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Abstract— The optimization of three-dimensional device has widely
been explored and designated as computational challenge in pho-
tonic device design. In this context, this work presents a novel
multi-symmetric level (MSL) optimization procedure based on Ge-
netic Algorithm (GA) to decrease the computational requirements
in a three-dimensional photonic coupler device optimization. The
proposed procedure divides the device optimization into many local
regions by dimensional symmetric aspects, being based on divide-
to-conquer strategies. As the optimization converges to acceptance
values, the number of symmetric areas are decreasing until a
unique local area that modeled the total 3D photonic device. This
procedure was validated by the minimization of a photonic coupler
modeled to interconnect optical waveguides with different height,
width and refractive indices.

Index Terms— 3D Optical Coupler, Finite Element Method (FEM), Genetic
Algorithm, Numerical Modeling

I. INTRODUCTION

The computational and telecommunications data processing and store have worldwide challenged
for the design of novel devices [1]. This is usually started by the modelling and simulation of those
three-dimensional devices under certain application and fabrication conditions [2]. It also occurs in high-
contrast based on index material to scale down ultra-compact optical devices for photonic integrated
chip (PIC) for optical communications. Thus, it is mainly motivated by light controlling propagation
techniques on small regions by photonic band-gap (PBG) with photonic crystal structures that have
been widely explored [3], [4]. Photonic crystals are manufactured periodic structures designed to exhibit
photonic band gap [5]. Thenceforth, the crystal geometrical variations have worldwide been explored
in different contents [6], such as novel antennas [7]-[9], coupling [10], [11] and filtering devices [12],
[13].

Another class of geometries used in device design is metamaterials, in which subwavelength periodic
structures are build to design devices with non-conventional physics properties, such as time varying
electromagnetic fields with left-handed refractive conditions [14]. Therefore, metamaterial is usually
defined to provide alternative properties, such as negative refractive index and thermal expansion
coefficients mainly motivated by the complex design of novel 3D metamaterial. The design of 3D

metamaterials have been initiated around 20 years ago motivated by those physical contributions and
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recent developed computational aided design and high performance computer approaches to proceed
simulations and optimizations in their geometrical properties [15].

However, by the complexity and the number of attributes to be considered in these simulations,
a high performance computational approaches and sophisticated numerical alternative techniques are
requirements for these executions [16]. It is an affirmation subsidized by the dual challenge regarding
the devices miniaturization and expected performance in the application [17]. As an example, photonic
couplers modelling that are widely used as integrative devices in circuits designed in nano and mi-
crometer scale circuits [18].

These computational requirements are increased when artificial intelligence metaheuristics based on
nature-inspired concepts are integrated in these numerical modelling simulations to optimize these
devices parameters [19]. As examples, considering bi-dimensional optimizations where devices are
designed applying subwavelength lattice optics [20] and photonic band gap structures optimizations
[21], [22], as well as for new optical devices design, [23], beam splitters [24], optical power couplers
[24], [25], [26], waveguide filters [27] and optical circuit designed by plasmonic nano rods [28] are
some of these recent applications.

Due to the optimization techniques and computational power required in three-dimensional (3D)
photonic modeling, the development of novel photonic devices are multidisciplinary afforded challenges
considered in this work. In this context, this work aims to present an alternative methodology to reduce
the computational costs by partitioning the 3D model of a photonic device into some two-dimensional
regions of the photonic device that will regroup as satisfactory solutions are found. By the last step,
an optimization with fewer iterations is performed in the three-dimensional model to return its final
configuration. This multilevel optimization is based on the divided-to-conquer concept [29], considering
device geometry symmetry along the optimized steps that is performed by a Genetic Algorithm.

This method has been validated in the design of a novel minimized 3D optical coupler with 4.2 ym
of length, following the 2D concept presented in [25]. However, this 3D model take into account optical
waveguides with different height and width and the results show that the efficiency is greater than 90%
in wavelength region of 1.55 pum, with is composed of 1260 cylinders in the coupler region, where each
of these cylinders were considered as input optimization unknown to be combined. In second section is
presented the photonic coupler modeled and some brief description about Finite Element Method used
in this article. The section three presents the optimization method based on the divided-to-conquer to
randomly select the refractive index of each of them to maximize the output coupling. The results are

presented in fourth section, followed by final considerations and work in progress in fifth section.

II. THE OPTICAL COUPLER ARCHITECTURE

The photonic device used to validate the proposed method, as already mentioned, is a coupler device
with different input and output waveguide dimensions, as shown Fig. 1, and it is based on 2D coupler
shown in [24], [25]. The coupler is modeled by a three-dimensional vector finite element method (3D-
VFEM) in frequency domain developed to this application [30].

The Fig. 2 presents the three-dimensional model of the optical coupler with input waveguide refractive
index n =1.98 and 2 pum width, 1 pym height, and 1.5 pm length. The output waveguide has core with
a refractive index of 3.5 and dimensions of 0.2 um and 0.3 um for height and width, respectively,

and its length is 4 pum. This length is longer than the input waveguide in order to allow calculating
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Fig. 1. General 3D Photonic Coupler Schematic.

the modes coupled far from the coupler structure. It was performed to avoid the interference of the

non-coupled fields in the final results. The Fig. 2 shows the input and output waveguides in detail.
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Fig. 2. Photonic coupler device properties.

The optimization region is the place where GA will execute random changes on equally distributed
and juxtaposed internally 1260 cylindrical segments distributed in 12 segments in width (Fig. 3), 15
in length and 7 in height. Each one has diameter of 0.2 pm, 0.125 pum of height and its periodicity
is 0.35 pum horizontally and 0.325 pm vertically. Henceforth, this optimization region considers 8 ym
width, 2.3 pm height, and 4.22 pym length. The optimization region is a box made of a material with

1.45 refractive index.
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Fig. 3. Optimization region.
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Considering the total number of 1260 cylinders in the optimization region and the Multi-Symmetric
Level GA System by directional geometrical simplification, at first the total 1260 is divided by four
elements to be recombined to search for suitable solution, which means the combination between
315 cylinders are necessary at first optimization level. From this first step, the second level consider
half number of 1260 elements to be combined, which summed 630 cylinders to be combined for an
acceptable configuration under the objective functions specifications. Finally, considering the previous
configurations as initial start point, the entire 1260 cylinders are considered to search for best solutions
to attempt the device design configuration, herein a three-dimensional photonic coupler is considered.

Thenceforth, the total number of cylindrical segments defines the unknowns that will be optimized by
the GA, which means 1260 cylinders used in this three-dimensional model. Furthermore, each segment
can assume three different refractive index values. However, the computational effort required is too
high for attempting all possibilities. As consequence, the optimization process did not converge to a
satisfactory result in initial tests, motivating the previously proposed optimization procedure by the
association of multilevel symmetric application and Genetic Algorithm.

The device is surrounded by Perfectly Matched Layers (PML) with 1 pum thickness and the whole
computational domain was discretized in 369514 tetrahedral elements generating 412499 field values.
The fundamental mode of the electric field was applied in the input waveguide in the wavelength of
1.55 pm.

The 3D-VFEM is equated from the wave equation in frequency domain given by (1), where ¢ =
H,% + Hyj + H.Z in the magnetic field and ® = E, & + E,§ + E.Z [31]. The p = 1/n2 and ¢ =1

2

in magnetic and p = 1 and ¢ = n“ in electric fields, respectively, where n is the refractive index and

ko is the wavenumber.

V X pV x ®(r) — gkis’®(r) = 0 (1)

The Perfeclty Matched Layer (PML) is introduced by s parameter, where in PML region is defined by
(2), where wyq is the angular frequency, d the PML thickness, and R the theoretical reflection coefficient
and p is the distance from an internal PML element to the last field simulation and V is modified nabla

operator [32].

5 () ()

The 3D-VFEM could be described by §2 computational domain after the Galerkin method application
by (3), where W is the Whitney edge base function and D; and D> is given by (4) and (5), respectively,
and ®;,, is the incident field [31].
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This numerical method was implemented in Fortran 95 language to attempt the computational high

Dy = —Wiy(—jﬁ(‘l’mw + (I)imyy) +( ©®)
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performance required by the matrix inversion, the ScaLAPACK ! was integrated for parallel processing.
It was available a computer cluster with 5 nodes, each one with Intel i5 processor (3 GHz) and 16 GB
of RAM memory. The 3D-VFEM execution under these computational and numerical conditions spent

around 114 seconds, in average, for one GA iteration.

III. THE OPTIMIZATION PROCEDURE

Following Photonic Crystal and Metamaterial challenges to optimize their geometric design, this work
aims to present a novel methodology, so-called Multi-Symmetric Level (MSL), to explore symmetric
physical properties of a pre-established geometry. In this method, the number of elements to be
optimized increases as the results improve. A multisymmetric level is based on multiple executions
of a metaheuristic algorithm, the classic Genetic Algorithm (GA) was chosen, and it is an iterative
procedure considering the symmetric properties of the device in one and two directions (axis). To
increase the number of unknowns, here associated to the refractive index, the geometry have their
values customized by the GA throughout the iterations.

The MSL is represented in Fig. 4, where the first GA execution is named by "Genetic Algorithm
(I)". The unknowns number is a quarter of the total parameters pre-established for the device, being
determined by four quadrants that divide the device in four equal regions (I, II, III and IV). Hence, the
best configuration reached is reused to generate the initial population of the next GA (Genetic Algorithm
(1I) execution, which decrease the symmetric configurations only for two regions (I and II). The second
execution generates best solutions whose configurations will populate the final GA execution, herein
nominated by Genetic Algorithm (I1I), whose results returned the best device configuration. Finally, the
last execution level is the freely three-dimensional optimization, considering the previously symmetric

optimization results as initial choices.
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Fig. 4. Main MSL Genetic Algorithm dataflow.

The Genetic Algorithm (GA) is structured by an integer gene mimetization, which main dataflow
started with random population generation, whose each candidate solutions, herein called chromosome

by GA, and nlnd parameter is associated to the number of individuals in the population. Each candidate

"http://www.netlib.org/scalapack/
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solution is calculated by a objective function (fitness) [33]. This general data-flow is presented in Fig.
5, which is followed by a stop criteria condition to control the iterative procedure of this meta-heuristic.
In this work the fitness is designated by 3D-VFEM method for the photonic device modeling and stop

criteria is the maximum iteration number of the GA, which is called generations.

,

Initial Population

}

Fitness

Is Stop Criteria
Satisfied ?

Mutation [ Best Optimization Results ]

!

Recombination ( Begin )

Fig. 5. Main Genetic Algorithm dataflow.

Therefore, the GA population is described by the matrix P in (6), where each chromosome is a vector
with U unknowns that are randomly changed by GA operators known for mutation and crossover [34].
Basically, the mutation operator is a uniform random function that randomly choose any element (gene)
of the chromosome. This procedure is repeated until a stop criteria is satisfied.

P11 P12 T biu
P21 D22 T p2,U
P=|" o . ©)
Pnind1l Pnind,2 *°° PniIndU

The crossover uses two breakpoints to generate a new chromosome, as shown in Fig. 6. In this
figure, the chromosome P, is formed by the first series of P, chromosome, the second series of P,
chromosome, and the third series of P, chromosome. Therefore, following the Fig. 4, the GA meta-
heuristic in "Genetic Algorithm (I)" generates every unknowns of the P population matrix by random
uniform function. On the other hand, in "Genetic Algorithm (I1I)" and "Genetic Algorithm (II1)" the initial
population is fulfilled by best candidate solutions from previous GA executions, aiming to converge
with lowest number iterations.

In order to illustrate this procedure and validate it, this work presents the optimization of a three-
dimensional photonic coupler for on-chip device. Its modeling is described in next section. The main
optimization goal is to maximize the coupling interconnection between two optical waveguides with
different dimensions (width and height) and electric properties. The first condition considers the output

waveguide with high contrast of refractive index between core and substrate. The second condition is
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Fig. 6. Dual break point crossover operator of GA meta-heuristic.

associated to the reduced coupler geometry that makes it suitable to apply in high-density integration.

IV. NUMERICAL RESULTS

The proposed method, as already mentioned, was motivated by previous failed optimizations with GA
considering every elements of the photonic coupler under the computational limitations, as described
in the introduction section. Thereby, considering the multi-symmetric level (MSL) optimization herein
presented, each GA execution was performed by 100 generations to iterate along their 150 chromosomes
randomly matched by a recombination of 90% and similar mutation rate with single point uniform
random function number generation, which is also applied to generate the gene value in the interval
[0,1]. This limited number of generations for each GA (GA I, GA II and GA III) execution was
considered to perform the simulations in a feasible runtime machine, where it was already mentioned
in Section II, each 3D FEM execution requires around 114 seconds totalizing aproximatelly 6 days
each parallel optimization execution with the cluster computer described.

The P,, mutation value was a randomly generated by Scilabs’ function rand, which values are
between O to 1. In order to associate P, to interesting refractive index, three different intervals values
were set to associate them refractive index n=1.0, 1.98, or 3.5. Therefore, when 0 < P, , < 0.33 to
refractive index n = 1.0, for 0.33 < P, < 0.66 for n = 1.98 and n = 3.5 when 0.66 < P, , < 1.0.
These refractive indices were determined by the usual communication wavelength in 1.55 um

Two different stop criteria were defined. At first, a minimal of 90% of coupling to stop the MSL
iterative procedure. For example, if in the first level the optimization achieved coupling results above
90% the next symmetric optimizations were not executed. The second stop criteria is implicit to the
GA metaheuristic such as already mentioned total of 100 iterations.

Therewith, the first MSL execution, considering the symmetry regions, was executed following the
configurations described above and cross-section configuration is presented in Fig. 7. The coupling
results were below 90%, requiring the next MSL iteration level. Furthermore, it is shown in Fig. 7
distribution of the refractive indices in the frontal cross-section elements, being above the schematized

the top-to-bottom view of these elements distributed in layers from 1 to 4, respectively.
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of elements to be optimized to be half the number of cylinders in the optimization region. The Fig. 8
shows the frontal cross-section and top-to-bottom configuration of the cylindrical refractive indices.
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Fig. 8. Final optical coupler configuration.
This configuration resulted in a optical coupling around 94%. The Fig. 9 shows the x-component of
the electric field along the optical coupler and the transverse profile of this component in the output
waveguide where it is possible to observe a delocalization of the mode from the waveguide’s core due
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Fig. 9. The x-component of the electric field with an efficiency coupling of 94% and transverse profile of this component in
the output waveguide.

Furthermore, in order to analyze the configuration limitation under different input wavelength, a
narrow band from 1.5 pm until 1.555 pum was performed. The result is shown in Fig. 10 high coupling
results are achieved by wavelengths greater than 1.533 pm. However, the performance of the coupler

tends to decrease as wavelength moves away from this value.

100
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1.535 1.540 1.545 1.550 1.555 1.560
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Fig. 10. Coupling efficiency as a function of wavelength.

V. CONCLUSIONS

The proposed MSL optimization procedure successfully achieved numerical results under the com-

putational and physical-telecommunication imposed optimization conditions. The 94% coupling fee
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at the second from three optimization levels justify the successfully achievement of the proposed
solution. These results attempt the initial computational conditions to overcome initial fail optimizations
trials with GA and the same refractive indices 1.0, 198 and 3.5 to randomly select each of the 1260
unknowns. Furthermore, these numerical results presented a possibility to minimize photonic coupler
devices considering forthcoming foundry technologies.

Finally, this work team group is currently working on novel optimizations procedures to achieve best
results with minimal iterations by the integration of different metaheuristics (hybrid metaheuristics) and

machine learning techniques.
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