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Abstract—Hybrid genetic programming (HGP) is proposed to
create new design topologies in the lower gigahertz frequency
with new materials such as graphene, resistive sheet, and carbon
fiber. HGP can create new topologies optimized per input param-
eters, such as low frequency and high broadband absorptivity.
These designs are built and simulated in Ansys High-Frequency
Simulation Software (HFSS) and evaluated by HGP. Graphene,
resistive sheet, and carbon fiber patterning are explored and
implemented with HGP to create low-gigahertz frequency and
high-absorptivity MMAs. The graphene, resistive sheet, and
carbon fiber-based patterned designs achieved 80% bandwidth
above 80% absorptivity from 4.6 to 11 GHz, up to 15 GHz, from
3.83 to 9.13 GHz, and from 3.77 to 10.28 GHz, respectively.

I. INTRODUCTION

Metamaterials are artificial materials that possess properties
otherwise not found in nature. Metamaterials typically consist
of subwavelength periodic structural unit cells. Typical meta-
material absorbers (MMA) consist of a metal-dielectric-metal
design, where the top layer is a metal pattern and the bottom
layer is a metal backplate. These designs create resonating
structures that increase the electric field at the surface and
have discrete high narrow absorption peaks [1].

Metallic-based patterned MMAs rely on the resonance of
the pattern. These designs create unstable surface impedances
at broadband frequencies, leading to narrow bandwidths. The
metal pattern can be replaced by tunable material to create a
relatively stable surface impedance [2]. Graphene is greatly
sought for its excellent electrical properties, and conductivity
tunability [3]. Resistive sheets come in all shapes and sizes,
and resistive values to use to create a stable impedance surface
for broadband performance. Carbon fibers layered in alternat-
ing orientations to mitigate anisotropic electrical properties [4].
This summary presents hybrid genetic programming to create
designs using graphene, resistive sheets, and carbon fiber to
achieve broadband performance.

II. HYBRID GENETIC PROGRAMMING

Hybrid genetic programming (HPG) is a combination of
genetic programming (GP) with a low-level genetic algorithm
(GA) optimizer. GP is utilized to create new design topologies
and optimize design parameters. The low-level GA optimizer
is used to improve the optimization efficiency of the design
parameters. GP is a biological evolution-inspired algorithm
where genetic operations are applied to a population over
generations to design new topologies with high-performance

characteristics. GP creates an initial population of designs and
will evaluate this population’s performance through a fitness
function. Genetic-based operations are applied to the best-
performing designs and will create the next set of popula-
tions of designs. The genetic-based operations are crossover,
mutation, and elitism. Crossover mixes the design parameters
of two members to create a new member, and mutation
randomly changes one of the design parameter values to create
a new member. Elitism pass along the best-performing member
to the next population. The fitness function for absorption
follows absorptivity, A, the fraction of the amount of incident
electromagnetic waves absorbed by the surface. Where A is:

A = 1− |S11|2 − |S21|2 (1)

Where S11 and S21 are the reflectivity and transmissiv-
ity, respectively, the reflectivity is defined by the magnitude
squared of the reflection coefficient, the S11 parameter, and
the transmissivity is defined by the magnitude squared of
the transmission coefficient, the S21 parameter. Although the
designs have a metallic backplane, the S21 parameter is
from the floquet port used in the full-wave simulations. The
inclusion of the S21 parameter is to exclude any designs that
have cross-polarization.

III. PATTERNED MATERIALS

HGP was used together with Ansys High-Frequency Simu-
lation Software (HFSS) to create broadband design metama-
terials. Three approaches were used to create these broadband
metamaterial designs.

A. Graphene

The first approach is the use of laser-induced graphene
(LIG). The conductivity of LIG was modeled by the Kubo,
which calculates the conductivity of graphene-based on an ex-
ternal bias electric field [5]. There are three designs optimized
at varying electric field bias, 0 V/nm, 0.5 V/nm, and 4 V/nm.
The respective conductivity of each design is 27.2 S/m, 387.9
S/m, and 1101.2 S/m. GP was able to create designs optimized
for each conductivity value of graphene.

B. Resistive Sheets

The second approach is the use of resistive sheets of
different sheet resistances. Resistive sheets are commercially
available to obtain at varying sheet resistances. The patterned
design optimized in GP to the sheet resistance of 100 Ω/□.
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C. Carbon Fiber
The third approach uses quasi-isotropic carbon fiber (QICF)

sheets. A novel GA-based method to measure the complex
permittivity of thin samples was used to characterize the
complex permittivity of the carbon fiber sheets [6]. With
the complex permittivity of the QICF sheets, the impedance
of the carbon fiber sheets can be calculated using boundary
conditions between air and the carbon fiber sheet. The relative
permittivity of the QICF sheet is ϵr = 13 and loss tangent, tan
δe = 0.08. The complex impedance is calculated to be 104.24
+ i4.16 Ω/□. The patterned design is optimized in HGP to the
complex impedance of the QICF modeled as sheet impedance.

IV. DESIGNS

The HGP-optimized MMA designs are illustrated in Fig. 1.
The graphene-based patterning consists of a graphene pattern
on top of polyimide, dielectric constant, ϵr = 3.5, and the loss
tangent, tan δe = 0.0026. The resistive sheet and carbon fiber-
based patterning consist of the respective material patterned on
FR4, dielectric constant, ϵ = 3-4, and loss tangent, tan δe =
0-0.005. All designs come with copper backing. Table 1 lists
the dimensions for each of the HGP designs.

Fig. 1. Broadband metamaterial designs, a) 0 V/nm, b) 0.5 V/nm, c) 4 V/nm,
d) 100 Ω/□, e) 104.23 + j4.16 Ω/□

TABLE I
UNIT CELL DIMENSIONS FOR DESIGNS

Designs Unit cell XY (mm) Unit cell height (mm)
0 V/nm 6.65 5.17

0.5 V/nm 4.15 3.94
4 V/nm 3.5 1.63

100 Ω/□ 23.37 4.94
104.23 + j4.16 Ω/□ 20.00 4.93

V. RESULTS

The absorptivity of all designs is shown in Fig. 2, and Table
II shows the performance of each design above 80% absorp-
tivity. The designs with patterned material aside from copper
achieved above 80% bandwidth and above 80% absorptivity.
From the LIG designs, it is observed that the bandwidth of
the performance increased by increasing the electric field bias.
The band structure of the patterned patterned resistive sheet
and QICF is quite similar, with the carbon fiber performing
slightly better.

Fig. 2. Absorptivity of designs

TABLE II
PERFORMANCE OF DESIGNS ABOVE 80% ABSORPTIVITY

Designs fmin (GHz) fmax (GHz) Bandwidth
0 V/nm 4.6 11 82.05%

0.5 V/nm 4.6 13.39 97.72%
4 V/nm 4.94 15 100.9%

100 Ω/□ 3.83 9.13 81.7%
104.23 + j4.16 Ω/□ 3.77 10.28 92.67%

VI. CONCLUSION

Five designs were created with HGP to demonstrate achiev-
ing broadband performance. Three graphene-based absorbers
from different conductivity designs based on 0, 0.5, and 4
V/nm, one with resistive sheet-based patterning and one with
QICF patterning, were designed, and simulated results were
presented. The material-based patterned designs achieved 80%
bandwidth above 80% absorptivity within the low gigahertz
frequency. Future developments may include experimental
verification by fabricating and testing designs.
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