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We propose a scheme for carpet anti-cloak based on the transformation optics. An anti-cloak layer is 
 designed, which can make the external electromagnetic waves break the carpet cloak shielding. The external 
 electromagnetic waves can be detected under the carpet cloak, while not affecting the role of carpet cloak 
of stealth. The Jacobian transformation tensor is calculated by numerically solving the Laplace equations 
with proper boundary condition. Thus, it is possible to design the anti-cloak layer of irregular shape. The 
simulation results demonstrate the feasibilities and flexibilities of the structure. Design details and full-wave 
simulation results are provided.
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Transformation optics (TO) and electromagnetic 
 invisibility cloaking have been attracting extreme inter-
est both in theory and in experiment since Pendry et al. 
designed a cloak using TO[1] and Leonhardt  developed 
an invisibility device by conformal transformation[2]  
simultaneously in 2006. Numerical calculations 
using perfectly matched layers for the absorption of 
 electromagnetic waves[3] demonstrated the properties 
of the invisibility cloaking. The theory of TO is based 
on the form invariance of Maxwell’s equations in dif-
ferent coordinate systems[4]. The scheme of the elec-
tromagnetic invisible cloak was first experimentally 
confirmed in 2006[5]. Now supported by the advent of  
metamaterials[6–10], TO has attracted great deal of atten-
tion in many electromagnetic applications[11–14]. In order 
to avoid the parameters singularities of the spherical or 
cylindrical cloak and make the parameters isotropic, a 
carpet cloak was proposed to make the cloaked objects 
look like a flat perfect conductor (PC) surface[15]. This 
idea has been experimentally demonstrated at both 
microwave[16] and optical[17,18] frequencies. However, the 
cloak can only hide objects, but cannot watch outside 
because the external electromagnetic waves cannot pen-
etrate the cloak layer. In 2008, the idea of anti-cloak 
was proposed[19], which could partially defeat the cloak-
ing effect by making the external electromagnetic wave 
penetrate through the invisibility cloak media. Then this 
concept was applied for the spherical and/or  cylindrical 
cloaks in Refs. [20–24]. The objects placed inside the 
cloaked area can receive the external wave informa-
tion and the waveform of the external electromagnetic 
waves remains unchanged. Thus, the objects are still 
invisible for the viewer outside the cloak. On the other 
hand, in Ref. [25], the scheme of carpet  anti-cloak via a 
 rectangular anti-cloak layer was  proposed. To the best 
of our knowledge, the carpet anti-cloak with irregular 
shape has not been reported, which is an interesting 

and more general structure. In this letter, we propose 
a scheme for the carpet anti-cloak with irregular shape 
based on TO. The material parameters of the anti-cloak 
are designed by numerically solving Laplace’s equation 
because the space transformation of irregular shape is 
complex and difficult to analytically express.

The electromagnetic invisibility carpet cloak is sche-
matically shown in Fig. 1. As shown in Fig. 1(a), the 
carpet cloak layer is constructed by compressing the 
sliding edge d attached to the ground plane to the edge 
b, leaving enough space for an object to be concealed. 
Figure 1(b) shows the numerical simulation result. A 
TE polarized Gaussian beam approaches the cloak at 

(a)

(b)
Fig. 1. (a) Geometry of the carpet cloak and (b) distribution  
of the electric field of the carpet cloak.
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that the material parameters of the anti-cloak layer 
should be 
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It can be derived that the signs of ε′anti  and μ′anti are 
opposite to that of εob  and μob  because the used space 
transformation is a folded one[27].

As expressed in Eq. (2), the element values of A are 
determined by the space coordinate transformation. 
Nevertheless, the used space transformation for the 
anti-cloak layer is difficult to be analytically expressed 
because the shapes of the curved surfaces b and c are 
irregular. Supported by the well-developed numeri-
cal calculation software, this transformation scheme 
can be realized by numerically solving Laplace’s equa-
tion with the proper boundary conditions[28,29]. We 
calculated the Jacobian tensor A by the partial dif-
ferential equation (PDE) module of COMSOL Mul-
tiphysics. In the calculation, the transformed regions 
were meshed with triangular grids as shown in Fig. 
3(a). The maximum element size is 0.1 m. Figure 3(b)  
shows the enlargement of the red box in Fig. 3(a). The 
numbers of degrees of freedom are 56662 for the carpet 
cloak layer and 20642 for the anti-cloak layer.

In order to verify the scheme proposed above, we 
make the numerical simulation with RF module of 
COMSOL Multiphysics. Without loss of generality, a 
TE polarized Gaussian beam is taken as incident wave, 
which propagates at 45° relative to the ground plane. 
First, we consider a carpet cloak without an anti-cloak 
layer with the boundary b of the continuous condi-
tion. As shown in Fig. 4(a), the incident wave with fre-
quency of 2×108 Hz enters into the cloaked region, and 
is scattered back randomly. This means that the object 

45° with respect to the ground plane. Obviously, the 
electric field distribution of the reflected beam outside 
the cloak has the appearance of that reflected from a 
flat plate. Here the bottom edge of the cloak is highly 
reflective as realized by PC boundary condition. On 
the other hand, the incident wave cannot get into the 
cloaked area and consequently cannot be detected by 
the cloaked object.

In order to make the external electromagnetic wave 
penetrate the carpet cloak layer and keep the inner 
object being invisible from the outside, we propose to 
embed a complementary medium layer between the 
cloak layer and the object. As shown in Fig. 2, the bot-
tom blue area is the object and the middle yellow layer 
is the complementary medium, which can be called 
anti-cloak layer.

This anti-cloak layer is constructed by the space 
transformation that compresses the ground plane d 
to the bottom edge of the cloak b, while keeping the 
curved surface c unchanged. Then the external electro-
magnetic wave reaches the boundary b just like touch-
ing the flat ground plane d. In this case, the external 
electromagnetic wave can penetrate the cloak region 
and will be detected by the object.

It is known from the theory of TO that the permit-
tivity and permeability in the transformed space are 
given by[26] 
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where ε and μ are the permittivity and permeability of 
the original flat space x, and ε′ and μ′ are that of the 
transformed or distorted space x ′(x). A is the Jacobian 
tensor representing the space transformation. The com-
ponents of A are determined by
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Thus, Aijdescribes the geometrical distortion from the 
original space to the transformed space. Obviously, the 
values of ε′ and μ′ are related to that of ε and μ. Assume 
the permittivity and permeability of the object under 
the cloak are εob and μob. It can be seen from Eq. (1)  

Fig. 2. Geometry of the carpet anti-cloak.

Fig. 3. (a) Meshed grids of transformed regions for calculating 
the Jacobian tensor A by the PDE module of COMSOL Multi-
physics and (b) enlargement of the red box in (a).
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Figure 5 shows the space distributions of the nonzero 
components of ε′anti  and μ′anti. It is found that all the 
components are finite and small. 

The scheme proposed above also applies to the object 
consisting of absorption media. In order to consider 
the absorption case, we set εob = 2 + 2i and μob = 1 as 
 example. When the boundary b in the carpet cloak is 
with the continuous condition, the object becomes vis-
ible as shown in Fig. 6(a). When the anti-cloak layer is 
embedded between the cloak and the object, the distri-
butions of electric fields are as presented in Fig. 6(b). It 
is shown that the distribution of the electric field out-
side the carpet cloak stays the same as that reflected 
from the flat ground plane, demonstrating that the 
property of the invisibility cloaking reserves, whereas 
the external electromagnetic waves can be detected 
under the anti-cloak layer.

becomes visible and the cloak is partially broken. Then 
we simulated the field property of the invisible cloak 
with the anti-cloak layer. Figure 4(b) shows the calcu-
lated distribution of the electric field (with the loga-
rithmic Poynting vector map superimposed). It can be 
seen that the invisibility cloaking is recovered, whereas 
the external electromagnetic wave gets into the cloaked 
area. The Poynting vector distribution shows that the 
power circulates in the cavity formed by the anti-cloak 
layer and the inner object, which via the vanishingly 
small coupling through the cloaked layer is able to 
restore a modal field. This is similar to the cylinder 
anti-cloak in Ref. [20]. Figures 4(c) and (d) show the 
simulated field distributions for the wave frequencies of  
1.5×108 and 3×108 Hz, respectively.

By calculation, the object’s parameters are found to 
be εob = 2  and μob = 2.  The parameters of ε′anti and 
μ′anti for the anti-cloak layer are calculated by Eq. (3). 

Fig. 4. (a) Distribution of the electric field of a carpet cloak with its bottom of continuous boundary. (b), (c), and (d) are the field 
distributions around the carpet anti-cloak with the wave frequencies of 2×108, 1.5×108, and 3×108 Hz, respectively. The parameters 
of the object under the cloak are εob = 2 and μob = 2.

 

 

Fig. 5. Distributions of the material parameters of the anti-cloak layers, with εob = 2 and μob = 2.

(a) ε′anti_xx= μ′anti_xx
(b) ε′anti_xy= μ′anti_xy

(c) ε′anti_yy= μ′anti_yy (d) ε′anti_zz= μ′anti_zz
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In order to demonstrate that the shape of the 
 anti-cloak layer can be irregular, we present another 
 example in Fig. 7. The shape of the object is irregular 
and different from the previous one. The incident wave 
and the optical parameters of the object are same as 
that in Fig. 4(b). The property of the anti-cloak layer 
remains unchanged.

In conclusion, a carpet anti-cloak is proposed based 
on the TO. Full-wave numerical calculations demon-
strate that the external electromagnetic waves can be 
detected under the carpet cloak, while not affecting the 
stealth character of the carpet cloak. With the help of 
numerically solving Laplace’s equation, the anti-cloak 
layer of irregular shape can be designed.
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Fig. 6. (a) Electric field distribution of a carpet cloak with its bottom of continuous boundary and (b) field distribution around the 
carpet anti-cloak. The parameters of the object are μob = 1 and εob = 2 + 2i.

Fig. 7. Electric field distribution of a carpet anti-cloak with 
irregular shape.
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