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Directional invisibility by genetic optimization
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In this Letter, the design of a directional optical cloaking
by a genetic algorithm is proposed and realized experimentally. A three-dimensional finite-difference time-domain
method is combined with the genetic optimization approach to generate the cloaking structure to directionally
cloak a cylindrical object made of a perfect electrical conductor by suppressing the undesired scattered fields around
the object. The optimization algorithm designs the permittivity distribution of the dielectric polylactide material to
achieve an optical cloaking effect. Experimental verifications of the designed cloaking structure are performed at
microwave frequencies, where the proposed structure is
fabricated by 3D printing. The imperfect conformal mapping from a large-scale permittivity distribution and the
compensation of the remaining scattering by a small-scale
permittivity distribution are the basic physical mechanisms
of the proposed optical cloaking. © 2018 Optical Society of
America
https://doi.org/10.1364/OL.43.005781

One of the most fascinating optical illusions is invisibility/
cloaking, when a space region or an object is concealed from
an incident wave for a particular wavelength range. In early
studies, conformal mapping approach was proposed to achieve
invisibility of an object where the transformation optics (TO)
was applied to design the cloaking [1,2]. Theoretical foundations to generate invisibility using TO were laid a decade ago,
which reveal that host materials with anisotropic, negative, spatially varying permittivity, and permeability are required—the
materials that do not exist in nature [3]. Furthermore, TO
cloaks are narrowband and inherently lossy, which make them
unattractive in the optical spectrum range. Hence, alternative
solutions on the invisibility phenomenon are desirable.
The carpet cloaking is an alternative approach to hide objects under a special refractive layer [4,5]. Another approach to
eliminate the scattering response of an object by using the
Hilbert transform, and modifications of the Hilbert transform,
was proposed [6–8]. Additionally, metamaterials are utilized to
design an optical cloak based on coordinate transformation [9].
Furthermore, axisymmetric photonic crystal structures were
0146-9592/18/235781-04 Journal © 2018 Optical Society of America

introduced for approximate optical cloaking [10]. One more
approach based on optical neutrality of metamaterials provides
the invisibility without invoking cloaking [11]. Recently, the
idea of using topology optimization algorithm also has become
a promising approach to design cloaking structures [12–18].
In this Letter, we alternatively propose the application of a
genetic algorithm (GA) to design a cloaking structure to conceal an object, in particular, a perfect electric conductor (PEC)
material, from an incident plane wave propagating in a given
direction and of a particular frequency. The designed cloaking
structure is composed of polylactide (PLA) material which
is a low-loss biodegradable thermoplastic polymer with low permittivity value. This dielectric material is widely used in 3D
printing technology [14,19]. The physical mechanism of the
directional concealing effect is primarily associated with the imperfect conformal mapping due to large-scale variation of the
permittivity distribution around the object. This distribution,
which is designed by a GA, provides a partial cloaking of the
arbitrary object. However, as the cloaking by realistic materials
cannot be perfect (the perfect cloaking requires negative
permittivities and unrealistic permeabilities), the remaining
scattering is present. The remaining scattering is eliminated
by the small-scale modulation of the permittivity around the
object, also rendered by the GA.
In this Letter, to achieve the desired manipulation of the
propagating light, we optimized the permittivity distribution
εx, y of the host medium, i.e., GA is used for the optimal
distribution of permittivity to directionally cloak the PEC
object. The GA is an evolutionary algorithm based on the survival of the fittest in the evolutionary process. As the biological
counterparts of the evolution theory, the GA composes the
mechanisms of crossover, mutation, and selection, and iteratively searches the solution space to find optimum solutions
by minimizing a cost function [20].
The design for directional optical cloaking is schematically
represented in Fig. 1(a). An incident plane wave with transverse-electric polarization propagates along the x-direction
in free space, where the electric field components lie in the
xy- plane (E x , E y ), and the magnetic field (H z ) is perpendicular
to that plane. If the incident wave encounters an object, strong
scattering is inevitable. Hence, to conceal the PEC object from
the incident wave by diminishing the scattering effect, one
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Fig. 1. (a) Schematic representation of the design approach. (b) Three-dimensional and (c) top views of the designed cloaking structure.
The arrows indicate the direction of propagation for the incident plane wave.

should design a coating medium that surrounds the scattering
object and ensures the undistorted plane wave behind the
object.
We propose an all-dielectric ellipsoidal enveloping area, as
shown in Fig. 1(a), which consists of square individual cells.
The 3D finite-difference time-domain (FDTD) method is
applied with the GA to numerically analyze the response of
the designed cloaking structure during the optimization process
[21]. The employed GA operates with binary numbers, i.e., the
individual cells made of PLA material are considered as “1” and
air holes/cells are considered as “0” within the optimization
region. The sizes of the corresponding individual cells are
3 mm × 3 mm with heights of 45 mm, where the material
permittivity of PLA dielectric and air are εPLA  2.4025
and εair  1.0, respectively.
Since we deal with directional concealing, we first consider
the field scattered in front of and behind the design area, the so
called input and output planes. For this reason, we examine the
cross sections of the field distributions along the transverse
y- direction at input and output planes denoted by the dashed
lines in Fig. 1(a). The cloaked structure is illuminated by a
plane wave source at a frequency of 10 GHz. During the optimization process, the profiles of scattered fields at input and
output cross-sectional planes are corrected, i.e., reshaped to
form the plane waves. We minimize the deviation of the
cross-sectional field profiles from the average values. For this
purpose, the primary objective of directional concealing is to
minimize the error between the oscillation of the field profiles
and average values that can be expressed as follows:
X
H error 
jH z x in , y − H̄ z x in , yj
y

 jH z x out , y − H̄ z x out , yj,

(1)

where the overbars stand for the average values of the crosssectional profiles. In Eq. (1), H z represents the cross-sectional
magnetic field profile, and y denotes the order of the mesh cells
in the simulation area along the y-axis. The terms x in and x out
denote [see Fig. 1(a)] the positions of the profiles for the input
and output planes in the x-direction, respectively. The input
and output locations are selected to be 30 mm away from
the edge of the cloaking structure in the x-direction. The algorithm also aims to reduce the distortion of the phase fronts at
the input and output positions. The corresponding phase front
error can be expressed as follows:
X
φerror 
jφz x in , y − φ̄z x in , yj
y

 jφz x out , y − φ̄z x out , yj,

(2)

where φz represents the cross-sectional phase profile. The design of a cloaking structure is a multi-objective error minimization problem; thus, the algorithm minimizes the sum of error
values H error and φerror . Moreover, the transmission efficiency
of the initially designed cloaking structure should be maximized
during the optimization process, since proper optical concealing of an object will be reasonable with high transmission efficiency. For this reason, we subtract the calculated transmission
efficiency (T ) from the sum of the error values resulting in the
following cost function:
f cost  H error  φerror − T :

(3)

The 3D view and top view of the designed cloaking structure
are given in Figs. 1(b) and 1(c), respectively. Here the optimized cloaking structure consists of dielectric and air individual
cells genuinely located in the design area to cloak a PEC cylindrical object with a diameter of 36.4 mm and height of 45 mm.
The total width and length of the designed cloaking structure
are calculated as W  108 mm and L  216 mm, respectively. As can be seen from Fig. 1(b), the resulting cloak design
is a binary structure. Efficient light manipulation ability and
simplicity of this type of binary structure have already been
discussed in the literature [22].
In order to examine the time-domain response of the optimized cloaking structure, comparative plots of a cylindrical
PEC object with and without a cloaking structure exposed
to the incident plane wave are presented in Fig. 2. The magnetic field distributions and corresponding phase profiles are
shown in Figs. 2(a) and 2(b), respectively, for the cases of
free-space wave propagation, field scatterings due to the
PEC object, the scattering field correction by the optimized
cloaking structure, and the designed structure without a
PEC object. Here the magnetic field and phase distributions
are extracted at the z  0 cross-sectional xy- plane in the
3D FDTD simulation region. The calculated profiles at the
input and output planes are given in Fig. 2(c). As can be seen,
the PEC object strongly scatters the incident plane wave and
leads to strong variations in both the magnetic field and phase
distributions. The designed cloaking structure around the PEC
object suppresses the field variations and successfully reproduces the incident plane wave at the back cross section. The deformation of the magnetic field distribution at the input area,
however, is not completely eliminated. The calculated transmission efficiencies for the cases of free space, PEC, and PEC with
the cloaking structure and the cloaking structure without PEC
are superimposed in Fig. 2(d). It can be deduced that the
cloaking structure is optimized in such a way that undesired
reflections from the cloaking region are negligibly small, i.e.,
the cloaking region acts as a transparent/anti-reflective coating
effect that bends the light around the PEC object.
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Fig. 2. Calculated (a) magnetic field and (b) phase distributions with (c) their cross-sectional amplitude and phase profiles at the front and back
cross sections are given for free-space propagation, the PEC object, the cloaked PEC object, and the cloaking structure without the PEC object,
respectively, from top to bottom. The performance of only the cloaking structure (without the cloaked object) is given for comparison in the bottom
row. The arrows indicate the propagation direction of the incident wave. The position profiles at the input and output of the cross sections are
denoted by the dashed lines. The dashed circles and dashed ellipsoids represent the boundaries of the PEC material and of the designed cloaking
structure, respectively. (d) Transmission efficiencies of three different cases are plotted, where the green dashed vertical lines indicate the selected
design frequency of 10 GHz.

In fact, wave propagation through the cloaked region can
give key information for the physical mechanism of the concealing effect. An observed, the optical cloaking effect can
be explained as a combination of two different physical mechanisms. First, the designed cloaking structure around the cylindrical PEC object provides a partial cloaking via TO and
conformal mapping due to the mean field effects of the discretized structure [1,2]. Inspections of the steady-state magnetic
field distribution in Fig. 2(a) indicate that the incident plane
wave splits into two branches and bends around the PEC object
inside the cloaking structure. Moreover, the bended light outside the cloaking region is weakly resonating around the PEC
object. Note that the optical path length is increased within the
cloaking structure which can be considered as an inhomogeneous medium for the incident plane wave. On the other
hand, the waves propagating through and around the cloaking
structure match well to maintain the plane wave propagation of
the incident light behind the cloaking structure. Hence, the
incident plane wave bends and propagates around the object
which resembles the cloaking via conformal mapping.
The full conformal mapping requires unrealistic values of
electric permittivity and magnetic permeability to provide
the 100% cloaking [1,2]. Since we are restricted to the realistic
values of the permittivities, the designed structure never provides 100% cloaking of an object. This is justified by the bottom row in Fig. 2 when the cloaked object is removed; some
fraction of the field penetrates through the cloak to the position
of the removed object. This is what we mean under “imperfect
cloaking.” As a result, there remains a weak rudimental scattering from the object due to the imperfect cloaking which depends on the particular form of the object. The second
mechanism is the elimination of that weak scattering by creating an inhomogeneous medium for light to travel in a tailored
optical path. The combination of these two mechanisms of the
cloaking result in efficient cloaking that is achieved by realistic
values of electric permittivity and magnetic permeability.
The experimental verification of the cloaking effect of the
optimized structure was performed at a microwave regime,

using the 3D printed cloaking structure from the PLA material.
The permittivity of the 3D printed PLA material was
εPLA  2.4025, according to the Nicolson–Ross and Weir
measurement method [23]. Since PEC is an ideal material with
infinite electrical conductivity which does not exist in nature,
we use a cylindrical brass object to be cloaked. Brass (mix of
copper and zinc) is a metallic alloy, which strongly scatters
the incident wave at microwave frequencies at around
10 GHz. The visual representation of the microwave experimental setup is shown in Fig. 3(a). The photographic view
of the fabricated cloaking structure is given in Fig. 3(b) with
a cylindrical brass object inside. For the experiments, an
Agilent E5071C ENA vector network analyzer was used as a
microwave generator. The generated microwaves at an operating frequency of 10 GHz were directed towards the cloaking
structure by the horn antenna in front of the structure. As the
horn antenna generates a Gaussian profiled wave with spherical
wavefronts, it is positioned at a sufficiently large distance from
the cloaking region to have the input close to the plane wave. A
monopole antenna is also connected to the same network analyzer and placed on a motorized stage in order to measure the
magnetic field distribution with its phase profile behind the
designed cloaking structure. Here the measurement of the magnetic field (H z ) and phase (ϕz ) components at the scanning
area is realized by sweeping the monopole antenna with
2 mm steps along both the x-axis and y-axis. In the experiments, initially, we placed the brass object, and then scanned
the area behind it to demonstrate the deterioration of the
propagating wave. Next, we inserted the brass object into
the center of the cloaking structure; then we measured the magnetic field and phase components behind the cloaking structure. The corresponding magnetic fields and phase
distributions for the measurements with and without a cloaking
structure are shown in Figs. 3(c) and 3(d), respectively. As can
be seen from Fig. 3(c), a cylindrical brass object highly scatters
the incident wave, i.e., it is divided into two branches. On the
other hand, the cloaking structure collects the scattered fields
and canalizes them around the object to form a plane wave in
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Fig. 3. (a) Schematic representation of the experimental setup and (b) a photo of the fabricated cloaking structure with a cylindrical brass object
which was used as the PEC object. (c) Magnetic field and (d) phase distributions of scatterings due to the PEC material (top) and the correction of
the plane wave by the cloaking structure (bottom) at the output plane. (e) Experimentally measured cross-sectional amplitude and phase profiles.
(f ) Measured transmission efficiency of the cloaking structure with the PEC (brass) object placed at the middle of the structure.

the scanning area. According to the given phase distributions
in Fig. 3(d) (bottom), the planar phase fronts indicate that
the cloaking structure was able to reproduce the incident plane
wave. In addition, a cross-sectional magnetic field and
phase profiles are plotted in Fig. 3(e). In addition to the
field and phase profile results, the transmission efficiency of
the cloaking structure was measured and represented in
Fig. 3(f ). The measured transmission efficiency is around
75% at 10 GHz, and the result is very close to the numerical
value.
Although the main purpose of the Letter was the demonstration of the novel approach of cloaking at a fixed frequency,
some comments on the cloaking bandwidth are also in order.
Both approaches discussed that the physical mechanisms of
cloaking can be considered as the impedance matching by
the cloaking structure. The frequency bandwidths of passive
cloaking structures are generally restricted by the Bode–Fano
condition [24], with some modifications for the active cases
[25]. Therefore, the universal restrictions by the Bode–Fano
condition can also be applied for our case. However, the
detailed analysis of the cloaking bandwidth was outside the
scope of the Letter. A possible subsequent study, in principle,
could employ our genetic optimization procedure using a
frequency-dependent target function in order to obtain the
maximum bandwidth (within the Bode–Fano bounds).
Concluding, we proposed the design of a cloaking structure
by utilizing the GA integrated with a 3D FDTD method. The
numerically calculated magnetic field and phase distributions
imply that the designed cloaking structure is able to suppress
the scattered fields due to an object in order to reproduce the
incident plane wave at the input and output with high transmission efficiency. The proposed cloaking structure was fabricated by a 3D printing technique, and a cylindrical brass object
is selected as a highly scatterer to be cloaked at microwave
frequencies. Thus, the working principle of optical cloaking
is also experimentally demonstrated at microwave frequencies
at around 10 GHz. A good agreement between the numerical
and experimental results is achieved. The physical mechanisms
of cloaking are related with partially realized conformal
mapping and intelligent distribution of permittivity on a small
scale to reduce the weak scatterings from the cloaked object. In
conclusion, the proposed design approach is not restricted to
directional optical cloaking, but also can be applied for different
cloaking scenarios dealing with electromagnetic and acoustic waves.
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