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Abstract—A brief overview of the numerical methods applied
to the fields of Microwaves and Optoelectronics is addressed here,
with a particular focus on the Finite Element Method (FEM),
aiming to describe the main numerical formulations, modern
computational implementation aspects and related current opti-
mization techniques. This presentation is closely aligned with the
activities carried out in this research area in our lab, LEMAC,
founded in 2000.
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I. INTRODUCTION

Since the study of electromagnetic devices and phenomena
in the fields of Microwaves and Optoelectronics are well de-
scribed by the Maxwell equations, the development of efficient
numerical methods to solve them have been mandatory and
crucial to advance the knowledge and the related technology
since these fields’ early years (3rd decade of the last century)
and it is quite clear that will continue to be so for many
decades ahead.

The main numerical methods used to solve the Maxwell
equations are essentially three: Finite Differences, Finite El-
ements, and Boundary Elements (also known as Method of
Moments) [1]. In this article, due to its rigorous mathemati-
cal foundation, versatility, robustness and wide applicability
scope, an overview of the Finite Element Method (FEM)
applied to the fields of Microwaves and Optoelectronics will
be given [1], [2]. However, closely linked to the related
research activities carried out in the Laboratory of Applied
and Computational Electromagnetism (LEMAC) at the School
of Electrical and Computer Engineering (FEEC), University of
Campinas (UNICAMP), where several important contributions
have been obtained since its foundation in the year 2000.

This paper comprises six Sections, including the Introduc-
tion. In Section II the main FEM formulations are briefly

presented and discussed. Section III is devoted to the com-
putational aspects of the FEM implementation pointing out
that despite the powerful commercial electromagnetic pack-
ages available in the marked, these exhibit shortcomings and
that there are several design/numerical modeling challenges
demanding short-time solutions. Here, we also describe the
robust and competitive electromagnetic FEM package being
developed in a partnership between LEMAC and the Labo-
ratory of Computational Mechanics (LabMeC) at the School
of Civil Engineering Architecture and Urbanism (FECFAU),
UNICAMP. Metaheuristic and artificial neural networks tech-
niques applied to the optimized design of periodic photonics
structures are discussed in Section IV. Section V addresses
electromagnetic deterministic techniques in connection with
topological optimization of photonic structures. A novel de-
terministic technique based on the topological derivative ap-
proach, developed in partnership between LEMAC and the
National Laboratory of Scientific Computation (LNCC) is
briefly presented here. Finally, the conclusions are summarized
in Section VI.

II. FINITE ELEMENT METHOD FOR ELECTROMAGNETISM

The numerical analysis of electromagnetic problems using
FEM is an extensive topic and it has been the subject of
many works [1], [2]. It is interesting to note that, while FEM
originated in the field of structural analysis, it has been applied
to electromagnetic even in its early days, in works such as [3].

One of the fundamental aspects of FEM is the tessellation of
the computational domain Ω into a finite number of elements.
A FEM solution, then, is composed by the linear combination
of functions defined in each of these elements, and continuity
requirements between neighboring elements may be enforced
through degrees of freedom. These functions are called the



basis functions, as they form a orthogonal basis for an ap-
proximation space.

Given a Partial Differential Equation (PDE) to be approx-
imated using FEM, a weak form is derived, as opposed to
methods such as the Finite Difference Method, in which the
differential operators are discretized directly from the PDE
in its original form. In the weak form, regularity criteria of
the solution are relaxed and the problem is then posed in an
integral form. A solution is then sought in the aforementioned
approximation space 1.

The resulting algebraic problem is then a equations’ system
- or an matricial eigenvalue problem - whose solution is the
set of degrees of freedom of the basis functions. How to define
the basis functions is heavily dependent on the problem to be
solved. The next subsection introduces some Hilbert Spaces
that allows for the analysis of typical electromagnetic FEM
formulations.

A. Approximation spaces

In order to briefly discuss FEM formulations of interest, the
following approximation spaces are introduced

L2(Ω) =

{
ϕ : Ω → C

∣∣∣∣ ∫
Ω

ϕ · ϕ∗ dΩ < ∞
}

, (1)

H1(Ω) =
{
ϕ ∈ L2(Ω)

∣∣∇ϕ ∈ [L2(Ω)]d
}

, (2)

H(curl; Ω) =
{
ϕ ∈ [L2(Ω)]d

∣∣∣∇×ϕ ∈ [L2(Ω)]d
′
}

, (3)

where d = 2, 3 is the geometrical dimension of the domain
and d′ = 1 in two dimensional domains and d′ = 3 in the
three dimensional case.

In the early years, from the late 60’s until the mid 80’s,
FEM electromagnetic formulations would seek to approximate
scalar quantities using the H1(Ω) approximation space, as in
[3], which results in continuous solutions. The L2(Ω) space,
however, poses no requirements on the continuity: it is the
space of square-integrable functions, and discontinuities are
thus allowed. This space is used in discontinuous schemes, in
which continuity requirements are not enforced through the
approximation space itself, but it is weakly enforced through
the weak form.

From the mid 80’s on, the H(curl; Ω)-conforming elements,
which are often referred to as edge elements in the Computa-
tional Electromagnetic community, have been widely used in
the approximation of electromagnetic phenomena. Its degrees
of freedom are associated with the tangential components
of the vector field, both over edges and over faces, which
is desirable when one thinks of the interface and boundary
conditions of electromagnetic fields.

Before discussing the formulations, two additional sub-
spaces are defined:

H1
0 (Ω) =

{
ϕ ∈ H1(Ω)

∣∣ trϕ = 0
}

, (4)
H0(curl; Ω) = {ϕ ∈ H0(curl; Ω) | trϕ = 0 } . (5)

1Thus, the FEM can be interpreted as a systematic procedure of generating
finite dimensional basis for applying the Ritz-Galerkin method.

A precise definition of the trace operator is out of the
scope of this text. For the current discussion, it suffices to
say that, for the H1(Ω) space, it is related to the restriction of
a function on the boundary of a given element/domain, and,
for the H(curl; Ω) space, it is associated with the tangential
component of the functions.

B. Frequency domain

The formulations of frequency domain analyses are often
derived from the inhomogeneous Helmholtz wave equation,
written either for the electric or magnetic field. How the weak
form is derived will depend on the exact problem of interest.

1) Modal analysis of waveguides: In [3], for instance, a ho-
mogeneous waveguide with arbitrary cross-section is analyzed.
Due to its homogeneity, the guided modes are either TE or TM,
therefore can be expressed through only one field component,
using H1(Ω)-conforming elements. Inhomogeneous waveg-
uides, on the other hand, require more elaborate approaches.
In [4], the following formulation is presented:

Find non-trivial
(
β2, et, ez

)
∈ (C×H0(curl; Ω)×H1

0 (Ω))
such that:∫

Ω

{
µ−1
zz (∇t × et) · (∇t ×φ)

∗ − k20ϵxyet ·φ∗

+ β2
[
µ−1

xy (∇tez + et) · (∇tφ+φ)
∗

−k20ϵzzezφ
∗]}dΩ = 0,

∀φ ∈ H0(curl; Ω) , φ ∈ H1
0 (Ω).

(6)

This formulation is thus an eigenvalue problem with the
propagation constant β as the eigenvalue and the electric
field components et and ez as the eigenvectors 2. The do-
main Ω consists of the two-dimensional cross section of the
waveguide and the field components are sought in H0(curl; Ω)
and H1

0 (Ω), satisfying thus Perfect Electric Conductor (PEC)
boundary conditions. By means of Perfectly Matching Layers
(PML) [5], open waveguides can be analyzed with this for-
mulation. It is also interesting to note how media presenting
transverse-anisotropy can be readily analyzed with the given
formulation.

2) Modal analysis of cavities: As opposed to the analysis
of waveguides, in which the operational frequency was given
and the propagation constant was sought, in the analysis of
ressonant modes of cavities, the ressonant frequencies are
quantities of interest. The formulation [6] is given as follows

Find non-trivial
(
k20,E) ∈ (C×H0(curl; Ω)

)
such that:∫

Ω

µ−1
r (∇×E) · (∇×φ)

∗

− k20ϵrE ·φ∗ dΩ = 0,∀φ ∈ H0(curl; Ω).
(7)

3) Scattering analysis: In three dimensions, it might also
be of interest to analyze the radiated fields from a given
time-harmonic source. For these kind of problems, usually
PML regions are adopted, as to minimze reflections from the
truncation of the computational domain.

2Actually, et and ez have undergone a variable change detailed in [4]



For a given f sufficiently regular, find E ∈ H0(curl; Ω)
such that:∫

Ω

µ−1
r (∇×E) · (∇×φ)

∗ − k20ϵrE ·φ∗ dΩ =∫
Ω

f ·φdΩ,∀φ ∈ H0(curl; Ω).
(8)

C. Time domain

It has been discussed how the H(curl; Ω)-conforming ele-
ments come almost as a natural choice for the analysis of elec-
tromagnetic phenomena, and all the formulations presented so
far make use of these elements.

For time-steping schemes, however, there are other factors
influencing the choice of the approximation space: in terms
of computational effort, computing the inverse of a matrix
is one of the most expensive stages of a numerical analysis.
Therefore, in the time domain, one is often concerned in how
to minimize the cost of this inversion.

This comes as an important motivation for explicit time-
stepping schemes, in which the lefthand side of the equation
can be expressed in terms of quantities already obtained
(e.g., fields computed in the last time step). Moreover, if
the basis of the approximation space is chosen as to present
strong orthogonality relationships, then the computation of the
matrix can be avoided or significantly cheapened. Therefore,
discontinuous approximations spaces are increasingly popular
for time domain analyses.

A recent method for the time-domain analysis of the
Maxwell’s Equations is the Tent Pitching algorithm [7]. This
method, applicable for hyperbolic PDEs, is based on unstruc-
tured partition of the spacetime domain, i.e., instead of advanc-
ing in time a fixed amount for the whole (spatial) domain, each
patch of the mesh will advance as much as possible while still
respecting causality. This approach benefits from situations
in which the spatial discretization is highly inhomogeneous.
Regions with a fine mesh, e.g, near a field singularity, won’t
block the advance in time of coarsely meshed regions.

The reader is referred to [7] for more details on how the
technique can be applied to Maxwell’s.

III. NUMERICAL ASPECTS OF ELECTROMAGNETIC MODELS

In the subsequent sections of this work, examples of opti-
mizations of electromagnetic devices are presented. In order
to provide a better understanding on how FEM could be an
interesting choice for these schemes, the typical demands of
a suitable numerical method in these scenarios are briefly
described.

A. Demands of a numerical method

• High precision
There are applications that require very high precision,
such as when the quantity of interest is a high-order
derivative β [8], therefore the original approximated
quantity must have several decimal places of precision.

• (Relatively) low computational time

Machine learning algorithms have an even increasing
popularity in many fields, and computational electro-
magnetism is not an exception. It is of fundamental
importance that the numerical method embedded in these
schemes run in relatively short time, given that many
iterations are often needed.

• Support of complex domains and new materials
Structures with curved subdomains and complex un-
bounded domains are often found in problems of interest,
on the other hand, novel materials, such as, the 2D mate-
rials and the so-called metamaterials, all these situations
demand appropriate and specific numerical strategies.

• Flexibility
Commercial packages have evolved significantly, how-
ever the user has limited control on how to adjust the
available schemes. Having access to the code — or to a
proper interface — significantly increases the possibilities
of integrating the numerical method into more complex
algorithms.

B. FEM as a suitable alternative

Generally speaking, there is a trade-off between high pre-
cision and low computational times. Therefore, these two
constraints can be thought of as one: the numerical method
must be efficient. And there are several means to achieve this
efficiency. The resulting algebraic problem of a FEM scheme
is characterized by the sparsity of the generated matrices. It
is of fundamental importance to reduce memory and time
constraints by storing the matrices appropriately and to make
use of solvers that are compatible with these storage methods,
as discussed in [9].

The usage of high order elements is also one key alternative
to be explored, as shown in Figure 1. The data was taken
from [10], where the formulation given in (6) was applied in
different waveguides. One can see that, using the lowest order
elements (p stands for the polynomial order), nearly 20000
dofs (dof : degree of freedom) are needed to achieve a relative
error of around 10−6 while, with fourth order elements, less
than 10000 dofs resulted in a relative error of almost 10−8.

However, high order elements alone might not deliver the
expected benefits in a numerical scheme if care is not taken
in the geometric discretization of the domain, specially with
curved regions. In Figure 2, another example taken from [10]
is shown.

In this experiment, fourth order elements were used in all
approximations. However, the curved interface between the
core and the cladding of the step-index fiber was represented
in three different ways: by linear elements (i.e., straight edges),
quadratic elements and by means of an exact mapping in a
similar fashion to the procedure described in [11]. One can
observe that the convergence of high-order elements is limited
by the accuracy in the geometric representation.

Finally, it is also worth noting that the computational
effort can be further concentrated by means of hp-adaptivity:
either by knowledge regarding the solution to be obtained
(e.g., presence of singularities, regions of smoothness of the
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Fig. 1: The effect of higher order elements in the modal
analysis of a step-index optical fiber.
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Fig. 2: The effect of non-linear mapping in the modal analysis
of a step-index optical fiber. The polynomial order p = 4 was
used in all three approximations. The geometry was described
with elements obtained by linear mapping, quadratic mapping
and exact mapping.

solution) or by a posteriori error analysis, one could either
subdivide elements (h adaptivity) or increase the polynomial
order (p adaptivity), thus achieving exponential convergence
[12].

C. The NeoPZ programming environment

Many of the simulation results presented in this contribution
were implemented using the NeoPZ object oriented pro-
gramming environment [13] for implementing finite element
approximations. The NeoPZ environment is developed and
maintained at LabMeC.

Geometric Map
• h-refinement
• Blended map
• Refinement patterns

Approximation spaces
• H1(Ω)
• H(div; Ω), H(curl; Ω)
• Discontinuous
• Multiphysics

Variational Statement
• Systems of differential

equations
• Linear and nonlinear

Algebraic tools
• Matrix storage patterns
• Solver methods
• Substructuring
• Multigrid
• Preconditioning

Finite Element tools
• Adaptivity
• Performance assessment

Current developments
• Electromagnetics
• Error estimation

NeoPZ
Fig. 3: Model structure of NeoPZ environment

The aim of the NeoPZ project is to provide a finite element
library with advanced features to the scientific community.
NeoPZ allows a user to take advantage of the following
complex features in finite element programming:

• H1, H(div) and H(curl) with mutual De Rham com-
patibility ( [14]).

• hp-Adaptivity for H1, H(div) and H(curl) spaces.
• non linear geometric maps allowing exact representation

of geometries.
• multiphysics approximations combining different approx-

imation spaces.
• multi-scale approximations using multi-level definitions

and static condensation.
The NeoPZ environment has a unique structure that allows

its generality and scalability. It is structured into different
modules, each of which having its own function. The modules
are graphically represented in Figure 3. The main modules are:

• Geometry The geometry module is responsible for the
representation of the geometry of the computational
domain. This module implements h-adaptivity and h-
refinement patterns and nonlinear geometric maps.

• Function space The definition of function spaces are
represented by computational elements and meshes. The
user can choose the most appropriate approximation
space and/or combine different spaces in a multiphysics
space.

• Variational Statement The finite dimensional function
spaces are translated into a Galerkin approximation by the
variational statement objects. In NeoPZ they are called
TPZMaterial objects.

• Algebraic tools The numerical efficiency of finite ele-
ment approximations can be greatly improved by proper
use of flexible matrix objects. This module includes
classes to statically condense equations and interfaces to
highly optimized libraries such as BLAS, PARDISO and
others.



NeoPZ is open ended allowing the user (programmer) to
use either an existing variational statement or insert his own .
State variables of the problem can be either real or complex.
The size of the floating point values can be configured as
a parameter in the CMake interface. NeoPZ runs in Linux,
Windows or MacOS. Many unit tests check the integrity of
the library at each commit.

The use of an object oriented library administered in a
public, remote repository has many advantages for a research
group:

1) The researchers of the laboratory use a common refer-
ence frame, favoring their interaction.

2) Contributions of graduate students are added to the
library, allowing future students to build upon the work
of previous PhD or Master’s research.

3) Unit tests verify the integrity of the environment and, in
many cases, provide examples of use.

4) External projects allows each researcher to program his
own simulation without interfering with the projects of
others.

NeoPZ has been used in many research projects, either aca-
demic or industrial. Many tools at sites of industrial partners
use NeoPZ as underlying motor.

IV. BIO-INSPIRED METAHEURISTICS AND ARTIFICIAL
NEURAL NETWORKS TECHNIQUES

The inverse design of photonic components/structures gen-
erally relies in a huge combinatorial problem involving ge-
ometric and material parameters. For example, in the case
of Photonic Crystals [15] the optimization can be conducted
by exploring the following parameters: material, lattice type,
symmetry reduction, refractive indexes, filling factor (frac-
tion), and shape. One approach to tackle such type of prob-
lem is based on bio-inspired metaheuristics. Additionally,
the design of such components/structures requires automated
use of electromagnetic solvers. In this session we bring a
quick review of some bio-inspired metaheuristics and artificial
neural networks (ANN) applied in the design of photonic
components/structures that our group has been working.

A. Bio-inspired Metaheuristics

In the past, large photonic bandgaps (PBGs) of 2D pho-
tonic crystals (PhCs) were optimized by applying bio-inspired
metaheuristics like a genetic algorithm (GA) and evolutionary
algorithms [16], [17]. Artificial immune system (AIS) or net-
work has also applied to solve this type of problem, however
in continuous domain [18]. More recently, swarm intelligence
(SI) algorithms like artificial bee colony (ABC) [19] were
adapted to the binary domain to optimize such structures,
demonstrating a good approach to optimize photonic compo-
nents/structures.

GA was also applied to solve the inverse design of a special
photonic crystal fiber to reach some criteria of higher-order
dispersion parameters to obtain a plane gain in fiber optical
parametric amplifiers (FOPA) [20].

Fig. 4: Schematic of the taper composed by n segments [21],
[22].

Fig. 5: Base structure used for evolution with GA [23].

The optical power transferred between two planar waveg-
uides – a continuous waveguide (input) and a periodic sub-
wavelength waveguide (PSW) (output) - was optimized by us-
ing a taper composed by variable number and length segments
(0.03 - 0.27 µm) as shown in Figure 4. The GA [21] and the
AIS [22] in conjunction with the 2D frequency-domain finite
element method (FEM) were used to maximize the coupling
efficiency of power between these waveguides by using a taper
composed of a fixed or variable set of segments.

In this problem, the input waveguide, a PSW, is composed
by Si and SiO2 with alternating refractive indices n1 = 3.476
and n2 = 1.444, respectively, and variable width values of
w = 270, 300 and 330 nm. The segments have a fixed period
of Λ = 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. The number of segments on the taper
region has been varied from 10 to 15. The best solution found
in this work 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.

The GA was used in [23] to optimize the absorption
spectra of plasmonic absorbers. The optimization algorithm
was successfully used to aid in the design of two-dimensional
near unity wide-angle plasmonic groove absorbers for visible
wavelengths. The proposed structure is depicted in Figure 5,
and the geometrical and optical parameters were optimized by
the GA (w1, h1, w2, h2, P , dielectric and metal).

The novel proposed periodic groove structure exhibits ab-
sorption above 90% for ultra-broadband wavelengths ranging
from 300 to 700 nm. Figure 6(a) shows the simulated absorp-
tion coefficient in blue and the objective absorption in red.
Fitness evolution versus generation is shown in Figure 6(b),
and optimized structure is shown in Figure 6(c).



Fig. 6: (a) Absorption spectrum of (c) best structure for
maximum absorbance over the visible band obtained by GA
search (b) with fitness evolution evaluated for 150 generations
[23].

(a) (b)

Fig. 7: (a)Test 3D PhC and (b) its dispersion diagram com-
puted by MPB, ELM, and MLP (PBG in grey color) [25].

B. Artificial Neural Networks (ANN)

Once those designs require the use of electromagnetic
solvers, the process is time-consuming, particularly for tri-
dimensional structures, which requires high-performance com-
puting. To circumvent such constrains we have modeled Mul-
tilayer Perceptron (MLP) [24], [25] and Extreme Learning
Machine (ELM) [25] ANNs to reach approximated results
through a simple and fast-training approach. The MLP and
ELM supervised training were performed, respectively, by the
Broyden-Fletcher-Goldfarb-Shanno algorithm and the Moore-
Penrose generalized inverse.

A case study is a diamond-like, face-centered-cubic lattice
PhC, with dielectric cylinders (ϵ = 12.96) embedded in air
(ϵ = 1.0). We considered a test 3D PhC whose cylinders’
radius r = 0.14/a, see Figure 7a. MLP and ELM estimated
satisfactorily the dispersion diagram curves and corresponding
photonic bandgap as show in Figure 7b.

The electromagnetic solver (MPB) computed ∆ω = 0.122
and ω = 0.48 (∆ω/ω = 25.3%); MLP estimated ∆ω = 0.127,
ω = 0.48 (∆ω/ω = 26.1%); and ELM estimated ∆ω = 0.128,
ω = 0.488 (∆ω/ω = 26.2%).

The mean elapsed real times for both ANNs are at least four
orders of magnitude faster than the numerical solver, taking a
few milliseconds to compute the DRs of 2D and 3D PhCs.

In summary, the GA and AIS are powerful and flexible

evolutionary optimization tools, able to handle high chal-
lenging design tasks by optimizing several complex prob-
lems currently of high interest to the optics and photonics
community. The ANNs (MLP and ELM) demonstrated great
potential to support electromagnetic solvers on the dispersion
diagram, especially for structures whose geometric parameters
extrapolate the training data range and extensibility for pro-
cessing different 2D and 3D PhC types. They can be efficient
alternatives for photonic structures design because of their
relatively-small architectures and fast computing capabilities.
This characteristics my support a broader exploration of the
search space in inverse design problems, with substantial
reduction of computational efforts.

V. DETERMINISTIC OPTIMIZATION TECHNIQUES

Full wave simulations, specially three-dimensional ones
often require tremendous computational power and can take
up to hours on top of the line hardware [10]. Therefore, finding
an optimization method capable of reaching an minimum or
maximum within a low number of simulations is of extreme
priority. Calculating a derivative or gradient in the geometry
or topology instead of performing an exhaustive search on a
high dimensional parameter space often decreases the number
of required iterations. However, such optimization technique
finds a local minimum or maximum while some heuristic
methods find the global minimum or maximum, therefore,
deterministic optimization techniques may tend to find appar-
ently worse solutions, but usually the final device performance
difference is negligible and the reduced optimization time and
energy consumption of deterministic methods compensates
for the apparently lack of performance. Other disadvantage
is applicability. Not all problems present a deterministic way
of solution while heuristic approaches can be applied to any
problem as they do not require any prior knowledge of the
problem. Therefore, it depends on what class of problem it is
being solved.

Topological optimization can be carried out using heuristic
or deterministic methods. The idea is to discretize a given
geometry into small pixels or voxels and determine the optimal
material distribution given the discretization, which gives a
problem with a very high number of unknowns. Recently our
lab, LEMAC, in partnership with LNCC, reported a novel
deterministic topological optimization method, based on the
so-called topological derivative [26].

The first published work on topological optimization dates
on 1988 [28], and nowadays there are a myriad of different
methods for different applications. The reviews from Jensen
and Sigmund [27] and by Molesky et al. [29] offer a broader
view of topological optimization and inverse design in pho-
tonics.

The topological derivative optimization works by simulating
the problem twice. Initially it runs the problem as it is intended
to operate, for instance, shining light at the input port of
the optical device (incident field). Then, it runs the inverse
problem, shining light coming from the desired output port
(adjoint field). Then, with the interaction between the incident



Fig. 8: Example of how the topological optimization works.
Jensen et al. [27].

Fig. 9: Example of how the topological derivative optimization
works. Firstly two different simulations are ran and stored the
fields inside the optimization region, the interaction of them
produce the gradient.

field and the adjoint field, the topological derivative can be
calculated. This will force the material distribution to reach
the optimal configuration; Figure 9 shows how the topological
derivative operates.

The topological derivative optimization has been applied
so far to optimize integrated photonics passive devices such
as splitters, multiplexers, antennas [26]. A recently reported
challenging example is the optimization of an antenna array
for Orbital Angular Momentum (OAM) modes in a photonic
bang-gap fiber shown in Figure 10 [30].

Other examples of deterministic topological optimizations
methods are: relaxation methods [31], transformation optics
[32], level-set methods [33]–[35] and density-based methods
[36]–[38].

Fig. 10: Antennas for OAM modes coupling into a photonic
band-gap fiber. Optimized using topological derivative opti-
mization. de Andrade et al. [30].

Fig. 11: Topologically optimized wavelength division multi-
plexers using a level-set method. Piggot et al. [33], [34].

There are many designs which have been demonstrated
experimentally such as metasurfaces [39], [40], passive com-
ponents for silicon photonics circuits [33], [34], [41], [42],
passive designs for photonic-crystal waveguides [27], [43].
There are several techniques that can be used to consider
fabrication constraints during optimization [26], [34], [44],
[45].

Differently from heuristic optimization methods where the
optimal solution is found without knowledge of the physics,
deterministic methods uses physics to assist with the opti-
mization steps making a better educated guesses, reducing
the required number of simulations to reach a minimum or
maximum.

VI. CONCLUSIONS

In this article an overview of the FEM applied to the
fields of Microwaves and Optoelectronics have been briefly
addressed and presented closely related to the activities carried
out in this research area in our lab, LEMAC. From this
presentation it is quite evident the dynamism and importance
of this research area, which is indeed one of the main pillars
to enable the scientific and technology advancement of Mi-
crowaves and Optoelectronics, providing computational simu-
lation tools each time more efficient, reducing the computing
time, and more effective, producing results in agreement with
the physical reality.
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“Analytical level set fabrication constraints for inverse design,” Scientific
reports, vol. 9, no. 1, pp. 1–7, 2019.


