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Abstract— The efficiency of optical power transferred between two
bidimensional waveguides, continuous waveguide and periodic
subwavelength waveguide has been designed and optimized by
using a taper composed by variable length segments (0.03 -
0.27 um). Waveguides with variable width (270 — 330 nm) have
been considered and the number of segments on the taper region
has been varied from 10 to 15. The optimized taper was efficiently
designed using bio-inspired algorithms based on the genetic
algorithms and the artificial immune system. The power coupled
has been computed using the frequency domain finite element
method. The best solution is 20% shorter than previously existent
tapers with coupling light efficiency above 90% over a broadband
interval of frequencies and it exhibits high fabrication error
tolerances.

Index Terms— Integrated optics devices; Numerical approximation and
analysis; Waveguides; Subwavelength structures.

I. INTRODUCTION
The taper waveguide coupler is a passive device composed by a photonic waveguide whose shape or

transversal cross section varying along the direction of propagation [1]. Waveguide couplers are
generally used to improve or enhance the light coupling efficiency between two waveguides with
different transversal sections propagation characteristics. For tapers with long length, the light can be
coupled with negligible power loss into the output waveguide [2]-[4]. A drastic reduction of the
taper’s size will increase the power loss [1], [3].

A good alternative to increase the coupling efficiency between continuous waveguides and
periodically segmented waveguides (PSW) is to use a segmented waveguide as a taper waveguide
coupler by varying its geometric parameters (length size). One of the main advantages of working
with PSW’s is the possibility of manipulating the core effective refractive index along the optical
circuit. Another desired property is the confinement of light in the PSW filters higher orders modes

[5], [6]. In [4]-[8], it is proposed the use of periodically segmented waveguides to change the effective
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guide index and therefore manipulation the field distribution within waveguides.

The aim of this work is to extend the analysis presented in [1], where the number of segments and
the segment width were considered constant and the size of taper region was fixed to 4.5 um, which is
smallest than other previously published. Here, the number of segments in the taper region will be
swept from 10 to 15 making the structures of this work ranging from 3.0 to 4.5 um being smaller than
those found in [1]. Another contribution of this work is the analysis of the coupling efficiency varying
the segments width in the values of 270 nm, 300 nm and 330 nm. The influence of these parameters
is analyzed in details aiming to obtain a robust optimized taper with a good tolerance of fabrication
errors and a footprint smaller than previously designed tapers.

For the numerical modeling of these tapers, the FEM-2D formulation [9]-[12], is used to compute
the field distribution and hence the coupled power can be obtained. On the other hand, the genetic
algorithm (GA) and the artificial immune system (AIS) were used for the optimization of several
photonic devices such as photonic crystals [11], [12], tapers in conventional waveguides [13], [14],
and segmented tapers [1].

Some advantages of the models obtained with AIS and GA are the reduced time and computational
effort, its simplicity and also its use in design and synthesis problems [1]. The GA and AIS
parameters such as: Individual numbers, number of generations, mutation rates, and affinity have been
adopted to be the optimized ones obtained in [1].

The structure to be optimized is displayed in Fig. 1, where A, w and a are the period, the width and
the length of segments, respectively, n; is the refractive index of the segments. The PSW is composed
by silicon and silica with alternating refractive indices n1=3.476 and n,=1.444, respectively, and
variable width values of w=270, 300 and 330 nm. The segments have a fixed period of A=300 nm.
These parameters are used as the input variables of the bio-inspired algorithms in association with the
FEM-2D for computing the fields and power coupling of the optimized structures. Due to the
symmetrical feature of the structure along the y direction, only half the geometry was discretized to
reduce the computational effort and processing time. Maximizing the coupling efficiency (or
transmission coefficient) of PSW optimized taper (varying its length segments), between a straight
continuous waveguide (CWG) and a straight PSW, is our main problem [1]. The taper region consists
of a variable number of segments between 10 and 15 segments to obtain a small taper. Previously
published tapers considering 33 to 200 segments [4] were used for comparison.

The individuals are composed by an array containing the silicon segments lengths {ai, az,. . ., an},
where n=10, ...,15. An 8 bits coding scheme has been used for each segment length with values in the
interval (30 nm, 270 nm) with steps of 0.9375 nm. The end of the taper is at z; = 0.3n pm.

The manuscript is organized as follows: In Sec. Il, we describe the adopted evolutionary
algorithms. In Sec. 111, we show the respective results founded. Finally, we presented the conclusions
in Sec. IV.
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Fig. 1. The structure used for the taper composed by n segments.
To demonstrate the validity and usefulness of artificial immune system and the genetic algorithm

for this kind of problem, the evolution and the shape of the best tapers are presented.

1. BIO-INSPIRED ALGORITHMS
The bio-inspired algorithms based on the AIS and the GA, reported in [1], are used here and they
are shown in Fig. 2.
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Fig. 2. The sequential diagrams of the adopted Bio-Inspired algorithms. (a) Based on Artificial Immune System, (b) Based
on Genetic Algorithm.
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The steps required for the development and setup of the AIS and GA to treat the taper optimization,
in particular, the maximization of power coupling, was adapted from [1]. The proposed algorithms
were implemented in MATLAB.
The used bio-inspired algorithms techniques have several steps detailed in [1], with the same
Fitness Evaluation for both algorithms (GA and AIS). The fitness of each individual is evaluated by

the objective function given by:

POUI 1
S )

I
where, Pout is the output power coupled to the mode of the output waveguide and Pin is the input

Objective Function =

power of the mode at the input waveguide.

[1l. NUMERICAL RESULTS AND DISCUSSION
The simulation data used in the bio-inspired algorithms, for each variable, width and number of

segments of the segmented taper are: operating wavelength A=1.55 um; segment lengths a; [0.03 um,
0.27 um], i=1, 2, 3..., n; segment refractive index and waveguide n1=3.476; cladding refractive index
n,=1.444; and the stop criterion adopted is 200 generations. The computational domain is limited by z
[-7 um, 9.9 um] and y [0 um, —2.65 pum]. The initial population size is composed by 10 antibodies
and 20 individual for the AIS and GA, respectively. The mutation rate of 3% has been used for the
AIS.

The fundamental Ex polarized mode of the CWG is considered as the incident field of the input

taper. We considered three different widths for the CWG, 270nm, 300nm and 330nm. The resulting
FEM meshes have about 55,000 elements and 110,000 nodes.
The fitness evolution of the best individuals by using AlS and GA, varying the number of segments
(10 to 15) and several width w (270, 300 and 330 nm) as a function of the number of generations is
shown in Fig. 3. In all cases, the algorithm based on artificial immune system and genetic algorithms
presented good convergence.

It is observed that high values of coupling efficiency are obtained with the AIS and GA with a small
number of segments n, almost independent of the width w. Table | shows the best coupling efficiency
found for each taper configuration with different quantity of segments (10 to 15) as a function of the
width variation (270, 300 and 330 nm). The configuration with width w=270 nm presents the highest

coupling efficiency.
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The evolution of the coupling efficiency of the best individuals for the AIS and for the GA varying the number of
segments n (10 to 15), with width w (a) 270 nm, (b) 300 nm and (c) 330 nm, respectively.

TABLE |. COUPLING EFFICIENCY (CE) As A FUNCTION OF NUMBER OF SEGMENTS (NS), FOR AIS AND GA AT A=1.55pm

n=10 n=11 n=12 n=13 n=14 n=15

AIS GA AIS GA AIS GA AIS GA AIS GA AIS GA
270x 300 nm 9896 97.48 99.10 99.60 99.53 99.94 98.22 98.95 99.26 98.28 98.61 97.50
300x 300 nm 99.06 97.12 98.43 97.64 9434 98.06 9500 97.53 9753 97.30 98.16 97.98
330x 300 nm 94.03 93.67 94.73 93.27 94.82 93.87 93.06 94.62 91.36 93.21 92.88 91.84

The best optimized tapers obtained by AIS with their respective number of segments (10 to 15) and

width w (270, 300 and 330 nm), are displayed in Fig. 4, where we also show the spatial distributions

of the field. In Fig. 4(a), it can be observed that high power efficiency is coupled into the taper when

the waveguide width is 270 nm.
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Fig. 4. The optimized PSW taper’s shape and Spatial distribution of the field intensity for the best tapers configurations,
found by AIS (a) n=12 and w=270 nm, (b) n=10 and w=300 nm and (c) n=12 and w=330 nm, respectively.

The GA configuration with width w=270 nm presents a high coupling efficiency. In Fig. 5, we
present the optimized tapers and their respective spatial distributions of the field. It can be observed
from Fig. 5(a) that more power is being coupled into the taper with width of 270 nm than into the

others for both algorithms.
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Fig. 5. The optimized PSW taper’s shape and Spatial distribution of the field intensity for the best tapers configurations,
found by GA (a) n=12 and w=270 nm, (b) n=12 and w=300 nm and (c) n=13 and w=330 nm, respectively.

The segment lengths as a function of the position for the six values marked in bold in Table I are
shown in Fig. 6. Note a pattern in the optimized structures: the closest segments located at the input
waveguide and ones placed at the output waveguide have a larger filling fraction of silicon and the
segments closer to the center of the taper have more silica. The resulting geometries are far different

from trivial solutions such as linear or smooth length variation along the taper.
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Fig. 6. Segment length vs segment position for the best tapers configurations in Table I.

After optimizing the segmented tapers, using both algorithms, GA and AIS, for the fixed operating
wavelength A=1.55 um, their coupling efficiencies have been computed for different operating
wavelengths A [1.50 um; 1.60 um], in order to verify the behavior of each of the best optimized
tapers. In Fig. 7, we presented the curves of the coupling efficiency as a function of the wavelength
for the best structures optimized by using AIS and GA varying the number of segments n (10 to 15)
and the width w (270, 300 and 330 nm). A variation on the coupling efficiency of about 10% can be
observed, but they are still high (above 83%).

In addition, the robustness of the designed and optimized tapers with w=270nm, 300nm and 330nm,
is analyzed by varying (increasing and decreasing) the size of all segment lengths, of the best tapers
founded, up to 10nm. This tolerance is about 10 times the step length used for the segments and it is
also compatible with the existent fabrication technologies. The results are displayed in Fig. 9. A
variation in coupling efficiency of less than 10% can be observed. A 0.5% improvement in coupling
efficiency is noted when all segments increase 2nm. The AIS obtained the best results for w=270 nm
while the GA obtained the best results for w=270 nm and w=330 nm.

A high coupling efficiency can be observed for the tapers designed using AIS and GA for various
wavelengths in this study. Previous reported tapers presents lower coupling efficiency of 81.4% in [4]
while tapers found in [1] and in this work using the AIS and GA presents coupling efficiency above

94%.

The coupler waveguides obtained by the bio-inspired algorithms can be used to design low loss and
efficient tapers.
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Fig. 7. Coupling efficiency as a function of wavelength operation for the optimized structures by (a) AlS and (b) GA, with
w=270 nm, 300 nm, and 330 nm, respectively.

For the optimized tapers, the reflected power coupled to the mode of the input waveguide is lower
than 0.1%. Therefore, we can affirm that most of the non transmitted power is radiated in the taper
region. Although the thicknesses of the waveguide has not been taken into account during the
optimization process, we include this information indirectly by using the effective index theory in our
2D model. The core refractive index is n=2.52. This value corresponds to the effective refractive
index of a silicon waveguide with thicknesses of 260 nm surrounded by silica. The coupling
efficiencies for the best previously obtained solutions are the following: 98.03% (GA, 270 nm X
300 nm), 98.10% (AIS, 270 nm x 300 nm), 93.03% (GA, 300 nm x 300 nm), 96.47% (AIS, 300 nm x
300 nm), 82.24% (GA, 330 nm x 300 nm), and 85.17% (AIS, 330 nm x 300 nm). It is possible to
observe high transmission for thin waveguides and a reduction of the efficiency for wider waveguides.
Consequently, the 2D approach can be used to obtain an insight of the behavior of 3D taper.

Moreover, the wavelength dependence of the GA optimized waveguide, under the effective index
theory, with width w=270 nm is presented in Fig. 8. It can be seen that the coupling efficiency is

above 96% in all the interval of wavelengths.
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w=270 nm, (b) w=300 nm and (c) w=330 nm, respectively.

Finally, we run the experiment multiple times due to the stochastic nature of the proposed methods
in order to demonstrate the convergence of the proposed algorithms. We considered the case of 15
segments because it was the longest taper and it could present more stochastic behavior. We run the
experiments 10 times. The obtained results are shown in Fig. 10.
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Fig. 10. Fitness evolution after running the AG and AlS algorithms 10 times.

We can observe that both algorithms converge to values above 96% after running them ten times
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during 200 generations with a mean efficiency value of 96.25% with standard deviation of 0.787% for
the AG while for the SIA, the mean value of the efficiency was 97.12% with standard deviation of

0.999%. It is expected a similar behavior for all the analyzed tapers.

IVV. CONCLUSIONS
In conclusion, the optimization of planar waveguide couplers using PSW composed by silicon and

silica, using the 2D-FEM in association with bio-inspired algorithms based on the AIS and the GA is
presented. The results presented are better than the ones previously reported in literature considering
sizes and materials with refractive indexes close to the ones used in this work.

It can be observed a pattern in the optimized structures: the closest segments of the input waveguide
and the output waveguide have a larger filling fraction of silicon and the segments closer to the center
of the taper have more silica.

A new set of tapers are presented, varying the number of the segments (10-15) and varying the
width (270, 300 and 330 nm) and the optimized structures with w=270 nm show better results than the
others presented in [1] and [4]. The footprint of the best solution is 20% smaller than previously ones
reported in the literature.

Coupling efficiencies above 94% have been found for specific operating wavelengths and above
84% for the wavelength interval [1.5 um - 1.6 um]. In addition, the designed models can be used to
design optical waveguide couplers considering different materials, number of sections, period
variation, different waveguides and 3D simulations. The proposed solutions exhibit high fabrication

error tolerances.
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