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Electromagnetic cloak or illusion, which can interfere with device detection and
provide superior self-protection capabilities for animals or humans, has received
much attention. The proposal of transformation optics provides a generalized
strategy for realizing electromagnetic illusion. However, the complex parameter
composition causes a substantial computational cost, which is not conducive to
practical applications. To overcome these challenges, we report an intelligent
illusory metasurface optimized by a genetic algorithm, which not only presents
predefined illusory effects but also reduces the parameter space in physics. By
designing a high-performance tunable metasurface, a high-fidelity inverse design
is performed in simulation. Near-field and far field results show that the
metasurface can generate virtual targets in different scenarios and realize
electromagnetic illusion. This work is helpful in facilitating the practical
application of electromagnetic illusion strategies.
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1 Introduction

Electromagnetic (EM) illusion technology is one of the most promising applications
(Jiang et al., 2010; Jiang and Cui, 2011; Schittny et al., 2014; Xu et al., 2015; Yang et al., 2016;
Huang et al., 2018; Cai et al., 2022; Liang et al., 2023), which can visually produce virtual
objects that do not exist or transform an object into other forms, interfering with EM
detection and ultimately achieving camouflage for active attack or passive defense. In
traditional methods, optical illusions can be realized with the theory of transformation optics
(Pendry et al., 2006; Schurig et al., 2006; Lai et al., 2009a; Lai et al., 2009b; Luo et al., 2009;
Landy and Smith, 2013; Zheng et al., 2019), such as using complementary media to eliminate
the original object and release the illusion of another object. However, this design is very
complicated, and the extreme materials with anisotropy and inhomogeneity also make its
practical application face a bottleneck. At the same time, a critical prerequisite for the
realization of EM illusions is the acquisition of high-performance metamaterials/
metasurfaces with the desired EM response.

Traditionally, this process of designing metasurfaces needs to be accomplished by time-
consuming, inefficient, empirically guided numerical simulations or physically based
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methods; and theoretical methods will fail when the shape of the
object is irregular (Chen et al., 2007; Li and Pendry, 2008; Hao et al.,
2021; Shan et al., 2021; Hao et al., 2022). In recent years, intelligent
optimization algorithms have emerged, strongly contributing to the
study of metasurfaces (Goodfellow et al., 2016; Vaswani et al., 2017;
Li et al., 2019; Qian et al., 2020; Shlezinger et al., 2021; Keeley et al.,
2022; Ma et al., 2022; Shao et al., 2022; Lu et al., 2023; Zhong et al.,
2023). Such as intelligent scattering and cloak (Qian et al., 2020),
adaptive focusing (Lu et al., 2023), etc., which provide guidance for
the inverse design of metasurfaces, and also provide the basis for
realizing the EM illusion of false targets.

This study proposes an illusionary metasurface optimized using
genetic algorithm (GA) (Lecun et al., 1998; Shakya, 2002; Pierro
et al., 2004; Hinton et al., 2012; Lingaraj, 2016; Krizhevsky et al.,
2017; Katoch et al., 2021) that can produce false targets in different
scenarios. Firstly, the metasurface with high reflectivity and wide
phase coverage is designed, and an adaptive regulation model of GA
and metasurface is constructed. Different objective functions are
selected according to the requirements in different environments,
and the tunable metasurface satisfying the predefined objectives is
reverse-designed after global optimization and iteration of the
algorithm. Ultimately, illusory scattering that produces false
vehicle targets is achieved using the metasurface in both the
absence of objects and the presence of a single object. Despite
the operating frequency being 5 GHz, the optimization method
has no restriction on the frequency, and false scattering can be
achieved at other arbitrary frequencies by simply modifying the
appropriate objective function. This work eliminates the need for
theoretical computation of complex parameters and allows iterative

generation of spurious scattering given only the optimization
objective. It has a wide range of promising applications in
various aspects, such as metasurface inverse design and
intelligent tuning.

2 Methods

Figure 1 illustrates the conceptual diagramof anEM illusionusing the
tunable metasurface to generate the virtual target. The intelligent
metasurface consists of a series of tunable unit cells (as shown in the
inset at the top right), and it is independently tunable in one-dimensional
direction (y-direction) for each cell to produce a rich EM response. When
an object exists on themetasurface (actual target), initial radar cross section
(RCS) is generated under the effect of EM waves. The observer can
recognize the target by judging the approximate shape of the object based
on the RCS. If other types of far-field RCS can be generated, the detection
device will be interfered with to realize EM illusion. As shown in Figure 1,
using the target RCS as the objective function, after the global optimization
of the GA and the modulation of the metasurface, the system finally
produces the RCS that is generated only when two targets exist, i.e., the
virtual target is generated.

A high-performance tunable reflection unit cell is designed to
generate the false targets. Figure 2A shows the designed structure,
consisting of a dielectric substrate and a metal with a relative
permittivity εr � 2.65, a loss angle tangent of 0.002, a thickness
of 2.5 mm, and a size of 10 × 10 mm2. The backside of this structure
is an all-reflective metal layer, which ensures a high reflectivity of the
incident EM wave. The metal on the front side of the unit cell is

FIGURE 1
The conceptual diagram of GA-driven EM illusion.
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centrosymmetric in which a varactor diode is embedded in the
middle. The diode model is a MAVR-000120-14110P varactor
manufactured by MACOM, which has an adjustable capacitance
between 0.14 pF and 1.1 pF with a parasitic resistance of 2.5 Ω. The
equivalent circuit diagram of the capacitive diode is shown in the
inset portion of Figure 2A. In the actual simulation, the RC model is
used as the equivalent circuit, and the characteristics of the diode can
be changed by adjusting the capacitance. We analyze the

S-parameters using the CST2021 in the frequency domain mode.
For simulation, both the x and y directions are set as unit cell
boundaries, the electric field along the y direction, and the magnetic
field along the x direction.

The S-parameter characteristics are shown in Figures 2B, C. The
horizontal coordinate represents the frequency change. It can
be seen that the reflection phase varies continuously up to 330°

at f � 5GHz (Figure 2B), and the reflection amplitude is better

FIGURE 2
The unit cell and S-parameters. (A) Schematic diagram of the unit cell, where p � 10mm,w1 � 1.5mm,w2 � 4.2mm,w3 � 4.5mm, and h � 2.5mm.
(B) The phase response of the unit cell. (C) The magnitude response of the unit cell.

FIGURE 3
The process for generating false targets in different scenarios using GA and metasurface. (A) Input data for the first scenario. (B) Genetic algorithm
process. (C) The first illusion scene. (D) Input data or the second scenario. (E) The second illusion scene.
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than −2 dB (Figure 2C). The unit cell can achieve continuous phase by
adjustment the capacitance. In order to increase the speed of the global
optimization, we chose six capacitors as feature with capacitance values
of 0.18, 0.26, 0.36, 0.5, 0.7, and 1 pF, respectively. The corresponding
phases are 130°, 100°, 70°, 40°, −110°, and −200°, respectively. They are
also used for the subsequent iterations of the algorithm. Even if the phase
response of a single structure does not reach 360°, rich EM modulation
can be realized by global tuning of the metasurface.

The virtual target is then generated using GA and the
metasurface, the progress is illustrated in Figure 3. The
metasurface is composed of a set of tunable unit cells, the
state is independently along the y-direction, and it is
periodically arranged along the x-direction. The size of the
metasurface is 200mm × 250mm, as shown in Figure 3A.
Figure 3B shows the iterative flow of the GA. In general, the
algorithm includes evaluation, selection, and crossover/
mutation. The “evaluation” means the loss between predicted
and actual results, also known as the objective function; the
“selection” is to select different state sequences, and the
“crossover” is an update strategy. Defining the loss function
using mean absolute error (MAE):

MAE � 1
m
∑m

i�1 ETheory − ETest

∣∣∣∣ ∣∣∣∣ (1)

where ETheory is the target electric field, and the ETest is the electric
field generated during the iteration. If the iteration termination
condition is not satisfied at the moment t, the algorithm re-selects
the state sequence (i.e., capacitance [Cap1, Cap2, ...., Cap25]) at the
moment t + 1 according to the loss function. After that, the
metasurface state changes and will generate the new electric field.
The GA re-judges the error at this time, and terminates the iteration
if the condition is satisfied. Otherwise, the next update is performed.

In the first case, we take the electric field generated by the
metasurface as the input (Figure 3A) and take the single-vehicle
scattering data as the target (Goal-1 in Figure 3B). After global
optimization by the GA, we can eventually generate the scattering
field similar to one vehicle target, thus confusing the observer, as
shown in Figure 3C.

In the second case, the electric field generated by the metasurface
and the vehicle together is used as the input (Figure 3D). Taking it as

the goal data (Goal-2 of Figure 3B), the system can generate the
electric field that similar to two vehicle targets after global
optimization, thus creating a false target (as shown in Figure 3E).
After being driven and guided by the GA, the various virtual target
can be generated in different scenarios, interfering with the detection
and realizing the EM illusion.

The results of generating one false vehicle target are shown in
Figure 4. Figure 4A shows the results of the real part of the electric
field of the vehicle model on a metal ground, where it can be seen
that there is strong backward scattering. The vehicle model has a
height of about 60 mm and a length of about 70 mm. The electric
field is used as the target data. Using GA to optimize and adjust
the metasurface, and the final iteration electric field is shown in
Figure 4B. In Figure 4, the horizontal coordinate x denotes the
length of the metasurface, and the vertical coordinate y denotes
the distance from the metasurface, and all data are normalized. A
comparison of Figs a and b shows that there is a high similarity,
which means the metasurface produces a false target that
approximates the vehicle model. The MAE loss is 0.15.

Figure 4C shows the comparison results of the far-field RCS,
where the red solid line is the RCS produced by the target
(Figure 4A) and the blue solid line is the RCS produced by the
metasurface (Figure 4B). The RCS was defined as:

σ � 2πρ Ho
y −Hg

y

∣∣∣∣∣ ∣∣∣∣∣2 (2)

whereHo
y andH

g
y are the electric field in the object and background

cases respectively. Calculating the correlation coefficient
r(ETheory, ETest) for Figure 4C, which is defined as:

r ETheory, ETest( ) � C ETheory, ETest( )�������������������
Var ETheory[ ]Var ETest[ ]

√ (3)

C ETheory, ETest( ) � E ETheory − E ETheory[ ]( ) ETest − E ETest[ ]( )[ ]
� E ETheoryETest[ ] − 2E ETest[ ]E ETheory[ ] + E ETheory[ ]E ETest[ ]
� E ETheoryETest[ ] − E ETheory[ ]E ETest[ ]

(4)

where C(ETheory, ETest) is the covariance of ETheory and ETest,
Var[ETheory] is the variance of ETheory, and Var[ETest] is the
variance of ETest. E is the mathematical expectation. The correlation
between the two curves in Figure 4 was calculated to be 96.2%. Thus, the

FIGURE 4
Metasurface generates the false vehicle target. (A) Scattering of the object. (B) Scattering of the metasurface. (C) The results of the RCS.
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ability of the metasurface to generate false targets is demonstrated in
both the near and far fields.

Figure 5 shows the results of the metasurface generating a
virtual target in another scenario. In Figure 5A, a vehicle target
made of PEC is placed above a metallic ground and generates
scattering, labeling the object as target one. In Figure 5, the
horizontal coordinate x denotes the length of the metasurface and
the vertical coordinate y denotes the distance from the
metasurface. Two identical vehicles (target one and target two)
were placed above the PEC, and their near-field scattering is
shown in Figure 5B. The effect of the metal object results in
inhomogeneity across the real part of the electric field. Using the
data in Figure 5B as the goal function, and the final iteration
electric field is shown in Figure 5C. The comparative results of
Figures 5B, C reveal the consistency of the electric field, at which
point the MAE loss is 0.18.

Figures 5D, E show the far-field RCS results. In Figure 5D, the
blue solid line is the RCS generated by target one (i.e., Figure 5A).
The red solid line is the RCS generated by target one and target
two together (i.e., Figure 5B), and the correlation of the curves is
only 20%. After global optimization, the far-field RCS generated
by the metasurface and target one has a high similarity with the
two targets, as shown in Figure 5E, and the correlation coefficient
is 97.3%.

3 Conclusion

In conclusion, we implement a joint GA and metasurface to
realize an EM phantom for false target generation, and this joint
modulation model is validated to be effective in different scenarios.
High-performance and reliable tunable reflective hypersurface
structures are designed, which can achieve a continuous phase
change of about 330° at the operating frequency while the
amplitude is better than −2 db. The metasurface arrays designed
with the assistance of genetic algorithms can generate scattering
from vehicle targets in both scenarios with no objects or in the
presence of a single object, and both near-field and far-field data
validate the effectiveness of the simulations. Compared to traditional
deep learning algorithms, GA can achieve global optimization with
unlabeled data and explore more parsing solutions to the problem.
In scenarios with more targets, only the optimization objective
function is modified to achieve false scattering for different
scenarios. This work provides new ideas for EM metasurface
inverse design and can be used to decode richer structures.

Data availability statement

Data can be obtained from the corresponding author (HL).

FIGURE 5
Metasurface generates the false vehicle target in another scenario. (A) Scattering of the target one. (B) Scattering of targets one and two. (C)
Scattering from metasurface and target one. (D,E) Comparison of RCS in different scenarios.
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