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Abstract: In this study, the trajectory of a 90° bend is divided into two symmetric halves that
are mirror images of each other as referenced to the symmetry axis at 45°, and each half is
segmented into small curved sections. The bending radius and waveguide width for every
section are parameters to be determined using a particle swarm optimization algorithm.
The optimization is performed to maximize the transmission of the waveguide bends, which
is calculated by using the three-dimensional finite-difference time-domain technique. The
results indicate that the total bending loss of the optimized 90° bends with radii of 2, 3,
4, and 5 μm are 0.0106, 0.0051, 0.0025, and 0.0023 dB, respectively, at the wavelength
λ = 1550 nm. In addition, the optimal devices are fabrication tolerant, with fabrication errors
in width and height within 10 nm, and less wavelength-dependent compared with circular
bends.

Index Terms: Bends, optical loss, particle swarm optimization, radius of curvature, silicon
photonics, waveguides.

1. Introduction
optical waveguides are fundamental elements that connect a wide variety of devices in photonic
integrated circuits (PICs) that are used in optical computing, communication, sensing, and so on.
For the material system, the silicon-on-insulator (SOI) platform is probably the most promising can-
didate because an SOI-based PIC can be manufactured using the well-developed complementary
metal-oxide-semiconductor (CMOS) technology, which is widely used in integrated circuit manu-
facturing [1]–[4]. In addition, the large index difference between the silicon waveguide core and the
silica cladding allows for tight light confinement within the range of hundreds of nanometers as well
as a small bending radius down to a few microns with low bending loss on the order of 0.01 dB
over the communication band [5]. Despite the fact that the performance of a single conventional
90° circular waveguide bend is satisfactory, the total bending loss can be significantly accumulated,
especially for a large-scale PIC that contains hundreds of waveguide bends. Therefore, further
improvement in the performance of waveguide bends to reduce the insertion loss and footprint is
highly desired in a PIC.
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The total bending loss of a waveguide bend is caused by material absorption, scattering loss due
to sidewall roughness, radiation loss, and mode mismatch loss. Among them, material absorption
is inherently determined by the material itself and scattering loss due to sidewall roughness is
determined by the manufacturing process condition and waveguide width as it influences the mode
confinement inside the waveguide and the amount of light interacts with the roughness. Therefore,
the reduction of radiation loss and mode mismatch loss are the main ideas for device optimization
in this study.

A wide variety of approaches have been developed to reduce the total bending loss of a
waveguide bend. For example, mode mismatch loss at the interfaces (the straight-to-bend joints)
can be reduced by using taper structures [6] or offsetting the position of straight waveguides
such that the positions of mode profiles with maximum power distribution of the straight and bent
waveguides are aligned [7]–[9]. In [10], compared with the circular waveguide bend, the authors
show that the optimal waveguide bend has larger radius of curvature at the two ends for a better
mode matching with straight waveguides. In addition, approaches based on bend trajectory design
such as Bezier bend [11], Euler bend for multi-mode waveguides[12], hybrid bend (Euler-circular)
[13], adiabatic bend [14], [15], and the bend trajectories of customized functions [16] for designing
low-loss waveguide bends on the silicon photonic platform can effectively reduce the total bending
loss with the effective bending radius Reff in excess of 3 μm compared with the circular bend with
a constant radius of curvature. Reff is defined as follows that the start and end points of the 90°
waveguide bend are (0,0) and (Reff, Reff), respectively. The gradual change in curvature helps to
avoid the strong mode mismatch loss commonly encountered in a circular bend due to the abrupt
change in curvature at the interfaces. However, for a single-mode 220-nm-thick SOI waveguide, as
Reff decreases down to 2 μm, the trajectory design techniques proposed in published literature fail
to reduce the total bending loss because the radius of curvature at the middle part of the trajectory
is considerably smaller than 2 μm, which may lead to severe radiation loss [13]. The design using
clothoid curves with angles exceeding 90 degree can be an alternative approach to deal with
ultrasmall bending radius (Reff = 1.6 μm) [17]. However, the design methodology is not applicable
to a commonly used 90° bend and the light propagation path is obviously detoured, which may
increase the device footprint. By using inverse design method, the bending loss can be reduced
efficiently compared with circular bends for a multimode waveguide with width exceeding 1 μm for
Reff less than 2 μm while the bending loss can be as high as 1 dB/Turn [18].

In this study, we propose a design method for low-loss 90° waveguide bends with ultrasmall
bending radii. Not only the trajectory is taken into account, but the waveguide width is also
considered so as to provide an additional degree of freedom to optimize the waveguide bend
geometry using the particle swarm optimization (PSO) algorithm [19]. The design concept is found
to be effective to reduce the total bending loss of waveguide bends with bending radii down to
2 μm.

2. Relationship Between Insertion Loss, Bending Radius, and
Waveguide Width
While using the PSO algorithm for optimization, the waveguide widths and the bending radii are
taken as parameters for the geometrical design. Before performing the optimization, reasonable
lower and upper bounds for all parameters must be determined. The radiation loss in dB/cm as a
function of waveguide width for a conventional circular bend with a bending radius R of 1–5 μm is
required to determine the range of waveguide widths. However, the total bending loss of a 90° bend
consists of the mode mismatch loss part and the radiation loss part, and there is no straightforward
way to calculate the radiation loss part using a single simulation. In this study, the radiation loss
is calculated by subtracting the total bending loss of a 90° waveguide bend from that of a 180°
waveguide bend because the mode mismatch loss part at the interfaces of the straight and bent
waveguides is canceled if the waveguide bend supports only the fundamental mode and the mode
profile does not change as it propagates within the waveguide bend (i.e.,no change for the curvature
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Fig. 1. Radiation loss as a function of waveguide width for R of 1–5 μm.

Fig. 2. Schematic for the design method of a waveguide bend.

or waveguide width) [16]. The total bending loss calculations for the fundamental TE mode are
performed using the three-dimensional finite-difference time-domain (3-D FDTD) technique and
the derived radiation loss is shown in Fig. 1. The mesh grid size �x × �y × �z = 10 nm × 10 nm
× 10 nm, which is fine enough to show the accurate result and the refractive indices of silicon and
silica are given in [20]. If R is below 3 μm, the curve opens upward and the waveguide width for the
minimum radiation loss becomes wider as R decreases. When R exceeds 3 μm, the radiation loss
becomes less dependent on the waveguide width. In this study, the range of Reff is 2–5 μm and
the range for the waveguide width is determined to be 400–700 nm for the following optimization
process. Moreover, Fig. 1 indicates that it is possible to further reduce the radiation loss of a 90°
waveguide bend by varying both the trajectory and the waveguide width compared with the one with
trajectory design only. A similar concept has been proposed and applied for the optimal design of a
180° waveguide bend [21]. From the literature, it is known that the total bending loss consists of not
only radiation loss and mode mismatch loss at the straight-to-bend joints but also mode evolution
loss due to the variations of bending radius and width as light propagates through the waveguide
bend. The mode evolution loss can be the dominant factor when Reff is small or the bending radius
and width vary drastically along the light path. However, there is no straightforward way to separate
the mode evolution loss from the radiation loss, and it is not easy to find an analytic function to
design the geometry of a 90° waveguide bend. In this case, we define a set of parameters to be
optimized that is sufficient to describe the geometry, and the target is to minimize the total bending
loss. The optimized solution is eventually carried out by the PSO algorithm.

In this study, the input silicon channel waveguide is chosen to be a commonly used device with
dimensions 450 nm × 220 nm. The 90° waveguide bend is segmented into small curved sections
and each curved section has its corresponding radius and width, as shown in Fig. 2. To reduce the
complexity during the optimization process, the 45° angle is chosen as the symmetry axis, and each
45° half is divided into five major curved sections with equal spacing of 9°. The joints between these
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TABLE 1

Exact Values of G and w0 for the Optimal Design

major sections are denoted as P0, P1, P2, P3, P4, and P5. The local bending radii and waveguide
widths of the starting point of the n-th major curved section are Rn and Wn, respectively. Each major
curved sections can be further refined into minor curved sections with their corresponding bending
radii and waveguide widths defined as the interpolations of the bending radii and waveguide widths
at its starting and ending joints. The bending radius is calculated from the center of the waveguide to
the center of each local curved section (O0, O1, O2, …). Ideally, the trajectory for light propagation
should be smooth to avoid undesired scattering loss, so the bending radius of each minor curved
section along the trajectory of the n-th major curved section is determined by linear interpolation (1)
while the waveguide width is determined by a smoother cosine-like interpolation (2). The cosine-like
interpolation for waveguide width was chosen to keep a continuous mode propagation direction at
the interfaces between adjacent major sections.

Rn→n+1(t ) = Rn + (Rn+1 − Rn )× t
9

, (1)

Wn→n+1 (t ) = Wn + (Wn+1 − Wn) × 1
2

×
(

1 − cos
(

π t
9

))
(2)

where n = 0, 1, 2, 3, 4, and t is the angle (in unit of degree) as referenced to the start point of the
n-th major section that 0 ≤ t ≤ 9.

3. Results and Discussion
The goal for the optimization is to minimize the bending loss (to maximize the transmission for
the fundamental TE mode). The PSO starts with a set of N possible solutions (particles) with their
parameters (i.e., Rn and Wn) randomly generated within the upper and lower bounds that 450 nm
≤ Wn ≤ 700 nm and Rn ≥ 1 μm. The performance of each particle is calculated using a 3-D FDTD
simulation provided by a commercial software (Lumerical) that the fundamental TE mode is excited
at the input port and the transmission of the fundamental TE mode is calculated at the output port
upon finishing the simulation. The set of possible solutions evolves toward a better one over the
iterations in a way that the parameters of every particle are updated by the best known parameters
of the particle and the entire swarm. The evolution is terminated when the convergence condition
is satisfied.
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Fig. 3. Width versus length of the normalized light path S of the optimal design.

Fig. 4. Curvature (R−1) versus length of the normalized light path S of the optimal design.

The optimal design parameters for Reff = 2, 3, 4, and 5 μm are listed in Table 1. For the optimal
design, the waveguide width gradually increases from the starting point of the waveguide bend for
all Reff while the variation of curvature shows no consistency which can be attributed to multimode
interference effects … The width and the curvature (R−1) versus the normalized light path S (the
total light path is normalized to 1) of the optimal design for Reff = 2, 3, 4, and 5 μm are shown in
Fig. 3 and Fig. 4, respectively. Note that the curvatures are not zero at the junctions between the 90°
waveguide bend and the straight waveguides for the optimal design, which may induce the mode
mismatch loss. However, the overall bending loss can be reduced and the reduced radiation loss
can compensate for the mode mismatch loss because an additional degree of freedom is provided
for optimization. Moreover, large W may result in a reduced radiation loss for large curvature while
higher modes may be excited. As the waveguide structure varies, the higher modes can be coupled
back to the fundamental mode as the light propagates and result in a reduced overall bending loss.
The normalized power distributions (in log scale) for λ = 1550 nm at half the height of the silicon
waveguide core for the circular and optimal waveguide bends calculated using 3-D FDTD simulation
are shown in Fig. 5. For Reff = 3, 4, and 5 μm, the design using Euler curve bends and optimal
solutions effectively reduce the mode mismatch loss caused by mismatch at the interfaces of the
straight waveguide and waveguide bend compared with circular bends with constant radii. Note that
for Reff as small as 2 μm for a 220-nm-thick SOI waveguide, by designing not only the waveguide
trajectory but also the width, the total bending loss of the optimal design can be further reduced
compared with circular waveguide bends where other waveguide bend designs reported to date
failed to reduce the total bending loss [13].
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Fig. 5. Normalized power distributions for λ = 1550 nm at z = 0.11 μm in log scale for circular and
optimal waveguide bends calculated using 3-D FDTD simulation.

Fig. 6. Spectral response of the bending loss of circular and optimal waveguide bends for λ = 1500–
1600 nm.

The spectral response of the bending loss of the circular and the optimal waveguide bends for
λ = 1500–1600 nm for Reff = 2, 3, 4, and 5 μm is shown in Fig. 6. Over the 100-nm spectral range,
the bending loss and the wavelength dependence of the optimal design are lower than those of
the circular bends for all values of Reff. Table 2 shows the comparison of previously demonstrated
90° waveguide bends of Reff = 2, 3, 4, and 5 μm on an SOI platform with regard to the total
bending loss based on simulations. Note that the optical loss can be larger when they are fabricated
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TABLE 2

Comparison of 90° Waveguide Bends with Published Values From the Literature (Numerical Result)

Fig. 7. Total bending loss of 90° bends at λ = 1550 nm caused by fabrication error in width.

since the scattering loss due to waveguide surface roughness and material absorption loss are not
taken into consideration. As shown, the presented optimal design in this study exhibits significant
performance improvement for Reff = 2–5 μm compared with circular bends. For waveguide bends
with larger radius (e.g., Reff = 5 μm), owing to the low radiation loss and slight variation of the
curvature, the 90° waveguide bend can be assumed to be adiabatic so that the dominant factor
for total bending loss is the mode mismatch loss at the straight-to-bend joints. In this manner,
the design strategy to ensure zero curvature at the straight-to-bend joints can be effective in
reducing the total bending loss. However, such an approach is no longer effective for Reff = 2 μm
because the radiation loss can be higher for the 90° waveguide bend. Moreover, due to the abrupt
change of the curvature within a short distance, the 90° waveguide bend cannot be viewed as an
adiabatic device. It should be noted that the optimal design for this work has significant performance
improvement, especially for Reff = 2 μm. It shows great potential in reducing the footprint for the
development of PICs.

4. Fabrication Tolerance Analysis
The variation of total bending loss of 90° waveguide bends at λ = 1550 nm for Reff = 2, 3, 4, and
5 μm caused by fabrication errors in width and height are shown in Fig. 7 and Fig. 8, respectively.
It is assumed that the central positions of the silicon waveguides are fixed, and �w and �h are the
fabrication errors for waveguide width and height, respectively, which deviate from the ideal design.
For �w and �h, five points are taken into account with a uniform spacing of 5 nm in the range
from −10 to 10 nm. The maximum total bending loss in dB/turn for Reff = 2, 3, 4, and 5 μm are
0.0117, 0.0055, 0.0032, and 0.0028 dB, respectively, for the variation of �w, and 0.0136, 0.0055,
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Fig. 8. Total bending loss of 90° bends at λ = 1550 nm caused by fabrication error in height.

0.0034, and 0.0034 dB, respectively, for the variation of �h. The result indicates that the device
performance is slightly more sensitive to �h compared with �w, and is still robust even for �w and
�h up to ±10 nm.

5. Conclusion
For a 90° waveguide bend with constant width, results from the literature indicate that the total
bending loss cannot be reduced for Reff = 2 μm by designing the bend trajectory because
the bending radius can be very small near the middle part, along with severe radiation loss
for 220-nm-thick SOI waveguides. In this study, we propose a design method for low-loss 90°
waveguide bends with ultrasmall bending radii for 220-nm-thick SOI waveguides. Both trajectory
and waveguide width are considered. The 90° waveguide bend is segmented into small curved
sections and the bending radius and waveguide width of every section is optimized by the PSO
algorithm. The result indicates that the bending loss can still be reduced for a bending radius down
to 2 μm, along with robust fabrication tolerance. The authors believe that the design concept in this
study is effective in reducing the footprint for the development of PICs.
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