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Design of GM R-Based Wideband Optical Reflector Using
Memetic Algorithm with Fuzzy Logic L ocal Search

Mohammad Ali Bahar and Mehrdad Shokooh-Saremi

Abstract. Wideband, GMR-based reflector is designed
employing a novel variant of memetic algorithm with fuzzy
logic local search. High quality, single periodic layer
reflector with SOI structure is designed with reflectance
>99.50% over 1.35 pm to 1.9 um spectral band. The
proposed optimization/design method is very powerful and
able to optimize complex structures with desired optical
responses.
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1. Introduction

Periodic dielectric structures, which can support guided
mode resonance (GMR), have found applications in a
variety of optical elements [1], [2]. Guided-mode (or
leaky-mode) resonance is a phenomenon that takes place
upon phase matching between the incident light and leaky
modes of the periodic dielectric structures (like diffraction
gratings). GMR manifestation is usually rapid variation in
reflectance or transmittance at the corresponding resonance
wavelength [3].

In this paper we design a wide-band optical reflector by
determining the physical parameters of a single layer, high-
contrast diffraction grating. Grating pitch (g), thickness of
grating layer (t) and filling factor (f) are parameters that
should be found for designing optical filter with desired
spectral response. In Fig. 1 a typical grating and its physical
parameters are shown.

There are powerful evolutionary algorithms that can be
used as optimization methods for optical filter design [4],
[5]. These algorithms can be employed to find optimal
physical parameters of the optical element based on the
desired response. There are several evolutionary algorithms
that can be utilized to find optimal parameters of the grating
structures. Particle swarm optimization (PSO) and genetic
algorithm (GA) have been utilized before [6]. Here, we
introduce and employ an innovative design method based
on memetic algorithm that makes use of fuzzy logic for
performing local search. This approach provides the
conditions under which cognitive science is used in the
design of optical devices.
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Fig.1. Single layer diffraction grating with rectangular profile and
its physical parameters. Grating pitch, thickness of grating layer,
filling factor, high refractive index, and low refractive index are
denoted by g, t, f, nn and nr respectively.

The organization of this paper is as follows. In Section 1,
the memetic algorithm and in Section 2, the innovative
local search method using fuzzy logic are introduced. In
Section 3, the principles of design are elaborated and in
Section 4 the results of wideband filter design using this
algorithm are reported.

2. Memetic Algorithm
2.1. Memetic Algorithm Definition

Memetic algorithm is an evolutionary algorithm which
performs optimization based on genetic algorithm
combined with a local search. The unit of information in
memetic algorithm is called "meme" and the vector that
includes the set of memes is called "memeplex." Memeplex
contains optimization parameters. Each meme is modified
based on the experiences obtained by local search. Then,
the memeplexes who have better experiences are selected
as parents. By applying crossover and mutation on these
parents, new children are produced [7]-[10].

2 2. Memeplex Generation

The memeplexis represented as a vector with n elements.
The elements of this vector contain information about
design parameters. Each of these parameters is displayed
with a decimal number. For each parameter, a search range
(interval) is also defined as
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where m; denotes i-th meme in the memeplex. m;,,;, and
Mimax are numerical lower and upper limits of meme m;.
The space comprising of all search intervals is called search
space.

2.3. Crossover

After implementation of the local search (see Section 2),
the parents are selected randomly from the generated
memes with good fitness. For mating, the parents must
swap their information [11]. A random process determines
which parameter is selected for swapping. After crossover,
the generated children compete with N memeplex which
have already left from previous loop execution. Then the N
memeplexes with better fitness are selected and the last
memplexes are eliminated.

2.4. Mutation

Mutation is an operator which changes the information of
memes which are selected randomly [11]. After applying
mutation operator, the generated off springs compete with
N memeplexes which have already left from previous loop
execution. Then the N memeplexes with better fitness are
selected and the last memeplexes are eliminated.

3. Thelnnovative Local Search Based on Fuzzy L ogic

As mentioned in Section 1, the parents gain experiences
before mating and this is accomplished by a local search. In
basic forms of memetic algorithm, local search is mainly
accomplished based on hill climbing method or simulated
annealing [5].

In this paper, we have developed a new method based on
fuzzy logic to perform local search. It is described as
follows: Each of the intervals that were introduced in
Section 1 is divided into three equal sub-intervals. After
local search and sorting the obtained results, the sub-
intervals of search space are evaluated based on two
criteria.

Assuming that the population number is N, the locations
of N/2 memeplexes who have better fitness are evaluated.
The number of these better memeplexes in each search
space is calculated. The result is considered as first criterion
and it is denoted by A; for j-th search space. For j-th search
space, yielding higher number for A; indicates that the
search space is more suitable for local search. Then the
locations of elites are determined in the search space. The
elites are memeplexes who have first, second and third
locations in the sorted population. Therefore, the first elite
is the global optimum.

The search space which contains elites is more suitable
for local search too. Therefore, a fuzzy number (as a score)
is assigned for this search space. In each iteration, the
numbers 0.5, 0.3 and 0.2 are added to the scores of search
spaces that contain first, second and third elites,
respectively. The score of j-th search space is denoted by
B;.

A; is normalized by dividing it over (0.5xNxiteration)
and B; is normalized by dividing it over number of
iterations. A; and B; are considered as fuzzy numbers, and
determine how the j-th search space is suitable for local
search in the next loop execution. Therefore, we determine

the fuzzy number which is considered as disjunction of A;
and Bj. S-norms are functions that can represent the
mathematical model of logical disjunction. Similarly there
are functions for modeling logical conjunction and negation
which are denoted by T-norms and C (fuzzy complement),
respectively [12], [13].

We use an indirect method to obtain S(A;, B;). Regarding
the set theory, the logical disjunction can be determined
using Demorgan law

AUB =~(~AN~B) @)

where logical disjunction, logical conjunction and negation
are denoted by U , N and ~, respectively. The equivalent
law in fuzzy logic can be considered as

S(4;, B) = C(T(C(4), C(B))) 3)

There are several functions that can be used as fuzzy
complement. The fuzzy complement function which is used
in this paper was introduced by Sugeno [14]
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As shown in Fig. 2, by increasing A the complement
operation's weight increases. Note that the value of B; is
more effective than A;in converging of results. Hence, B; is
weighted higher than A;j. Therefore, for computing C(4)),
the value of A is considered to be equal to 2 and for C(B;))
equal to 5.

Min function is the most commonly used T-norm
function and in this paper it is used as follows:

T(c(4) ¢(B))) = min(Co=z(4)), C1s(B))) ~ (5)

To perform complementation in Eq. (5), Sugeno function is
employed. As a result, S(4;, B)) is determined from Eq. (6)

S(Aj, Bj) =1—min (Cx:z (Ai)’ C%=5(Bf)) (6)

R; = S(4;,B) @)

In Eq. (7), Rj is a fuzzy number which determines how the
j-th search space is suitable for local search in the next loop
execution.
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Fig. 2. Curves of Sugeno fuzzy function for different As.
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It is evident that the closer value of R; to unity makes the
j-th search space more suitable for local search. In addition,
(Rj x population number) determines how many
memeplexes are included in j-th search space.

4. Principles of Design

The design parameters of the periodic structure that acts
as the wideband reflector are arranged in a vector with three
elements according to Eq. (8). The first, second and third
elements of vector denote grating pitch, thickness of grating
layer and filling factor, respectively. This vector acts as a

memeplex
g
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memeplex:
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To implement the algorithm, a set of memeplexes (each
with N memes) is generated randomly. Then the fitness of
each memeplex is evaluated. After that, the memeplexes are
sorted according to their fitness. Sorting is done according
to elitism selection [8]. In each iteration, any memeplex that
has the best fitness is located on the first place and the one
that has the worst fitness is located on the last place.

The diffraction efficiency of the reflected wave
(reflectance) is computed by modal analysis based on
transmission line theory [15]-[17]. This analysis method is
very powerful and is able to analyze electromagnetic
behavior of periodic multilayer structures. To evaluate the
fitness of each memeplex, the reflectance of desired optical
filter is compared to the computed reflectance of that
memeplex over given spectral band. The desired reflectance
of the optical reflector is defined as

R =u(d = Apnin) — u(d — Anax) ©

where u(.), A, Auwin and Auq are step function, wavelength,
and the lower and upper bounds of the desired wavelength
band, respectively. Figure 3 illustrates the desired
reflectance curve of the optical wideband reflector [18].

The fitness function (FF) for evaluation of the
memeplexes is defined as root-mean-square (RMS)
difference between desired and computed reflectances:

(10)
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Fig. 3. Desired reflectanceof the optical wideband reflector.
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where R, is the desired reflectance and Rr’u’ denotes the
reflectance of the j-th memeplex which is calculated by
modal analysis based on transmission line theory. M is the
number of points where the reflectance has been calculated
on the curve illustrated in Fig. 3.

5. Results

The reflector structure is considered to be a single layer
diffraction grating structure shown in Fig. 1. A TM-
polarized light normally illuminates the mentioned
structure. The high refractive index (ng) is equal to 3.48 and
the low refractive index (np) is equal to 1. The refractive
indices of cover medium and substrate are 1 and 1.48,
respectively. The desired wavelength range is 1.35 pum to
1.9 pm.

By optimizing the structure with the proposed design
algorithm to meet the desired spectral specifications, the
following optimal values are obtained: g = 0.74 um,
t =0.46 um, and f = 0.71. The diffraction efficiencies in
reflection and transmission (reflectance and transmittance)
of the optical reflector are illustrated in Fig. 4(a) where
reflectance is denoted by R and transmittance is denoted by
T. Figure 4(b) shows the convergence curve of the fitness
function versus iteration. As seen, after 70 iterations FF
reaches 0.0054. The convergence time is 462 seconds.
Figure 5 presents the magnification of reflectance over
1.35 um to 1.9 um which is over 99.56% for every
wavelength point in this band.
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Fig. 4. (a) The reflectance and transmittance for the designed
optical wideband reflector. (b) The fitness function (FF) versus
number of iteration curve.
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Fig. 5. Magnification of reflectance over 1.35 pym to 1.9 pm.

The proposed optimization algorithm has been
implemented as a MATLAB code and it has been run on a
system with 6 GB of RAM and Intel Core i5
microprocessor.

Conclusions

Design of wideband optical reflector that benefits from
GMR effect in periodic dielectric structures is main target
of this paper. It is generally difficult to directly and
analytically determine physical parameters of GMR-based
elements with desired spectral responses. Therefore, the
optimization methods like evolutionary algorithms can be
useful for this task. A variant of memetic algorithm is
utilized here for optical wideband reflector design. Local
search for the proposed memetic algorithm is realized by an
innovative method based on fuzzy logic. High quality of
design results and fast convergence show that the proposed
method is a powerful and robust optimization algorithm.

Although one layer diffraction grating is the simplest
structure that can be used and optimized for realization of
GMR devices, other types of periodic structures with a
variety of spectral responses can be designed using the
proposed optimization method.
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