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Abstract. In recent years, scientists have been focusing on coding metamaterials
absorbers to take full advantage of digital technology. This technology is mostly
based on the fact that the absorption spectrum of a full-sized metamaterial varies
with the different number and position of the defect elements in conventional unit
cells (UCs) in it. However, both of their traditional methods namely simple random
sample and combination of fundamental meta-block struggle with the enormous
number of possible configurations especially when the number of UCs increases. In
this article, we represent 5 configurations with different numbers of UCs, 2x2, 3x3,
4x4, 5x5, and 6x6 UCs, all of which maintain average absorption higher than 90%
over a 10 GHz wide frequency range of interest between 17 GHz and 27 GHz. These
results are obtained by using a genetic algorithm to generate configurations with
higher optical loss through the process. Comparing to the conventional methods'
result, our approach has achieved a significant improvement in the absorption
spectrum. Furthermore, our methods could be applied to more structures with
different sizes and numbers of UCs, thus provided a reliable tool to design practical
metamaterials that serve the real work demands.
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1. Introduction

For the last few decades, scientists have been focusing on optimizing the absorption
spectrum of electromagnetic absorber because of its wide range of applications in
emissivity control [1, 2-4], superlens [5-7], solar cell enhancement [8, 9], spectroscopy
[10, 11], and thermal imaging [1, 12, 13]. One of their recent and advanced solutions is
metamaterials.

A metamaterial is an artificial material that is an assembly of periodic metal circuits
in a dielectric substrate. It was predicted theoretically for the first time by Veselago, a
Soviet/Russian physicist, in 1968 [14]. However, it took the scientists almost four decades
to realize the preeminent properties of this material, especially after Landy et al. proposed

Received June 12, 2020. Revised June 23, 2020. Accepted June 29, 2020.
Contact Pham Van Hai, e-mail address: haipv@hnue.edu.vn

90



Optimization of broadband microwave absorber using genetic algorithm

the first demonstration of metamaterial perfect absorber (MPA) in 2008 [6, 15].

An innovative ideal based on control defects was introduced to overcome the
electromagnetic absorbers’ common drawbacks namely the requirement of complex
configuration and optimization. Since the working principle of electromagnetic absorbers
is based on the conversion of an electromagnetic wave into heat caused by the electric or
magnetic losses in the constituent, controlling the number of optimal unit cells and
manipulating the defect’s location will enable us to create a broadband MPA [16].

A variety of methods namely: all-metal or all-dielectric structure, multilayered,
asymmetric, super-cell structure, and hybrid structure have been demonstrated with
positive results [17-29], however, they are still held back by the high complexity and low
flexibility and hence have poorly realistic applications. Hence, several researchers have
chosen to approach with digital or coding metamaterial absorber to enhance the
applicability and take full advantage of digital technology.

There are two main traditional ways to approach with coding metamaterial absorber that
are simple random sample (SRS) method and combination of fundamental meta-block
(CFM) [16]. However, these two methods both struggle with the enormous statistical
population especially when the number of basic unit cells in the configurations increases.
Hence, in this study, we focus on optimizing the configurations of the full-sized structure
metamaterials by using a genetic algorithm and compare the result’s absorption spectrum
to those obtained by two previous methods in Ref. [16].

2. Content

2.1. Model and simulation methods

2.1.1. Model
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Figure 1. (a) An elementary unit cell with structural parameters,
(b) a full-sized 12x12 UCs structure.
Reprinted with permission from Manh Cuong Tran et al,
Scientific Reports 10 (2020) 1810. Copyright Springer Nature
A full-sized metamaterial is constructed by a certain number of Unit cell (UC). Figure 1
illustrates the 3D structure of a UC with its parameters. As can be seen from the image,
the cell consists of a layer of FR-4 (lossy) dielectric and two layers of copper. The bottom
layer having the thickness of t; = 0.03mm is completely covered by copper which is
modeled as a lossy metal with an electric conductivity of ¢ = 5.82 X 10’S/m. An FR-
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4 dielectric substrate having a dielectric constant of 4.3 and a loss-tangent of 0.025 is used
to form the middle layer. FR-4 is a glass-reinforced epoxy laminate material which is a
material composed of woven fiberglass cloth with an epoxy resin binder having the self-
extinguishing property. It is used in this model because of its ability to maintain its high
electrical insulating in different conditions (e.g. dry or humid) as well as its excellent
fabrication property. The thickness of the middle layer is t; = 1.5mm. Lastly, a square
ring, whose outer and inner side lengths are a = 9mm and b = 7.8mm respectively

. -b . S L
(meaning its width is t = aT = 0.6mm), surrounds a dish which is 3.5 mm in diameter

(D) is placed on top of the structure to complete the metamaterial. Both are made of
copper which has the exact same thickness (t;) and electric conductivity (o) as the bottom
layer. This design is chosen because it is simple and easy to control the working frequency
range by rescaling its parameters [30].

2.1.2. Simulation method

Regarding the simulation tool, CST Microwave studio based on the Finite Integration
Technique (FIT) is used to simulate the wave-matter interaction [16]. In this study, the
boundary conditions are set to be open. Additionally, the electromagnetic wave is orient
to be incident normally on the surface thanks to the waveguide port placed in front of the
structure. Because the bottom of the configuration is a thick layer of copper, the wave is
completely reflected into the material after it passes through the dielectric layer. Thus,
there is no transmittance and the absorptivity is the difference between unity and the
reflectance.

Our program in MATLAB instructs the commercial simulator CST Studio Suite to
construct various configurations by generating two-dimensional logic n X n matrices.
Here, “1” is the UC with a metal plate, “0” is the UC without a metal plate. CST Studio
Suite will then add a waveguide and perform the simulation. After that, the magnitude of
S11 parameters is collected and used to calculate the absorption to analyze in the future.
2.1.3. Optimization process

We use a genetic algorithm (GA) to optimize the structure. These algorithms were
mostly inspired by natural selection, the key mechanism of biological evolution. It
constantly modifies a selected or random population of different solutions. Through each
step, individuals are paired up to be parents and produce the next generation. However,
the process is not random but the selection operator chooses which “chromosomes” (e.g.,
strings of “bits”) in the population to be reproduced in the next generation. Normally, the
fitter chromosomes will produce more offsprings. After the process of reproduction and
selection, the population advance to an optimal solution.

There are three major rules for the GA to produce new generation from the current
population:

- Selection rules choose the individuals to pair up to contribute to the population at
the next generation.

- Crossover rules combine two parents to form children for the next generation.
- Mutation rules apply random changes to individual parents to form children.

In our study, the “chromosomes” were chosen based on target properties which are
their reflectances and transmittances at a set of test frequencies. Thanks to the thick
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copper layers at the bottom of the structures that the transmittance is zero and the
reflectance is the difference between unity and the absorption. Hence the reflectance of
the structures is calculated through the following cost function:

— V=L 2
cost = Zf=fi 1.0 — A(p (1)
where Ay is the transverse absorptivity measured corresponding to each frequency, f;

and f, is the frequency of interest. The metamaterial configurations are evolved to have
ideal absorption spectra over the test wavelengths by the GA as it minimizes the cost
function in Equation (1).

2.2. Result and discussion

To verify the working frequency of the configuration for further investigation,
various simulations of 4, 16, 64, and 100 UCs metamaterial have been performed and
their absorption spectra are shown in Figure 2. It is clear that the high absorption range
of structures is in a range from 17 GHz to 27 GHz. Therefore, we choose f; = 17 GHz
and f, = 27 GHz as working frequencies for the cost function [see Equation (1)].
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Figure 2. Absorptivity curves of random metamaterial absorbers
with 4, 16, 64, 100 UCs

Figure 3 shows the absorption spectrum of 2 X 2 and 3 X 3 UCs structures using the
GA method. The GA produces identical results to those obtained by the traditional
methods in Ref. [46]. In this article, to prove our structure’s advanced property, we have
compared the bestfit structure with the structure obtained by the traditional methods in
reference [46]. Specifically, the structure by CFM (combination of fundamental meta-
block) method. MB stands for meta-block, a set of basic blocks with the number of UC
greater than 1. And MB3x3, MB4x4 are the meta-blocks with 3 X 3,4 X 4 UCs while the
last number (for example MB3x3-1) indicates the specific configuration from the other
cases. The absorption spectra of the final configuration (labeled as 'bestfit') in both cases
are mostly higher than 90% throughout the frequency band of interest. However, the
absorption spectrum of the 2 X 2 bestfit configuration is not stable. This is caused by the
limitation of possibilities in this case. The total number of possibilities in the population
is only 16 (= 22%2), hence the GA does not have enough samples to mutate and optimize.
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For the structures consist of 4x4, 5x5, 6x6 UCs, or higher, the number of possible
random configurations can become enormous. For example, the number of 4x4 UCs
random configurations is in order of 24** = 216 = 65536, of 5x5 UCs configurations is
33,554,432. As a result, the computational cost for random samples is extremely large.
Figure 4 (A) displays the simulation results of 4 X 4 UCs structure based on GA by setting
the initial population to be 30 configurations and the maximum number of iteration to be
20 generations. Shown are the absorption spectrum at several generations (iga= 0, 8, 16
and 19) and at number index of each corresponding generation (ip = 2, 3, 4, 5, 6). It can
be seen that the absorption curve “4 x 4 GA Bestfit” achieved after 20 generations show
the broadband range with the highest absorption, indicating the validity in our approach.
Note also that at lower numbers of generations, the absorption value may fluctuate at
~90% throughout the GA simulation and is not always improved through generations.
Since the process of GA methods is based on natural selection, we normally expect the
offsprings to have better absorption spectra than the parents from the previous
generations. However, to diversify the new generation, numerous offsprings are selected
and some mutations are added to the gene pool. This process is governed by the crossover
and mutation which are mostly random. In detail, for the crossover session, the parents’
samples are paired up with the crossovers probability P,.,.,ss. The crossover can happen at
one or more points between more than one chromosome. After the crossover process,
random mutations will be applied to the samples with the mutation probability P,,,:. On
this process, random bits of the binary matrix will be reversed. For example, when the
mutation occurs on the fifth bit of the binary string {11111} it will be mutated to the
binary string {11110}. This may lead to the fact the next generation may have lower
fitness and absorption spectra than the previous ones. But, considering the whole process,
the final result (bestfit structure) always has the best absorption spectrum. Moreover, a
comparison of the current result to our previous one in [16] shows a significant
improvement in the average absorption values.
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Figure 3. The absorption spectra of full-sized absorbers optimized by GA
with the size of 2x2 and 3x3 UCs compare to other configurations
created by the traditional methods
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Figure 4. The absorption spectrum of full-sized absorbers structure with 4x4 UCs
optimized by GA compares to (A) other configurations created in some particular
generations, (B) other configurations generated by traditional methods

A similar trend can be also observed for 5x5 and 6x6 UC structures (Figure 5).
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Figure 5. The absorption spectrum of full-sized absorbers optimized
by GA compare to other configurations created in some generation
with the number of UCs: (A) 5x5, (B) 6x6

Similar to the 4 X 4 UCs case, the absorption curves in these cases are also not
improved gradually throughout the generations but the bestfit’s figure is very stable and
remains more than 90% throughout the working frequency band.

In this article, we have set the same initial population (30) and the maximum number
of iteration (20) for the structures from 4x4 UCs to 6x6 UCs. It is quite clear that the 4x4
UCs’ result is better than the other two. Hence, we may predict that when the initial values
are the same, the structure with a smaller size can have a better absorption spectrum
because of the total number of configurations evaluated by the GA can cover a larger
percentage over the set of total possible configurations. We will study more about this
issue in our future project by comparing the absorption spectra of the structures with the
same number of UCs but generated with different initial population and the maximum
number of iteration.
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3. Conclusions

In summary, we present a novel way to approach coding metamaterial absorbers by
using a GA route. By using the GA, 5 configurations with different numbers of UCs
(namely 2 X 2,3 X 3,4 X 4,5 X 5,and 6 X 6 UCs) have been generated and they all have
absorption spectra remaining mostly higher than 90% throughout the frequency band of
interest. Additionally, the process of the research is simpler and more flexible when
studying numerous structures with various number of UCs since GA only requires one
step of input the desired number of UCs and can work automatically. This result has
proven the outstanding advantages of the GA method and paved a new approach to design
perfect coding metamaterial absorbers.
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