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Abstract—The expansion of a hybrid genetic program’s (HGP)
functionality to allow for the development of broadband two-
dimensional metamaterials designs with advanced characteristics
is presented. Artificial magnetic conductor (AMC) ground planes
and a tunable terahertz absorber generated by the HGP are com-
pared with designs available in the literature. The HGP is shown
to produce human-competitive results. The AMC ground planes
synthesized by the HGP were found to produce improved results
including wider bandwidths and larger reflection coefficient mag-
nitudes than that of the human designs. For one of the designed
AMCs, the HGP’s bandwidth is 73.3% larger and the minimum
reflection magnitude is 1.0 % larger than the reference AMC. Sim-
ilarly, the absorber synthesized by the HGP has larger bandwidths
than that of a recently published absorber optimized by random
hill climbing. Three bias voltages were tested with the tunable ab-
sorber. The bandwidths of the HGP absorber are 23.1%, 37.6 %,
and 400% larger than the reference absorber, for biases of 4, 2,
and 0.5 V/nm, respectively. Four example designs are discussed to-
gether with comparative results to illustrate the advantages of the
developed HGP-enabled design method.

Index Terms—Artificial magnetic conductor (AMC), genetic
algorithm (GA), genetic programming (GP), terahertz (THz)
absorber.

[. INTRODUCTION

ETAMATERIALS are artificial structures that have
properties not found in natural materials [1]. For ex-
ample, artificial magnetic conductors (AMCs), a subclass of
metamaterial structures, can behave as perfect magnetic con-
ductors (PMCs) over selected frequency bands. A PMC has an
in-phase total reflection and can be used as a ground plane to be
placed much closer to an antenna than the frequency-dependent
spacing typically used with perfect electric conductor (PEC)
ground planes. This results in low-profile antenna designs while
providing higher gain over a relatively broadband of operation.
Metamaterials can also be designed to fill in the terahertz
(THz) gap where natural materials have weaker electromagnetic
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responses, as THz range lies between the lower frequencies
where electrons are the primary particle that devices utilize
and the higher frequencies where photons become the primary
particle [2]. Many THz absorber designs have been reported
in the literature, with applications in imaging [3], [3], sensing
[2], [6], stealth [7], and communication [8], and interest con-
tinues to grow in designing new metamaterials to support these
applications.

Work has been done to improve the design process of AMC
ground planes, and optimization algorithms such as genetic al-
gorithms (GAs) have proven to be successful in creating ground
planes that exhibit desirable qualities, such as low profile, low
loss, and/or multiband operation [9]-[11]. The implementa-
tion of genetic programming (GP) has also been explored with
success [12], [13]. In [13], successful three-dimensional (3-D)
generated AMC designs with broadband characteristics were re-
ported, and in [14], ahybrid genetic program (HGP) that utilizes
GA as a low-level optimizer to speed up the computational pro-
cess has been successfully implemented. In this letter, the HGP
code has been expanded to include the development of 2-D
metamaterials designs with advanced characteristics. Specifi-
cally, while the developed HGP in [14] has been used to design
AMC ground planes in the 225-450 MHz range, thus covering
the high VHF and low UHF bands, it was difficult to fabricate
and experimentally test the produced designs. By expanding
the capabhilities of the HGP to allow for 2-D designs that could
be fabricated and tested, more verification of the GP design
methodology will be possible and interest in this advanced de-
sign method would continue to grow and help address needs
in variety of EM research areas. In this letter, we chose a 2-DD
design space in the 3-30 GHz band for its relative fabrication
ease and low-cost prototyping. For this study, 2-D metamate-
rial AMC and THz absorbers designs that are available in the
literature were used for reference, and new designs were synthe-
sized using the new HGP code. Obtained results show that the
GP code could produce designs with superior performance than
those published earlier. For the THz absorbers case, we also
compared the GP results with yet another recently published
evolutionary-inspired optimization technique [15]. It is shown
that GP did provide designs of broader bandwidth than those of
the THz absorbers in [15].

In Section II, we describe the 2-D AMC and THz absorber
implementations of the HGP code, while in Section 111 we de-
scribe and compare results for the AMCs and THz absorber
generated by the HGP with designs reported in the literature.
Section IV includes concluding remarks.
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Fig. 1. (a)HGP AMC UC. (b) Novelring AMC UC. (¢) Reflection phase and

magnitude of both UCs.

TAELEI
PERFORMANCE COMPARISON WITH NOVEL RING AMC

Novel Ring  HGP Design
Center Fraq. (GHz) 5.83 5.94
Min. Freq. (GHz) 5.64 5.63
Max. Freq. (GHz) 6.02 6,25
Bandwidth (%) 652 104
Min. Refl. Mag. 0.58 0.68

II. HyeriD GP METHGOD

The HGP implemented is a tree-based GP that synthesizes
and optimizes designs by first generating a random initial pop-
ulation of designs. The performance of each generated design
is then evaluated via a cost function that is user-defined and
varies depending on the design goal. After all members of the
initial population are evaluated, the better performing designs
go through mutation, crossover, or reproduction to produce the
next generation. The process of mutation is to select part of
the design and redesign it randomly. Crossover is when parts
of two designs are selected and are swapped with one another.
Reproduction is when a design in its entirety is passed on to
the next generation. After a new generation is formed through
the stated processes, the cycle is repeated till a design has been
synthesized that meets all the desired design requirements.

The 2-D AMC ground planes are periodic structures.
The HGP is used to generate the unit cells (UCs) of the
metamaterials. The UCs consist of 2-D metallization patterns
on a dielectric substrate with a PEC backing. For the design
of tunable absorbers (which are also periodic structures), the
2-D UC patterns can be either metallization or electrostatically
biased graphene.

The patterns in a UC are created by optimizing the number
and the locations of vertices that, when connected, form 2-D
areas of metallization or biased graphene. Each pattern’s ver-
tices can either be connected by a piecewise cubic spline or by
straight lines. The 2-D patterns are allowed to extend from one
UC into neighboring cells to achieve desired characteristics, e.g.,
lower resonant frequencies. The HGP also optimizes the num-
ber of metallization patterns for each AMC design. For tunable
absorbers, the number as well as whether each pattern is metal-
lization or biased graphene are optimized by the HGP. The 2-D
patterns that are of the same material can be forced to separate
or allowed to overlap. In the case where patterns are allowed to
overlap, they are united and treated as a single new pattern. Vias
are also included in the design variables, where the HGP can de-
sign and optimize via location and thickness. The HGP can also

optimize the substrate thickness, UC size, and substrate mate-
rial properties. Finally, the AMC ground plane UC designs can
have four-fold rotational symmetry, reflection symimetry across
the UC’s diagonal, or enforcement of such symmetry could be
ignored. The enforcement of symmetry lowers the polarization
dependence [16], [20].

Four published designs are chosen for comparison to validate
the HGP’s performance. The AMC designs and the tunable THz
absorber used for comparison are modeled in ANSYS’s High
Frequency Structure Simmulator (HFSS). The AMC and absorber
designs generated by the HGP are also modeled in HFSS. All
designs generated by the HGP were constrained to use the same
material properties for the dielectric substrate as the respective
published design they are being compared with.

The cost function used to evaluate the performance of the
AMC designs synthesized by the GP is as follows:

N N
¢ =Wag > _ —20logyo [Ts| + Wpnase > |[£T4| (1)

i=1 i=1

where ¢ is the cost, V is the number of frequencies the model
is simulated at across the frequency range of interest, I'; is the
reflection coefficient at the ith evaluated frequency, Wy, is
the weight given to the magnitude of the reflection coefficient,
and Winae is the weight given to the phase of the reflection
coefficient. The following is the cost function used to evaluate
the tunable THz absorbers synthesized by the HGP

N
c= Y |0/’ ®)
=1

where ¢ is the cost, ¥V is the number of frequencies the model
is simmlated at across the frequency range of interest, and T'; is
the reflection coefficient at the jth simulated frequency.

The criterion for the bandwidth of the AMC ground planes is
that the reflection phase be within +£90°. The criterion for the
bandwidth of the THz absorbers is that the absorption be equal
to or greater than 80%.

For the purpose of reproduction, HFSS models of all
the designs generated by the HGP can be found at
http://hcac hawaii.edu/HybridGPDesigns.zip. The HFSS mod-
els generated by HGP were run a second time to verify the
results’ stability. The second runs resulted in nearly identical
results to the first runs. A test was also run to check the effects
of fabrication errors. These tests showed that the HGP designs
have low sensitivity to fabrication errors. The surface conduc-
tivity of graphene as a function of electrostatic bias is derived
in [17].

III. RESULTS

A. Novel Ring AMC

The first AMC ground plane used for comparison comes from
[18]. For convenience, this ground plane will be referred to as
the novel ring AMC ground plane. Fig. 1(a) presents the AMC
UC developed by the HGP. Fig. 1(b) presents the novel ring
AMC UC in [18]. Fig. 1(c) presents the reflection phase and
magnitude of the AMC generated by the HGP and the novel
ring AMC. The HGP AMC is reflectively symimetric across
the UC’s diagonal and has no vias. The HGP was restricted to
only generate substrates that are 1.00 mm thick and composed
of FR-4.
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Fig. 2. {a) HGP AMC UC. (b) Spiral AMC UC. (¢) Reflection phase and
magnitide of both UCs.

TAEBLEIIL
PERFORMANCE COMPARISCN WITH SPIRAL AMC

Spiral  HGF Design
Center Freq. (GHz) 23.0 26.1
Min. Freq. (GHz) 197 19.6
Max. Freq. (GHz) 262 32,5
Bandwidth (%) 28.3 494
Min. Refl. Mag. 1.00 1.00

The AMC generated by the HGP’s bandwidth is 60%
larger and the minimmm reflection magnitude is 17% larger
than the novel ring AMC. Table I summarizes both AMCs’
performances.

B. Spiral AMC

Next, the AMC ground plane used for performance com-
parison is a design presented in [19] referred to as the spiral
AMC. Fig. 2(a) presents the AMC UC developed by the HGP.
Fig. 2(b) presents the HFSS model of the spiral AMC UC in
[19]. Fig. 2(c) presents the reflection phase and magnitude of
the AMC generated by the HGP and the spiral AMC. The HGP
AMC is reflectively symmetric across the UC’s diagonal and
has no vias. The HGP was restricted so that only substrates that
were 1.00 mm thick and having a relative permittivity of 2.2
were generated.

The AMC generated by the HGP’s bandwidth is 74.6%
larger and the minimum reflection magnitude is equal com-
pared with the spiral AMC. Table II summarizes both AMCs’
performances.

C. Hexagonal AMC

Now, we will look at an AMC used for performance compari-
son presented in [20], which will be referred to as the hexagonal
AMC. The HGP was run twice to generate two separate de-
signs. Fig. 3(a) presents the AMC UC developed by the first
run of the HGP, whereas Fig. 3(b) presents the AMC UC devel-
oped by the second run. Fig. 3(c) presents the hexagonal AMC
UC, and Fig. 3(d) shows the reflection phase and magnitude
of the AMCs generated by the HGP and the hexagonal AMC.
The HGP AMCs have four-fold rotational symmetry and have
no vias. The HGP was restricted so that all generated designs’
substrates were 1.524 mm thick and were composed of Rogers
RO4003C.

Fig. 3. HGPAMC UC. (a) Design 1. (b) Design 2. (¢) Hexagonal AMC UC,
{d) Reflection phase and magnitude of all UCs.

TAEBLE III
FPERFORMANCE COMPARISON WITH HEXAGONAL AMC
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Fig. 4. (a) HGP absorber UC. (b) Pizelated absorber UC. (¢) Absorption of

both UCs when biag iz 4, 2, and 0.5 ¥V/nm.

The AMCs generated by the HGP’s bandwidths are 73.3%
and 46.7% larger and the minimmm reflection magnitudes are
both 1.0% larger for HGP Design 1 and Design 2, respectively.
The two HGP designs show that the HGP produces significantly
different UC designs when run a second time. By having sev-
eral UC designs optimized for the same operating frequency,
deeper insights can be gained about the cause that leads the
HGP designs to the larger bandwidths. The two HGP designs
have slightly different bandwidths, while both outperform the
reference design. Table III summarizes the performance of the
hexagonal AMC and the AMCs generated by the HGP.

D, Tunable THz Absorber

The absorber used for comparison is presented in [15]. For
convenience of discussion, this absorber design will be referred
to as the pixelated absorber. The UC design that the HGP syn-
thesized and the pixelated absorber UC can be seen in Fig. 4(a)
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TABLE IV
PERFORMANCE COMPARISON WITH PIXELATED ABSORBER

4 ¥V/nm Pixelated HGP Design
Center Freq. (THz) 237 2.83
Min. Freq. (THz) 1.79 1.63
Max. Freq. (THz) 3.74 4.03
Bandwidth (%) 704 84.8
2 V/nm Pixelated HGP Design
Center Freq. (THz) 2.49 2.64
Min. Freq. (THz) 1.64 147
Max. Freq. (THz) 334 3.81
Bandwidth (%) 68.3 88.6

and (b), respectively. Fig. 4(c) presents the absorption of the
HGP absorber and the pixelated absorber when the bias is 4,
2, and 0.5 V/nm. The HGP absorber has four-fold rotational
symmetry, no via, and no metallization. The HGP was restricted
s0 that the substrate could only be 18 pm thick or less and so
that the substrate had a relative permittivity of either £, =4 or
g, = 3.5+ 0.2 as implemented in [15].

When the bais is 4 V/nm, the bandwidth of the HGP absorber
i8 23.1% larger than the pixelated absorber. For abias of 2 V/nm,
the HGP absorbers bandwidth is 37.6% larger, and for a bias of
0.5 V/nm, the bandwidth is 400% larger. Table IV summarizes
the performance of the pixelated absorber and the HGP absorber
when the bias is 4, 2, and 0.5 V/nm.

IV. CONCLUSION

An HGP code was further developed to include the added
functionality of synthesizing 2-D AMC ground planes and tun-
able THz absorbers. The added functionality’s performance has
been validated by comparing the UC designs generated by the
HGP with three existing published AMC ground planes and
a tunable THz absorber. The results show that the HGP pro-
duces human-competitive results and can produce high-gain
low-profile wideband AMC ground planes in the 2-D design
space. The HGP designed AMCs have bandwidths that range
from 60% to 74.6% larger than that of the reference AMCs
while maintaining reflection magnitudes that are equal to or up
to 17% larger than that of the reference AMCs. The 2-D AMC
ground planes designed by the HGP are an atfractive option,
compared with 3-D) designs reported earlier as they provide
low-profile antennas and other microwave device designs an
option that has relative ease and low cost of fabrication, in addi-
tion to improved performance, including wider bandwidth and
increased reflection coefficient. The results of the tunable THz
absorber show that the HGP can produce wider bandwidth ab-
sorbers than other nature-inspired techniques with bandwidths
that range from 23.1% to 400% larger than the reference ab-
sorber design.

Future work includes furthering the understanding of the elec-
tromagnetic characteristics of the unconventional and complex
topology of UC designs synthesized by the HGP. Equivalent cir-
cuit models are being developed and validated for these designs.
The equivalent circuit models will give insight into how these

designs and complex topologies are behaving and in fact are
outperforming designs based on conventional human expertise.
Prony’s method will also be implemented to find the complex
natural resonance frequencies giving insight into how the HGP
designs have wider bandwidths.
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