HCG versions (dual
optimization, PO, and pure TO). (b) Wavelength spectrum for dual optimized
HCG with gratings removed. N denotes the number of grating periods.
(c) Geometry of dual optimized HCG overlayed on the pure PO HCG. Top
and side view of the normalized log-scale electric field magnitude for the pure
TO (d-e), pure PO (f-g), and dual optimized (h-i) HCGs.

waveguide-grating interface. Like the PO HCG, the pure TO
HCG includes apodization in the pitch of the gratings close
to the waveguide that enhances reflected power. Contrary to
the PO and dual optimized devices, the pure TO device does
not conform to DRC due to small features on the edges of
the device. Our TO algorithm cannot explore the entire design
space due to the massive number of degrees of freedom and
instead iteratively optimizes a grey design region towards
a functional binary design. Conversely, the PO design is
informed by the physics of similar devices, resulting in fewer
degrees of freedom that can be more effectively explored.

The simulated continuous wave fields (Fig. 4d-i) reveal
the direction of lost power. The scattered light is remarkably
similar for the PO and dual optimized devices. Much of the
lost power is scattered out of plane into the space above
and below the grating. Moreover, to analyze the effectiveness
of the HCG structure, gratings were systematically removed,
and the reflectance of each modified design was simulated
(Fig. 4b). The reduced device with 6 grating periods (N = 6)
achieves the same spectrum as the optimal device with a
shorter length (3 µm). This indicates that no more than
6 gratings are necessary for a grating with this effective index
contrast (1n ⇡ 1) as minimal field reaches the outer gratings.
This analysis enables the possibility of recasting the modified
TO stage to yield a HCG in a smaller footprint with similar
performance.

V. CONCLUSION

A dual optimization approach utilizing both PO and TO
is employed to intelligently optimize the geometry of an
ultra-compact circular HCG. This design methodology reduces

the computational complexity of the optimization problem
compared to pure TO while achieving superior performance.
The total time consumption for this optimization is approx-
imately 16 hours. The optimized device has a minimum
reflectance of 97.9 % over C-band in a compact footprint.
The waveguide-grating interface geometry is critical to achiev-
ing maximum performance and the features of the interface
indicate the performance is fabrication limited. This design
methodology reveals features that are critical to achieving high
performance but are not present in a pure TO design. It is likely
that advancements to our pure TO pipeline can be made to
ensure these features are properly explored by TO and may
enable TO alone to achieve similar performance to our hybrid
approach. However, this work demonstrates the usefulness of a
hybrid approach to ensure user established design constraints
allow TO to explore more of the design space and achieve
a superior device geometry. This work also demonstrates that
seeding TO with a known topology enables the design of ultra-
compact, high performance, foundry compatible integrated
photonic devices.
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