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Abstract: Bending waveguide is one of the building blocks of on-chip photonic integrated circuits
(PICs). Previous bending waveguides (BWs) usually suffer from larger footprint size in the bending
region, which is are not conducive to develop large-scale and high-density PICs. To this end, we
propose and numerically investigate an ultra-compact silicon-on-insulator 180-degree waveguide
bend with a bending radius of 2 pm. Being different from the previous BWs, the design is based on
topologically optimized digital metamaterials, which is implemented by using intelligent genetic
algorithms. Simulated results show that the proposed structure has a -1.36 dB bend efficiency per
180-degree at a wavelength of 1.55 um and occupies a footprint of only 4 x 4 pm?2. Moreover, the
crosstalk is <-20 dB and the loss is <2.6 dB over a >100 nm operating bandwidth (1.6-1.7 um) for TEo
modes. With the wide operating bandwidth and ultra-compact footprint, the proposed silicon-
based 180-degree waveguide bend shows a potential application as the fundamental component for
optical communication interconnect in the ultra-highly integrated photonic circuit.
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1. Introduction

In the past decades, photonic integrated circuits (PICs) have been leveraging the complementary
metal-oxide-semiconductor (CMOS) infrastructure to address the rapidly growing demands for high
capacity optical interconnects. It is well known that compact bending waveguide is indispensable for
routing the data transmission as well as designing PICs flexibly. Great efforts had been made to
achieve sharp waveguide-bends by exploiting photonic crystals [1-10], plasmonics [11-19], and
micro-ring resonators [20-22]. Waveguide bends based on photonic crystals [1-10] can exhibit high
transmission efficiency. However, the footprint of such devices is very large, since photonic crystals
exhibit insufficient localization of the electromagnetic waves.

Moreover, the coupling efficiency between the conventional silicon ridge waveguide and the
photonic-crystal waveguide is typically low. Multi-dimensional plasmonic waveguide bends [12-19]
have been numerically demonstrated. Unfortunately, these devices suffer not only from large
absorption losses from metals, but their fabrication itself is challenging since several alternating metal
and dielectric layers are required [3-10]. On the other hand, Xu, et. al. [20-22] demonstrated a silicon
micro-ring resonator with a radius as small as 1um. However, the bending losses per 180-degree bend
is less than -3 dB and the operating bandwidth is limited in Inm. Furthermore, they are very sensitive
to fabrication errors and therefore, additional compensating mechanisms are required. In addition to
these, by using a silver mirror, Ishida, et. al. achieved a 180-degree bending waveguide over an area
of ~100 pm x 300 pm with a bend efficiency ~35% [23]. The facet of the mirror has to be ultra-smooth
to minimize scattering losses, which complicates the fabrication. Al-Tarawmi and Vogebacher, et. al.
have proposed a low loss 180-degree waveguide bend using a slot structure [24] and Euler bend
geometry [25], which exhibits a footprint of tens of microns.
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One might notice that metamaterials offer a new approach to design compact and power-
efficient integrated-photonic devices [26-29]. By nanostructuring a dielectric (silicon) with features
that are smaller than the wavelength, it is possible to engineer the device response to input
electromagnetic waves in a manner that allows the device to be much smaller that is otherwise
impossible. In previously, by using grating-like structure metamaterials, Xu, et. al. achieved a 180-
degree waveguide bending with a bend efficiency of <1 dB [30]. However, the device footprint still
over an area of ~60 pm x 100 um. Therefore, it is highly desirable to explore a 180-degree bending
waveguide to ensure various photonic components could be freely stitched on a chip.

In this work, we theoretically study an ultra-compact silicon-based 180-degree waveguide bend
based on digital metamaterials. Our method is to design digital metamaterials by utilizing an
intelligent genetic algorithm. With such an approach, the local permittivity could be flexibly tailored
to explore the desired bending waveguide. The 180-degree waveguide bend with a footprint of only
4 x 4 um? and a bend efficiency of -1.36 dB per 180-degree is theoretically demonstrated at a
wavelength of 1.55 um. Moreover, the crosstalk is <-20 dB and the loss is <2.6 dB over a >100 nm
operating bandwidth (1.6-1.7 pum) for the TEo modes operation. With the ultra-compact device
footprint and wide operating bandwidth, the designed 180-degree waveguide bend is expected to
boost the development of large-scale and high-density PICs.

2. Materials and Methods

In traditional device design, the device structure is given first, then final structure is achieved
by the calculated optimization process based on the Maxwell’s equations. To explore the pattern
distribution of silicon digital metamaterials structure, inverse design method is introduced. The
kernel of “inverse-design” is that the source and target optical fields are given first, then the digital
metamaterials structure is built according to the desired input and output optical fields. We
implement a binary digital metamaterials structure by discretizing the device area into a number of
identical square lattices at sub-wavelength scale. Each lattices can be occupied by silicon or air. More
lattices mean that the final structure is more closer to the target structure, while would increase the
footprint of the device. To make a tradeoff, we adopt a step-by-step method for the optimization, as
Figure 1(a) shows. The geometry of digital metamaterials structure is first set to be square and this
region is divided into a number of blocks, such as 100 x 100. After that an optimization genetic
algorithms (GA) is utilized to decide the material of each lattices to be silicon or air. The effect
ofoptimization is evaluated by a function called figure-of-merit (FOM). If the FOM is lower than the
expectation at the end of the optimization, the lattice will be updated by GA operations as a trial for
improvement. In detail, the silicon or air lattices are expanded and the optimization process is
repeated until the FOM is acceptable or cannot be improved.

As shown in Figure 1, the connection square area (4 x 4 pm?) was partitioned into small lattices
(10 nm x 10 nm). This allows the RI for each lattices to be chosen independently. At the second step,
the genetic algorithm is implemented to drive an appropriate distribution of RI for pattern area. As
a general feature, the refractive indices for the partitioned parts are gene, and the distribution of RI
in all areas is used as chromosome for the algorithm. Here, two refractive indices 1 and 2.39 are
applied. The refractive indices for sub-areas are determined by the assigned codes. For example, code
“1” represents the RI equals to 2.39 (silicon) and code “0” represents 1(air). Then, the first distribution
of the RI will be created by the genetic algorithm. At the third and fourth step, as an application, we
analyze wave propagation in each lattices population of RI by calculating the transmission at
operation wavelength A=1.5~1.7 um in the finite-difference timed domain (FDTD) simulation. We
defined the figure of merit (FOM) value, which is defined as the normalized transmission of output
waveguide, which can be expressed as follow:

FOM — ISz [EIO(B)xH(B)+H:0i0xE(Bi]d§|2 )
4 [p Re[Ho(B)XEq(B)|dB

where B represents an arbitrary point in the cross-section of the connection area, Eo and Ho represent

the basis electric and magnetic fields of the TEo mode, and E, H denotes the actual electric and

magnetic fields at B, respectively. At the last stage, the iterations continue until the FOM cannot be
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improved or the final FOM is smaller than the expected value. Otherwise, the step which reproduces
a new distribution of RI will repeat the cycle. The final structure pattern will be determined and
would have the least energy loss when the FOM value reaches the maximum.
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Figure 1. The cyclic steps of optimization process based on the intelligent algorithm for the design
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180-degree waveguide bend using digital metamaterials.
3. Results

3.1. Design of 180-degree waveguide bend using digital metamaterials

As shown in Figure 2(a), on-chip silicon-based 180-degree waveguide bend using digital
metamaterials is designed based on an intelligent algorithm, which is constructed by combining the
genetic algorithm and the finite-difference time-domain (FDTD). The proposed 180-degree
waveguide bend structure is consisting of three parts with the digital metamaterials pattern region
and input/output waveguide. The width of the input and output single-mode waveguide is chosen
to be 1um. The intelligent genetic algorithm is used to engineer the geometry pattern of the digital
metamaterials region. The top-view (xz-plane) schematic diagram of the digital metamaterials
pattern region is sketched in Figure 2(b), where the optimization region is chosen to be 4 x 4 pum?2
which is discretized intdiscretized into 400 x 400 pixelated lattices. Each lattice diameter is 10 nm and
it has a binary state of the material property: silicon or air. The device is designed on a widely used
SOI substrate with 220 nm top silicon and 2 pm buried oxide. The proposed 180-degree waveguide
bend use free-form digital metamaterials, where the distribution of the silicon and air pixelated
lattices is determined using intelligent genetic algorithm. The intelligent algorithm can explore all
kinds of structures, and FDTD can calculate electromagnetic fields and evaluate its optical properties
for any structures. The combination of the intelligent algorithm and FDTD, which can break the
restrictions of traditional structures and obtain the optimal devices structure.

..........................
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Figure 2. 3D-Schematic of silicon-based 180-degree waveguide bend using digital metamaterials. (a)
The all-view schematic diagram of the 180-degree waveguide bend. (b) The Epsilon distribution using
digital metamaterials in pattern region.
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3.2. Simulated light propagation in the designed 180-degree waveguide bend

Next, the FDTD simulations are firstly used to performed for the designed 180-degree
waveguide bend using digital metamaterials. The FDTD method with perfectly matched layer
absorbing boundary conditions is used to evaluate the optical performance of the structure. A mesh
size of 5 nm x 5 nm x 5 nm was used in the design of 180 waveguide bend. Figure 3(a)—(d) shows the
simulated light propagation in the designed silicon PIC consisting of input/output straight
waveguides as well as the designed 180 waveguide bend with effective radius of 2 um when
operating at Ao = 1.55 um. Here the TEo, TE1, TMo, and TMi modes of the input straight waveguide
are launched at the input end, respectively. Figure 3(a) shown that there is no notable multimode
interference, which indicates the excess loss (EL) and the inter-mode crosstalk (CT) are low when the
launched TEo -modes propagate along the designed waveguide bend. However, the high inter-mode
CT was be absered for TE: modes, as shown in Figure 3(b). On the other hands, we noted that the
thickness of our proposed waveguide bend using digital metamaterials is only 220 nm, the TM mode
is weakly confined in the waveguide and lead to the large propagation loss, as shown in Figure
3(c)(d). In order to evaluate it quantitatively, we calculate the transmissions Tj (i = 1, 2) from the i-th
guided-mode launched at the input end to the j-th guided-mode at the output end, as shown in Figure
4(a)—(d). The EL and the inter-mode CT for the i-th guided-mode are then calculated by

EL; = —10log(10T})), (2a)

CT;; = 10log(10T;;)(i # j). (2b)

Input TE,

Input TM, Input TM,

Figure 3. Simulated light propagation in the designed 180-degree waveguide bend when launching
the TEo (a), TE:1 (b), TMo (c), and TM1 (d) modes, respectively.

For TEo input, the EL is <1.36 dB/180°, and the inter-mode CT is < —20 dB in the broadband from
1.6 to 1.7 um. For TE: input, the EL is <9 dB. We also noted that the high inter-mode CT of -13 dB is
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abserved due to the TE inter-modes interference. As abovemention that, the thickness of our
proposed waveguide bend using digital metamaterials is only 220 nm, the TM mode is weakly
confined in the waveguide and lead to the large propagation loss. As a result, it can be seen that the
ELs for the TMo and TMi1 modes are as high as 7.8-16 dB, 8.5-29 dB in the broad bandwidth from
1400 nm to 1700 nm, as shown in Figure 4(c)—(d),. Meanwhile, the inter-mode CT is less than —20 dB
for TE and TM-modes in the broadband from 1400 nm to 1700 nm. In contrast, for the regular 180-
degree arc-bend with the same core width and the same radius, the inter-mode crosstalk is as large
as —8.4 dB for the same broad band.

Table 1 summarizes several 180-degree waveguide bends that realized experimentally or
proposed theoretically. Though most of the previous demonstrations have lower loss than this letter,
they either investigated the single operating wavelength or relied on large bending structures.
However, our design 180-degree waveguide bend in this letter can simultaneously achieve the ultra-
compact bending radius and wide operating bandwidth. As a result, the proposed on-chip 180-
degree waveguide bends can be used as the fundamental component for optical communication
interconnect in the ultra-highly integrated photonic circuit, showing promise in future on-chip
integrated optics.

Table 1. Performance comparison of the presented 180-degree waveguide bends to the state-of-the-
art bend waveguides.

Transmissio Radius 1 dB-Bandwidth

References n (pum) (pm) FO(OtII:;;nt
(dB/180°) H
Xu et al [29] <1 30 0.08 60 x 100
Vogelbacher [25] -0.047 40 Ao=0.85 40 = 80
Al-Tarawni [24] -0.018 5 Ao=1.55 5x10
Bahadori [11] -0.004 5 o=1.55 5x 10
Our design -1.36 2 0.1 4x4
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Figure 4. The transmittance spectra when the TEo (a), TE1 (b), TMo (c), TM1 (d) modes are launched
from the input end.
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4. Conclusions

In conclusion, we applied the principle of digital metamaterials which is implemented by using
intelligent genetic algorithms, to design a 180-degree waveguide bend. The proposed structure has a
-1.36 dB bend efficiency per 180-degree at a wavelength of 1.55 um. Moreover, the crosstalk is <20
dB and the loss is <2.6 dB over a >100 nm operating bandwidth (1.6-1.7 um) for TEo modes. More
importantly, our design enables the bending of light in single-mode nanowire waveguides spaced by
4 um over an angle of 180 degrees, which corresponds to an effective bend radius of only 2 um and
a footprint of only 4 um x 4 um. Our devices are not only compatible with the conventional CMOS
process, but be extended to almost any waveguiding topology, which will enable the efficient in-
plane routing of light for large-scale photonic integration.
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