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In traditional cases, the basic principle of carpet cloak is that a two-dimensional bump above ground
plane is compressed into a one-dimensional line which is close to the ground plane. As a result, the bump
can be hidden. In this paper, different from the traditional carpet cloak, we propose a shifting media to
achieve the carpet cloak. By covering with the shifting media, an object floating on a ground plane can be
directly shifted beneath the ground plane (rather than compressing it into a line), resulting in a floating
carpet cloak. Antiobject independent illusion optics, i.e., turning an object into another one without any
antiobjects, can be realized based on this kind of shifting media. As an application of the shifting media, a
restoring device, by which the broken objects (such as antiques) can be perfectly restored, is also

investigated. © 2013 Optical Society of America
OCIS codes:  160.3918, 230.0230, 260.2710.

1. Introduction

In the past few years, transformation optics [1-14]
has attracted much attention, due to its potential ap-
plications for manipulating the transmission path of
electromagnetic waves. Based on the transformation
optics, invisible cloaks, one of the most important
and typical applications, were proposed in theory
[1-5]. Subsequently, microwave, terahertz, and opti-
cal cloaks were experimentally realized [6-14]. In
addition, great progress has been made on different
kinds of cloaks in recent years, such as square cloaks,
elliptic cloaks, arbitrary-shaped cloaks, multilayer
cylinder cloaks, and the general open-closed cloaks
[15-19]. Recently, another interesting phenomenon
of super-scattering, which means that an object
seemed bigger than its real geometric size by cover-
ing with complementary media, has been reported in
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[20]. In contrast to the above internal cloaks, an
antiobject dependent external cloak, which could
make an object outside its domain be invisible, was
investigated by virtue of the complementary media
[21]. Many other kinds of applications, such as super-
absorbers, tunable electromagnetic gateways, over-
lapped optics, and so on, were also studied [22-27].
Furthermore, the complementary media theory has
also been developed to hide objects floating upon a
ground plane [28]. Such a device aims to camouflage
an object by generating a remote virtual perfect elec-
tric conductor (PEC) sheet, which is similar to the
carpet cloak. The basic principle of this phenomenon
is that the complementary media can guide electro-
magnetic waves around a closed region and keep
an electric field normal to its conducting surface.
Therefore, the shape of the hidden object must be
consistent with the folding shape between the com-
plementary media region and the compression re-
gion. In other words, when the distance between the
upper surface of hidden object and the PEC ground



plane is fixed, the complementary media is only effec-
tive for the cloaking of some shape-fixed objects and
is not good for hiding objects with arbitrary shapes.
Furthermore, the basic principle of this and the
traditional carpet cloaks is that the hidden objects
are compressed into a one-dimensional line which is
close to the ground plane. In addition, this kind of
complementary media is also applied to design illu-
sion optics, i.e., an object appears to be some other
object [27]. But it is dependent on the antiobject.
So, Jiang et al. proposed another way to design anti-
object independent illusion optics [29,30]. However,
the antiobject independent illusion optics in [29,30]
were based on the anisotropic and inhomogeneous
transformation media. In view of these problems, we
propose an anisotropic but homogeneous shifting
media to design carpet cloak and antiobject indepen-
dent illusion optics. Although another kind of shift-
ing media is proposed in [31], the object can just be
shifted inside the transformation media region.
Thus, it can hardly be applied to designing a carpet
cloak. Rather than compressing the hidden object
into a line, the object covered with the shifting media
is directly shifted below the ground plane. Although
the distance between the up surface of the hidden
object and the ground plane is fixed, our shifting
media is beneficial for cloaking objects with arbitrary
shapes. Another kind of application of the shifting
media, i.e., a restoring device, is also studied for the
purpose of the restoration of broken objects (such as
antiques).

2. Theoretical Model

The schematic of the shifting media is shown in
Fig. 1, where a small trapezoidal object (region V
in Fig. 1 with ¢ = p = 1) is covered with a trapezoidal
shifting media shell (gray shell). The regions of
A,].B,].BzA2, A,]_A2D2D’1, B,].Bzczcll, C&CzDQD,l, are
mapped into regions of A;B;BsA,, AA;D;Dq,
B.B,C,C,, C{CyDyD;, respectively, due to the

TE Plane Wave

Fig. 1. (Color online) Schematic of the shifting media in two-
dimensional view. The inner (core) blue region is an object while
the gray region is the shifting media. The blue core region
A;B;C1D; can be moved to region A}B’C|D]. Both of these two
regions are separated with a distance d.

shifting media. Here, the coordinates in Fig. 1 are:
Aq(=c11, =h11), Bi(c11, —h11), Ci(c12, ha1), Di(=c12, h1)s
Ag(=cg1,=h31), Balcar,—hg1), Calceg, ha1), and
Dy(—cg9, ho1). According to the theory of transforma-
tion optics, the coordinate transformation between
the virtual space and the physical space can be
expressed as:

In region I:
(ho1 —hi1)y +d * hoy
x =x ' = , 2=z (1)
Y hot —hyy —d
In region II:
Yex  y= (ho1 = h11)y +d x hgy =2 (2

ho1 —hy1 +d '

x =x
d * [co1 + (Co2 — Cc21) (Y’ + ho1) /2h9q — x]
"=y + , (3)
y=y Co1 —C11 + (Cag — Co1) (ho1 — h11)/2h9y
Z =z,
In region IV:
x =x
d * [co1 + (Cog — C21) (V' + ho1)/2hgq + x]
"=y + , (4)
y=y Co1 — 11 + (Cag — C21) (ho1 — h11)/2h9y
2=z

The corresponding permittivity and permeability
tensors of the transformation media are given as
follows:

In region I:
= = 1/m1 0 0 ]
cHA Lo 0 1m
In region II:
= = 1/m2 0 0 T
E = E = 0 mz 0 N (6)
EHh Lo 0 1/mg
In region III:
I 2 o]
—=t=| -my (Q+m?)/(1-m3) 0 . (D
€ H 0 0 1-mg |
In region IV:
E p [ 1-mj3 my 0 ]
—="= my (1 +m2)/(1-mg) 0 , (8
e r 1o 0 1-mg3
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— _ha-hy — _hy-hy —
where my = ho1=h11-d’ ma = hg1~h11 +d’ m3 =
dx(coa—c and my =

2h21*(021—011+(sz;1021)(}121-%1)/2}121)’
2ha1%(co1—c11+(cag—c21) (ho1—h11) /2ha1)" Here, we want to em-
phasize that these parameters in Egs. (5)-(8) are
also appropriate for the case when the center of the
shifting media is not located at (0, 0). The detailed
system parameters in Fig. 1 are cy; =0.5m,
hll =0.25 m, Cij9 = 1 m, h21 =05 m, Co1 = 1 m,
C9o = 2 m. Taking d = 1 m for example, the numer-
ical values of the variables of my, my, ms, my are as
follows: m; = -1/3,my = 1/5, mg = my = 4/3. From
Egs. (5)—(8), we can find that the shifting media is
anisotropic but homogeneous. Based on the rotation
transformation [29], the dielectric tensor in region III
and IV can be diagonalized. The material parameters
with eigenbasis can be written as

’ ’ ’ ’\2 2
Exx + Eyy - \/(Exx - gyy) + 48xy

2
e + Ehy +  (Ere = E3y)? + 463
€ = 5
& = Elzzv (9)

where &, =1-ms, &, = (1+m})/(1-m3), € =
Fmy (“=” represents region III and “+” represents
region IV), and ¢, = 1 - m3. The magnetic perme-
ability of u,, 4, and p, have the similar expression.
For d = 1 m, the axis of the material is 80.8° counter-
clockwise rotation in region III (99.2° for region IV).

3. Numerical Simulation and Discussion

First, we carry out finite element simulations to
demonstrate the shifting effect of shifting media.
Figure 2(a) shows the field distribution of shifting
media when a transverse electric (TE) plane wave
irradiates on the shifting media with an incident
angle of 45° for the wavelength of 0.4 m. In this case,
the central region (region V in Fig. 1) is air whose
permittivity and permeability are e = y = 1. It can
be found that the field distribution in the central
region is the same as the region encircled by the
black dash-dotted border. This means that the elec-
tric field below the shifting media is folded into the
central region V. Figure 2(b) depicts the scattered
field distribution of a bare PEC with its center
located at (0, 0.15 m). Obviously, strongly scattered
wave appears in the electric field distribution, as
shown in Fig. 2(b). In Fig. 2(c), we display the scat-
tered field distribution of the same PEC for its
center located at (0, 1.15 m) which is coated by a
shifting media shell. The comparison of the far-field
Figs. 2(b) and 2(c) is shown in Fig. 2(d); both far-field
distributions and far-field scattered patterns of these
two PECs (although both of them are at different
places) are nearly the same. Here, slight noncoinci-
dence of far-field scattered patterns can be explained
as follows: the polygonal meshes we set in the Comsol
software in our computing platform is too coarse.
This indicates that the PEC in Fig. 2(c) is effectively
moved 1 m down by covering the shifting media shell.

Based on the shifting media, one of the most impor-
tant applications, a floating carpet cloak, can be rea-
lized. Figure 3(a) shows the field distribution when a
0.75 GHz Gaussian beam irradiates on a PEC ground
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Fig. 2.

(Color online) Electric field distribution of the shifting media (d = 1 m), when the center region (region V) is embedded with

(a) free space or (¢c) PEC, and the incident plane wave moves from left to right with tilt angle of 45°. (b) Electric field distribution of
the PEC without the shifting media shell. (d) The corresponding scattered patterns of (a)—(c).

1834 APPLIED OPTICS / Vol. 52, No. 9 / 20 March 2013



0 (a)
(b)
(c)
(d)
€ (f)

(gp)e|qeuen pieiges

Fig. 3.

35 40 45 50 55
Angle(degree)

(Color online) (a) Electric field distribution when a Gaussian beam is launched at 45° toward the ground in the case of d = 1 m.

(b) Electric field distribution when a bare trapezoidal-shaped PEC is present above the ground plane. (c) The same as (b) but the PEC is
covered with a shifting media shell. (d) and (e) The same as (c) but with triangular-shaped and arbitrary-shaped PEC, respectively. (f) The

corresponding far-field scattered patterns of (a)—(e).

plane with the incident angle 45°. When a bare
trapezoidal PEC is placed above this ground plane,
a strongly scattered wave can be clearly observed
in the electric distribution [Fig. 3(b)]. Figure 3(c) de-
picts the field distribution of the same PEC covered
with the shifting media shell. Comparing Figs. 3(a)
and 3(c), we can find that both of them have the
same far-field distribution [also see the same far-field
scattered patterns in Fig. 3(f)] except for in the
transformation region. Therefore, the PEC floating
upon the ground plane is hidden. In other words,
the shifting media shell acts as a floating carpet
cloak, which moves the upper surface of the PEC
down to the ground plane. In Figs. 3(d) and 3(e), we
also carry out the finite element simulations to de-
monstrate the function of the floating carpet cloak
with triangular-shaped and arbitrary-shaped PECs,
respectively. Comparing Figs. 3(a), 3(c)-3(e) and the
corresponding far-field scattered patterns in Fig. 3(f),
all of them nearly have the same far-field distribu-
tion. These demonstrate that PECs, whether trape-
zoidal or triangular or arbitrary shaped, can be
hidden by covering with the shifting media shell.
Now, we discuss the antiobject independent illu-
sion optics, i.e., turning a spoon-shaped object into an
arrow-shaped object without utilizing any antiobject
media. Figures 4(a) and 4(c) show the field distribu-
tion of a dielectric spoon (¢ =2.5, y = 1) and an
arrow-shaped PEC located in free space (e = u = 1),
respectively. Strongly scattered fields appear behind

these two objects. Figure 4(b) depicts the correspond-
ing field distribution of the same spoon covered with
the shifting media, and at the same time, an arrow-
shaped object is embedded in region II (the compres-
sion region). Comparing Figs. 4(b) and 4(c), both of
them have the same far-field pattern shown in
Fig. 4(e) (red and blue curves). It means that the
dielectric spoon in Fig. 4(b) is changed into an arrow-
shaped object, because the spoon in Fig. 4(b) is
directly shifted below the lower surface of free space
[see Fig. 4(d): the spoon is invisible]. Therefore, this
kind of illusion optics does not rely on the antiobject
to cancel the corresponding scattered field of the
hidden object.

Finally, we investigate another application of
the shifting media: a restoring device (or seamless
connector). Such a kind of restoring device can be
applied to restore broken objects. In Fig. 5(a), we
display the scattered field of a PEC bottle. A signifi-
cantly scattered wave appears in the scattered field
distribution; the corresponding far-field scattered
pattern is shown in Fig. 5(d) by the red curve.
Figure 5(b) shows the scattered field distribution of
the broken bottle, where the bottle is divided into
two parts. Comparing Figs. 5(a) and 5(b), both of
them have different far-field distributions. But, when
one part of the broken bottle is covered with the shift-
ing media, the far-field distribution of the broken
one recovers to the same as that of the original one,
as shown in Fig. 5(c) [see the far-field patterns in
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Fig.4. (Color online) (a) Electric field distribution when a Gaussian beam is launched from the left side with just a bare dielectric spoon in
free space for d = 2.25 m. (b) The same as (a) but the spoon is covered with a shifting media shell and an arrow-shaped object is embedded
in the compression region. (c) Electric field distribution when a Gaussian beam is launched from the left side with just a bare arrow-
shaped object (PEC) in free space. (d) The same as (b) but without the arrow-shaped object. (e) The corresponding far-field scattered
patterns of (a)—(c).
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Fig. 5. (Color online) (a) Electric field distribution when a plane wave is launched toward a porcelain bottle from the left for d = 1.5 m.
(b) Electric field distribution when the porcelain bottle is divided into two parts. (c) The same as (b), but one part of the broken porcelain
bottle is covered with shifting media. (d) The corresponding far-field scattered patterns of (a)—(c).

1836 APPLIED OPTICS / Vol. 52, No. 9 / 20 March 2013



Fig. 5(d) marked as red and dark yellow curves]. This
indicates that the broken bottle is restored as a
perfect unbroken bottle. This property may open a
new perspective for restoring valuable antiques.

4. Conclusion

In summary, we have theoretically proposed a kind of
shifting media which can hide the floating object
with arbitrary shapes by shifting the object beneath
ground plane. Such a kind of shifting media can be
applied to design antiobject independent illusion op-
tics, i.e., turning a spoon-shaped object into an arrow-
shaped object. Another potential application of this
shifting media, such as restoration of broken objects,
has also been discussed in detail. Both the theory
model and numerical simulations demonstrate that
this shifting media has many promising applications
in the field of transformation optics devices.
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