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Plasmonic structures that support the spoof surface plasmon polariton (SSPP) mode can

be tailored to achieve strong absorption of electromagnetic (EM) waves. In particular, the

profile of an absorbing plasmonic structure (APS) plays an important role in realizing its

wideband absorption performance. In this paper, we propose a method of optimizing the

longitudinal profile of APS based on Genetic Algorithm (GA), with the aim of obtaining

high-efficiency wideband absorption of EM waves. The APS unit cell is composed of

a longitudinal array of metallic strips, the length profile of which can be optimized to

improve k-matching between free-space waves and SSPPs andmeanwhile to customize

absorption at each frequency within a wide band. Our investigation shows that non-linear

variation of the strip lengths will make better k-matching and wideband absorption. As

an example, a wideband APS is demonstrated using this method. The simulated and

measured results show that the absorbance is higher than 90% in 10–30 GHz, which

convincingly verifies the effectiveness of this method. This method provides an efficient

approach to the design of radar absorbing structures and can also be extended to

optimized design of other metamaterials.

Keywords: metamaterial, absorbing plasmonic structure, spoof surface plasmon polariton, wideband absorption,

genetic algorithm

INTRODUCTION

The electromagnetic wave transmission can be effectively suppressed by electromagnetic absorbers,
which is why they can be widely applied in radar stealth techniques [1–3], electromagnetic
protection [4, 5], and wireless transmission [6]. Metamaterials composed of artificially engineered
subwavelength inclusions exhibit novel properties that cannot be found in nature or difficult
to achieve [7, 8]. A significant breakthrough has been made for wave absorption thanks to the
rapid development of electromagnetic metamaterials [9, 10]. Originated from optics, Surface
Plasmon Polariton (SPP) is a transmission mode that is generated by the tight coupling
between the electromagnetic (EM) wave and surface electron [11, 12]. On this basis, Pendry
first proposed Spoof Surface Plasmon Polariton (SSPP) in earlier researches [13]. Exhibiting
similar properties to Surface Plasmon Polariton (SPP) in optics, SSPP is an electromagnetic
mode excited by artificial electromagnetic medium or structure in the microwave band [14, 15].
Subsequently, the SSPP of Transverse Magnetic(TM) and Transverse Electric(TE) were obtained
by metamaterial [16, 17]. With the development of researches, the properties in the local field
enhancement, strong dispersion and deep subwavelength characteristics of SSPP are widely
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applied in microwave absorbing, stealth and dispersion
engineering [18–20]. Additionally, SSPP as absorbing
metamaterial has also been applied in terahertz and infrared
stealth [21, 22]. Therefore, SSPP has been extensively used as
absorbing metamaterials by a lot of researchers.

It is worth noting that a longitudinal array of metallic strips
overlapping with periodic arrangement can be combined with
adjacent absorption peaks into a continuous adsorption peak
[23, 24]. As metal strips increase, absorption bandwidth increases
and metamaterials get thicker. Hence, a number of methods
for reducing thickness of metamaterials were proposed such
as introducing meandered strip structure, increasing high duty
ratio of metal strips and loading other absorbing materials [25–
28]. The SSPP performance can be affected by adjusting and
controlling the length of horizontal metallic strip affects the
impedance matching of electromagnetic wave, so its adjustment
and control will also affect the SSPP performance, which,
therefore can be improved by optimizing the longitudinal profile
of strips. The conventional optimization algorithm includes
heuristic algorithms such as Genetic Algorithm (GA) and
Particle Swarm Optimization (PSO) [29–31], all of which has
been widely applied in designing metamaterial and especially
metasurface. The topology optimization in metasurface is
currently restricted to the horizontal two-dimensional (2D)
surface [32, 33]. However, optimization algorithm can also
be expanded in vertical space. Therefore, we discuss the
longitudinal profile of the Absorbing Plasmonic Structure (APS)

FIGURE 1 | Schematic diagram of this work.

and propose an optimization scheme adapted to the longitudinal
profile’s structure.

In this paper, we proposed the method that using GA to
optimize the longitudinal profile of APS. This process is shown in
Figure 1. The length of the horizontal metal strips in a specified
thickness is simplified to a cubic function in the longitudinal
direction. The coefficient matrix of polynomials was then
regarded as the parameters to be optimized. The corresponding
structural model can be built according to different curve
functions. And then the mapping between the coefficient matrix
and structure is established. Thus, the digital analysis of APS is
realized. A large number of random samples were cross-iterated
and selected according to the rules of GA. After optimization, the
optimal coefficient matrix is obtained, the optimal structure is
established, and the wideband absorber is realized. And finally,
the wideband absorption with an efficiency of more than 90% in
the frequency range of 10–30 GHz at the specified thickness was
optimized. More importantly, when the objective function of GA
is modified, the algorithm can also be applied to phase gradient
design, dispersion engineering and other fields.

ABSORBER DESIGN AND OPTIMIZATION
STRATEGY

Design of Absorber
The APS with straight strips is designed as shown in Figure 2A,
in which structural parameters are listed as follows: the height of
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FIGURE 2 | Schematic of straight-strip-shaped APS. (A) The design of

absorber unit and (B) the complete absorber is consisted of absorber units.

vertical substrate h = 25.0mm and the thickness d2 = 1.0mm;
the periodic distance of parallel straight strips s=0.4mm and the
width of strips w = 0.2mm; the thickness of horizontal substrate
d1 = 2.0mm, the metal is copper with an electric conductivity of
5.8 × 107 S/m and a thickness of t = 0.017mm; the periodical
length of absorber unit u = 10.0mm. These parameters can
be obtained in previous work [14, 34, 35]. The parallel straight
copper strips with gradually varied length are bent, assembled
and attached to the junction of dielectric substrates. The parallel
straight strips lead electromagnetic(EM) waves from free space
into absorber and form a standing wave between strips. In order
to increase the loss of EM wave, a commercial dielectric substrate
FR4 with a dielectric constant εr = 4.2 and a loss tangent tanδ

= 0.025 is used as carrier of copper. The bottom of the absorber
is consisted by a FR4 dielectric substrate backed with a copper
reflector. The complete structure of the absorber is composed of
design units, as shown in Figure 2B.

Profile Optimization and Analysis
According to some researches, the longer length of the strip, the
better it matches the low-frequency EM wave, and vice versa
[13, 34, 36]. Based on the theory of APS, the impedance matching

between the wave vector and absorber can be affected by the
length of strip. Therefore, APS profile can be optimized for better
wave absorption. The gradually varying external edges of these
parallel straight strips can be regarded as some discrete points in
a continuous curve. Because the structure is highly symmetrical,
only one eighth of the structure needs to be designed. The value
range of external edges of these parallel straight strips can be
expressed as: x-axis in [0.5], y-axis in [0.25]. Within this range,
a cubic function can fit arbitrary gradually changed curve. Thus,
the optimization of parallel straight strips is transformed to the
profile curve optimization of strip’s external edge which is set as
a cubic function as follows:

f (x) = ax3 + bx2 + cx+ d (1)

Where [a, b, c, d] is the coefficient matrix of the function f(x),
and f(x) represents the curve of the longitudinal profile of APS.
The curvilinear function f(x) affects the length of strip, as shown
in Figure 3.

As shown in Figure 3, a variety of curves are generated by
the cubic function f(x) with different coefficients. The curves are
normalized to a specified region of the dielectric substrate, and
the external edges of parallel straight strips vary gradually based
on the function line f(x). The profile of APSs was then modeled
by the curves in Figure 3A and the corresponding structure in
Figure 3B. Therefore, the absorption effect of the parallel straight
strips will be affected if the coefficient matrix [a, b, c, d] is
adjusted. Hence, the optimization objective can be illustrated as
Equation (2):

min F(X) = −

n
∑

i=1
1Fi

fmax−fmin

S.t.

{

X =
{

a, b, c, d
}

∈ [−1, 1]
fmax > fmin

(2)

Where1Fi is the continuous bandwidth in the desired frequency
range [fmin fmax], which is 10–30 GHz in this paper. If
the absorbance is >90%, the current frequency satisfies the
requirements. The optimization objective is to achieve the
absorbance that is >90% under normal incidence.

Equation (2) reveals that the wider the absorbing bandwidth,
the less the fitness function value is. The optimization process
is based on MATLAB-CST co-simulation and MATLAB
optimization toolbox is applied as GA optimizer. The
optimization process and result are shown in Figure 4.

The results of the absorber optimized by GA were obtained by
comprehensive simulation after 15 iterative evolutions, as shown
in Figure 4. According to Equation (2), we can calculate the
ratio of the current absorbing bandwidth in the total bandwidth.
Figure 4A shows the process of GA optimization, the red line
represents the variation of best fitness and the blue line represents
the variation of mean fitness. The fitness is the value of function
calculated by Equation (2). The best fitness is the optimal
individual in the current generation. The mean fitness is the
mean of all individuals in the current generation. According to
the mean fitness, it can be seen intuitively that the population
generated by GA is in a downward trend. Meanwhile, the best
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FIGURE 3 | Curve and shape of strips. (A) Different curves generated by function f(x) and (B) the corresponding structure of SSPPs.

FIGURE 4 | GA optimization. (A) The process of GA optimization and (B) the current best individual.

fitness also keeps a downward trend and gradually approaches
the optimal value. The optimized wideband absorber is illustrated
in Figure 4A, in which the best fitness value is −1, indicating
that the best individual has been obtained. The coefficient matrix
[a, b, c, d] of the current best individual is shown in Figure 4B.
According to the optimization and simulation result, the best
fitness is −1, implying that the absorber can achieve more
than 90% of the absorbance in the frequency range of 10–
30 GHz. The current best individual is [0.01464, −0.81144,
−0.42811, 0.76803], therefore, the best curve function is f(x)
= 0.01464∗x3−0.81144∗x2−0.42811∗x + 0.76803. The parallel
straight strips vary gradually based on above curve function and
achieve better absorbing performance.

The parallel straight strips can be modified by the best line
function, and the APS can be then modeled, as shown in
Figure 5A. In order to verify the performance of the optimized
APS, full-wave EM simulations were carried out using the time-
domain solver in CST Microwave Studio. The simulation setups
are as follows. The APS lies on XOY plane and the X-polarized
waves are normally incident from the -Z direction. Remarkably,
the structural unit is completely symmetric in the X and Y
directions. In order to simulate an infinite continuous array
while improving computing speed, the boundary conditions are

introduced as follows: The X boundary condition is set to electric
(Et = 0), the Y boundary condition is set to magnetic (Ht = 0).
The Z boundary condition is set to open (add space). According
to the simulation result in Figure 5B, the S11 is >10 dB in 10–30
GHz, implying that the absorbance is >90% in the work band.
To understand the physical principle better, the distributions of
surface current and power loss of the optimized model under
different absorption frequencies are depicted in Figures 5C,D. It
can be concluded that the different lengths of parallel straight
strips produce resonance of different frequencies. Hence, the
distribution of power loss is similar to that of surface current.
The SSPPs transform EM waves in free space into surface waves
and form standing waves, and the energy of EM wave is absorbed
through a loss dielectric substrate. The resonance frequency is
highly correlated to the length of parallel straight strips. Hence,
the superposition of multiple resonant frequencies is achieved
through the gradually varying strips, and then the wideband
absorbing is achieved.

The optimized absorber is theoretically analyzed to explore
the causes of this model. In fact, the parallel straight strips can
be equivalent to dipole [34]. The straight strips produce Lorentz
resonance under the effect of the electromagnetic field. The upper
boundary of the linear region is the cut-off frequency of the
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FIGURE 5 | Electromagnetic response of the APS. (A) The model of optimized APS, (B) the simulation result of this model, (C) surface current distributions of the

parallel straight strips in 10, 15, 20, 25, and 30 GHz, and (D) power loss distributions of the parallel straight strips in 10, 15, 20, 25, and 30 GHz.

metal bar. With the increased frequency, the dispersion curves
will gradually drift away from the light line and then get cut-off at
certain frequencies. When the frequency is infinitely close to the
cut-off, the maximum value of k-vector will produce the strongly
localized surface wave, and the strongly localized surface wave
always equipped with electric field enhancement, which makes
the highly effective absorption close to the cutoff frequency [25].

CST Microwave Studio eigenmode solver is used to solve the
dispersion relations for the electric dipole model with all the
boundaries being set to period. Figure 6A illustrates the different
lengths of strips corresponding to dispersion curves in the first

Brillouin region. In order to further obtain the relations between
strip length and cut-off frequency, their relations diagram shown
in Figure 6B indicates that the length of strip l and frequency is
non-linear. Long strip has a better match with high frequency,
while short strip has a better match with low frequency.
Therefore, if strip of corresponding length is matched with it in
the appropriate frequency interval, the wideband matching effect
can be obtained. When multiple electric dipoles are cascaded,
the gradient structure of the parallel straight strips can facilitate
the matching of the wave vector of SSPP and wave in free space
and improve the coupling efficiency. As shown in Figure 6, the
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FIGURE 6 | Dispersion diagram and cut-off frequency. (A) The dispersion diagram of the equivalent electric dipole of a short metallic strip patterned on a dielectric

substrate and (B) the fitting curve between the unit length and frequency.

FIGURE 7 | Measurement and results. (A) The photograph of the fabricated APS prototype, (B) the experiment measuring systems, and (C) the measured and

simulated results of this APS.

variation between strip length and cut-off frequency is non-
linear. The APS can achieve a better absorbing performance
because the profiles of parallel straight strips are also non-linear.

EXPERIMENT AND VERIFICATION

In order to further verify the model, we fabricated a prototype
of the optimized APS using conventional Printed Circuit Board
(PCB) techniques. The photograph of the fabricated APS

prototype is shown in Figure 7A. The size of APS array is 300
× 300mm including 900 absorber units. Figure 7B illustrates
the experiment measuring systems. The measurements were
carried out in a microwave anechoic chamber based on a
network analyzer (Agilent E8363B) with three pairs of broadband
antenna horns with the frequency bands of 10–12 GHz, 12–
18 GHz and 18–30 GHz. The measured results and simulated
absorption spectra are shown in Figure 7C. It can be concluded
from the measured results that all the test results are <-10 dB.
However, some test results are not consistent, especially in the
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low frequency range. And the positions of the peaks and dips
do not coincident at all, which is due to the error of machining
and testing. As shown in Figure 7A, the APS is consisted by
some components and the splicing of the modules results in
poor electrical connectivity of the parallel straight strips at
some intermediate junctions. However, the measured results are
basically consistent with the simulation results. Additionally, the
experience results demonstrate a better absorbing performance
in the work band, thus proving that our method is effective.

CONCLUSION AND PERSPECTIVES

In summary, we proposed a wideband absorber based on GA to
achieve a better absorbing performance in the work band. The
profile of parallel straight strips is regarded as a cubic function
and the curve function is optimized by GA. Subsequently, the
APS is optimized by GA with 15 generations, and then a best
absorber is simulated, fabricated and measured. All the tested
results are <-10 dB in the work band, thus proving that this
method is effective. What’s more, by analyzing the relation
between the cut-off frequency and the length of parallel straight
strip, we concluded that the non-linearly varying parallel straight
strips can be better matched with wave vector. More importantly,
this paper provides an idea for optimizing non-planar structure
and a method to improve the performance in the specified

thickness. And this method has a wide application prospect in
electromagnetic protection and metamaterial design.
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