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Reusable reciprocal invisibility and phantom device is proposed and designed based on multi-folded transformation
optics and equivalent components. In comparison with the reported reciprocal invisibility cloaks, the material parameters
of the device presented here are homogeneous, and the hiding of the target object does not require any “anti-object” at all,
which dramatically breaks through the limitations of the “anti-object” design in previous reciprocal cloak design. Perfectly
illusion effect is also found by reasonably setting the material parameters of the restored medium of the device, which can
be used to confuse detection radars while hiding target objects. Last but not least, the proposed device has an open structure,
which enables the target object enclosed by the device to perform material exchange and simplex transfer of information
with the outside world through open channels. In other words, the proposed device has a reusable function, enabling stealth
or phantom of new target objects without changing any parameters of the device.

Keywords: transformation optics, reciprocal cloak, illusion, invisibility

PACS: 41.20.Jb, 78.20.Bh, 78.67.Pt

1. Introduction

Invisibility is one of the most desired skills of human
beings. The traditional invisibility technology is mainly to
attache the absorbing material to the surface of the object,
or designs the object into a special geometric structure to
weaken the reflected electromagnetic wave, thereby reducing
the amount of information captured by the detection radar to
achieve the purpose of stealth. It is widely used in stealth
fighter jets and other military fields. However, this stealth
technology is difficult to achieve the ideal stealth effect. For-
tunately, the rise of metamaterials!'=! and transformation
optics!*%! has provided a new invisibility mechanism by de-
signing metamaterials with special electromagnetic intrinsic
parameter distributions calculated by coordinate transforma-
tion method to guide and control the traveling direction of
electromagnetic wave, thereby realizing the purpose of invis-
ibility or illusion. The successive achievements of invisibil-

sU7-111 in different frequency bands pro-

ity cloak experiment
mote the development of this new invisible phantom technol-
ogy. Furthermore, this invisible phantom technology has also
been extended to other physical fields. [!2-1>]

Invisibility technologies based on metamaterials and
transformation optics can be roughly grouped into four cat-
egories: double-blind stealth, interactive stealth, phantom
stealth, and stealth carpet. The double-blind stealth technol-
ogy can make the incident electromagnetic waves perfectly by-

[4.16-18] ¢ achieve an

pass the middle stealthy area of the cloak
ideal invisibility effect, but since the incident electromagnetic
waves cannot penetrate through the enclosed area of the cloak,

the detector and the stealthy object are isolated from each
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other and cannot communicate mutually. Interactive stealth
technology uses complementary media to place the target ob-

k,1-231 and the object can ac-

ject outside the invisibility cloa
tively perceive the external incident detection signal without
being detected. The disadvantage of this technology is that
for a specific stealthy object, a unique anti-object needs to be
configured according to its position and material information,
so as to achieve strict optical cancellation between the object

19.2024] This one-to-one correspondence

and the anti-object.|
determines that the position and size of the stealthy object
cannot be changed at will. Phantom invisibility technology
maps one target object into another object through transforma-
tion optics method to achieve the effect of confusing and in-

(25-31] Usually the stealthy target objects are

direct invisibility.
placed inside the device. Although simplex communication
can be achieved, the stealthy target objects are difficult to re-
place, and the reusability of phantom devices is low. It should
be noted that the invisible cloaks designed by the aforemen-
tioned three technologies are mainly obtained based on the
transformation optics method proposed by Pendry,*! which
is established under the condition of wave optics. The char-
acteristics of the cloaks based on this transformation method
are that the electromagnetic parameters of the material are de-
rived from the formal invariance of Maxwell’s equations be-
fore and after being tranformed, and the material parameters
often show strong anisotropy, which is not conducive to exper-
iments. However, they are essentially all-space stealth tech-
nologies, which are stealthy in the true sense and still have im-
portant research values. Unlike the previous methods, stealth
carpet technology is based on the quasi-conformal transfor-
mation optics approach,®?! which is valid in both wave and

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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geometrical optics. An outstanding advantage of this method
is that it can significantly eliminate the anisotropy of mate-
rial parameters, thus facilitating experimental confirmation of
the invisibility cloak.®-!11 However, this technique belongs to
half-space cloaking, it only makes a curved ground look like a

32,331 1 other words, the ob-

flat ground to the outside world.!
ject placed under the carpet cloak is mapped into a flat surface,
rather than disappearing from the transmitted electromagnetic
waves, so this carpet stealth technology is not truly invisible.
By using the idea of complementary medium, Han et al.
have designed a double-blind invisibility cloak with an open
structure3*! or a distributed structure,®>! which can conve-
niently build the connection between the target object and the
outside world. Similarly, remote interaction invisibility cloak
with open structures has been proposed by Zheng et al.!30]
and Chen et al.,[*”] which can be used to hide any target ob-
ject. The advantages of these stealthy devices are that the tar-
get object can be replaced conveniently, which is beneficial to
reusing the stealth device. However, since these devices are lo-
cal improvements made on the shell of the traditional double-
blind invisibility cloak device, they cannot really resolve the
communication problem between the target stealthy object and
the outside world. As early as 2011, we proposed a reciprocal
invisibility cloak,*¥] which can make the target object inside
unable to be detected by external equipment while maintain-
ing simplex communication with the outside world. Like the
external invisibility cloak, the reciprocal cloak is essentially
an interactive cloak. Several reciprocal cloaks have been pro-
posed in the past few years, including two-dimensional (2D)

s.3941 However, all of

and three-dimensional (3D) device
these devices have a closed geometry each, and the target ob-
ject inside the device is difficult to replace. Furthermore, ob-
jects to be cloaked inside still need to place anti-objects inside
the device, that is, the stealth ability of the device is closely
related to the location and size of the object to be cloaked. In
order to solve these problems, the open design idea is inte-
grated into the design of reciprocal stealth and illusion device
to achieve the function of reuse. In addition, it is interesting
that the device does not need equipping with a corresponding
anti-object to hide the target object. The effectiveness and per-
formance of the device are simulated and verified by finite el-
ement simulation software. The highlight of this device is that

esces
o ce
.

. L3

the object to be invisible or hallucinated can perform simplex
communication with the outside world, and it can be flexibly
replaced through an open channel. This performance makes
the device promising for applications in the defense and mili-
tary fields.

2. Theoretical model

The key to the method of designing the reusable inter-
active stealth phantom device is the equivalent component as
shown in Fig. 1. According to the idea of folding geometric
transformation and complementary media, the outermost ring
layer (b < r < c) (the free space) in Fig. 1(a) is folded into
the black ring layer (¢ < r < b) in the middle, forming the
complementary medium region. Optical cancellation can be
realized between complementary medium region and the free
space region. In order to restore the influence of spatial opti-
cal cancellation on the wavefront and phase of electromagnetic
waves, it is necessary to compress the entire transformed space
into the green region (r < a) in the middle to form a restored
medium layer. After the aforementioned two transformation
steps of folding and compressing, the entire transformation
space (r < c) is visually consistent with the equivalent compo-
nent composed of complementary medium region (black re-
gion) and restored medium region (green region). Since the
green area is obtained by compressive transformation, when a
red object with material parameters of € and 1’ is embedded
into the green area shown in Fig. 1(b), the size of its equiva-
lent object in the virtual space will become larger as indicated
by the red object with material parameters of &, and y, in
Fig. 1(c). In other words, an object with larger size in the vir-
tual space shown in Fig. 1(c) can be equivalent to a smaller ob-
ject embedded in the equivalent component shown in Fig. 1(b).
If the red area in the virtual space shown in Fig. 1(c) happens to
be the wrapping layer of the stealth or phantom device during
transformation, it can be replaced by the equivalent compo-
nent shown in Fig. 1(b), leaving an channel to the inside of the
device around the equivalent component (b < r < c¢). By using
this channel, the internal object can be replaced and the device
can be reused. Therefore, solving the material parameters of
equivalent components becomes the key to reusable phantom
devices.

Fig. 1. Schematic diagram of equivalent component, showing (a) folding transformation process, (b) equivalent components, and (c) objects that are

visually equivalent to equivalent component in panel (b).
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According to the above-mentioned equivalent transfor-
mation method, a reusable invisibility and phantom devices
can be achieved by embedding an equivalent component in the
boundary layer of a reciprocal cloak as shown in Fig. 2, where
the region in the dotted-line-sided box in Fig. 2(a) can be re-
placed by the equivalent component shown in Fig. 2(b), and
figure 2(c) shows the enlarged display of equivalent compo-
nents in Fig. 2(b). It can be observed that a circular open-
ing channel is formed around the equivalent component in
Fig. 2(b), which can be used to change the object inside the
phantom device and control it remotely. In order to calculate
the material parameters of each area of the equivalent com-
ponent, the center of the component shown in Fig. 2(c) is as-
sumed to be located at (xo,yo), and the outer radius of the in-
visible channel III, the complementary medium layer II, and
the restored medium layers I and IV are ¢/, &', and o' respec-

tively. According to transformation optics, the material param-
eters of the complementary medium layer II can be obtained
by folding the region b’ < r < ¢’ into the area d’ < r < ', while
the material parameters of the restored medium layer I and IV
can be solved by compressing the region r < ¢’ into the region
r<ad.

For the complementary medium layer shown in Fig. 2(c),
the following folding transformation is introduced:

Iy
rﬂ%)g_%%w>b5+yh%+b, M

POTTTT TN

(c) R ey,
i *

0 S

Fig. 2. Schematic diagram of reusable reciprocal invisibility and phantom device design for (a) ideal reciprocal invisibility and phantom device, (b)
open-structure invisibility and phantom device containing equivalent component, and (c) enlarged display of equivalent component.

As aresult, the material parameters of the complementary
medium layer II are expressed as

& & . f(r(’)) _ k11’6+k2

—="= = 2
e u RSl ki e
€ _ Ho _ r6f/(/r6) _ k/lr(’) ’ (2b)
€ U f(rp) kyry+ky

& M [(rp)f(rp) _ ki(kirg+ka) 20)
€ U r r ’

Particularly, when ¢ = b? /', introducing the following fold-
ing transformation to replace Eq. (1):

b/2
r:ﬂﬁrzg. 3)

And then, the material parameters of the complementary
medium layer becomes

& U f(ré))

A A A ) 4
e 0 A “
e _Ho _nof(r0) _ 4b
c £(0) ) (4b)
3=&:f%wwz_§. o)
€ U 1 75

For the restored medium layer, the following coordinate trans-

formation is introduced:
/

r”:a—/\r—ro\, (5a)
c

0" =0, (5b)

' =z, (5¢)

where ro = \/x3 +y3 and r = \/x2 +y2.
Equation (5) can be expressed in the rectangular coordi-
nate system as

X' = = (x—x0), (6a)
1" d

yi=50=), (6b)

7' =z (6¢)

And the corresponding Jacobian matrix becomes

a/c 0 0
A=| 0 d/] 0], @)
0 0 1

Thus, the material parameters of the restored medium region I
are related by

=y =dig [L1.(/d')?]. ®
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Since the restored medium region IV is derived from the space
transformation of material parameters of & and ;, accord-
ing to transformation optics, the material parameters of the

restored medium region IV are

AE,'AT

gy = A (9a)
A l-AT

ufly = |Lj4| . (9b)

Therefore, once the material parameters of the reciprocal
invisibility and phantom device are known, an open structure
can be designed according to the above mentioned method and
the material parameters of equivalent components can be cal-
culated from Egs. (4), (8), and (9). And then, a reusable recip-
rocal stealth and phantom device is realized.

It should be noted that when a linear transformation
method is used to design the device, the material parameters
of the reusable reciprocal stealth and phantom device become
homogeneous, including the complementary medium and the
restore medium. Taking 2D transformation for example and

introducing the following linear transformation:

X ab0] [x e
Y{=lcdo||y|+]|f]: (10)
7 001 Z 0
——
A;

where e and f are the non-homogeneous terms of linear
Eq. (10), and A; is the Jacobian matrix governed by the fol-

lowing formula:

ab0 Xy—xy x5 —x] 0
Ai=|cdO| ==y %=, 0
001 0 0 1

—1
X3 —X1 X2 — X1 0

X |y3—=y1 y2—y1 0 ,
0 0 1

Y

where (x;,y;) and (x},y!) indicate the coordinates before and
after being transformed respectively, and 1, 2, 3 refer to the
vertex order of the triangles.

According to transformation optics, the relationship
among the material parameters in the regions before and af-
ter being transformed are expressed as

A AT
& 1 |AlC

/ /
& K

12)

Since the constitutive parameter of the transformation
medium described in Eq. (12) is determined only by the Jaco-
bian matrix A;, which is only related to the coordinates of the
mapped triangle vertices, the obtained constitutive parameters
must be a homogenized tensor. The reciprocal invisibility and

phantom device designed in this work has the characteristics

of homogenization mentioned above. The COMSOL software
will be used to simulate and verify its performance, and the

detailed discussion will be shown in the following section.

3. Results and discussion
3.1. Reciprocal invisibility cloak with closed-structure

Figure 3 shows a schematic diagram of the space trans-
formation of the reciprocal invisibility device with closed-
structure, in which the circumradius of each polygon with A;,
B;, C;, and D; as vertices is a, b, ¢, and d, respectively. The
design principle of reciprocal invisibility cloak device with
closed-structure is to fold the region d < r < ¢ in Fig. 3(a)
into the region ¢ < r < b in Fig. 3(b) to form a complemen-
tary medium layer for spatial optical cancellation, and com-
press the area d < r < a in Fig. 3(a) into the area b < r < a in
Fig. 3(b) to restore the electromagnetic wavefront and phase
mismatch caused by the process of cancelling. When the cir-
cumradius d is small enough, the operation of compressing the
aread < r < ainto the area b < r < a can be regarded as the de-
sign of a closed-structure invisibility cloak device, and the in-
troduction of the complementary medium layer can allow elec-
tromagnetic waves to penetrate into the interior of the cloak,
so that the internal target object has the ability to perceive ex-
ternal signals. The transformation process in Fig. 3 can be ex-
pressed as the triangle areas C;D;D;; and C;C;j+1Djy; in the
virtual space, which are folded into the triangle areasC;B;B; |
and C;C;+1B;+1 in the physical space respectively, and the
triangle areas A;A;+1D; and A;11D;D;; in the virtual space
are respectively mapped into the triangle areas A;A;1B; and
Ai+1B;B;i1 in the physical space. By introducing Eqs. (10)-
(12), the material parameters of each region in the physical
space are calculated.

Fig. 3. Schematic diagram of spatial transformation of homogenized recip-
rocal invisibility cloak with closed-structure, showing (a) virtual space and
(b) physical space.

Firstly, the circumradius of each polygon with A;, B;, G,
and D; as verticesisa = 0.075 m, b = 0.05 m, ¢ = 0.03 m, and
d = 0.001 m respectively, and the frequency of the incident
TE electromagnetic wave is set to be 6 GHz. As a result, the
calculation results of the material parameters of each region in
the physical space are listed in Table 1.
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Table 1. Material parameters of physical space.

Complementary medium layers

Parameters Parameters
Regions Regions
Hoox Hooy Hy &z Hocx Moy Hyy &
CBB; (C4B4Bs) —24.85 42.43 —72.5 —0.03 C1BC; (C4B5Cs) —0.38 0.44 —3.14 —1.45
C2ByB3 (CsBsBg) —97.34 —0.58 —0.01 —0.03 C2B3C3 (C5BsCs) —2.83 0.96 —0.69 —1.45
C3B3B4 (CeBgB1) —23.84 —41.85 —73.5 —0.03 C2B3C3 (C5BsCo) -2.07 —1.41 —1.45 —1.45
Restoring medium layers
Parameters Parameters
Regions Regions
Hxx My Hyy &z Hxx My Hyy &
B1A1A; (BsAsAs) 0.77 —1.13 2.96 2.96 B1A>B; (B4AsBs) 49.67 —85.44 147.06 0.06
BrA»A3 (BsAsAg) 3.39 —0.38 0.33 2.96 ByA3B3 (BsAgBg) 196.67 0.57 0.01 0.06
B3A3A4 (BsAgA1) 1.43 1.51 2.30 2.96 ByA3B3 (BsAgBg) 48.68 84.87 148 0.06

Annotation: Owing to symmetry, the parameters of area marked with parentheses are the same as those without parentheses.

Figure 4 shows the electric field distribution of the re-
ciprocal invisibility cloak device with the regular hexagonal
polygon closed-structure, in which the core area of the cloak
shown in Fig. 4(a) is a free space, and the cylindrical boundary
inside the cloak shown in Fig. 4(b) is set to be the PEC bound-
ary. For comparison, figure 4(c) shows that a cylinder with
PEC boundary is placed independently in the free space. The
material parameters of each triangle are shown in Tablel. It
can be seen that the electric field can penetrate into the recip-

0.15

y (m)

—0.15
0.15

y (m)

—0.15
—0.15 0

z (m)

rocal cloak, and the wavefront is perfectly restored in the front
of the proposed cloak without scattering no matter whether the
target object is placed inside the cloak. However, significant
field scattering phenomenon can be observed when the target
object is directly located in the free space. This indicates that
the closed and reciprocal cloak has the ability to hide the target
object as well as to sense the external signals, which is consis-

tent with the cloaks described in the early literature. [3+-37]

(V/m)
2

Fig. 4. Electric field distribution around (a) ideal cloak, [(b) and (c)] PEC cylinder with radius of 0.02 m, placed in the cloak or free space, [(d) and (e)]
triangular object placed in cloak filled with or without “anti-object”, and (f) purely triangular object in free space.

Next, the cylindrical object is replaced with a trian-
gular-shaped object whose material parameters are & =
6.25+0.01j (the imaginary part represents the material loss)

and o = 1, and the “anti-object” is filled in the corresponding

complementary medium region, i.e., the permittivity values of
the triangles BsAsAg and CsBsCy are set to be —0.03 x (6.25 +
0.01j) and —1.45%(6.25+0.01j), respectively, while keeping

the permeability unchanged. The near electric filed distribu-
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tion is shown in Fig. 4(d). As can be seen, the triangular-
shaped object becomes invisible, and the electric field can ra-
diate to the object, i.e., the target object has the capability of
simplex communication, which is no different from the tradi-
tional interactive invisibility device such as the external cloak
in performance. In order to investigate the characteristics of
the reciprocal stealth device, the triangular-shaped object in
Fig. 4(d) is kept while g the “anti-object” is removed from the
complementary medium area, i.e., both the permittivity and
permeability of the triangle BsAsAg and CsBgCq are fixed as
shown in Table 1. In such a situation, the near-electric field
distribution is simulated as shown in Fig. 4(e). Figure 4(f)
represents the electric field distribution when the triangular-
shaped object is directly placed in the free space. From
Figs. 4(d)—4(f), it can be observed that when the triangular-
shaped object is directly placed in the free space, the scatter-
ing phenomenon of the electric field can be observed obvi-
ously. However, once the object is enclosed by the proposed
reciprocal cloak, the scattering phenomenon nearly disappears
whether the “anti-object” exists or not. Such a result shows
that the invisibility capability of reciprocal stealth device with
closed-structure is independent of the geometric structure nor
material properties of the target object, which is the difference
between the cloak designed here and the traditional interactive

(34371 and also reflects the supe-

cloak in the early literature,
riority of the cloak designed here. It should be emphasized
that the size of the cloak can be enlarged if need be, but the
material parameters will also change accordingly. However, in
practice, owing to the use of lossy metamaterials technology to
synthesize devices, factors such as the size of the metamaterial
and the operating frequency of the cloak must be fully consid-
ered to satisfy the condition that the size of the metamaterial is
much smaller than the wavelength. No further technical proofs
are made here for brevity.

Figure 5 describes the far-field distribution of the elec-
tric field for the target object with or without the proposed
reciprocal cloak. Figure 5(a) shows the far-field mode of
Figs. 4(b) and 4(c), and figure 5(b) displays the far-field mode
of Figs. 4(e) and 4(f). It can be observed that the far-field
amplitude of the object enclosed by the cloak is well sup-
pressed compared with the far-field amplitude of the object
in the free space. The far-field amplitude drops below —24 dB
and —17 dB in Figs. 5(a) and 5(b) respectively. The simula-
tion results fully confirm the prominent stealth effect of the

proposed reciprocal device.

Normalized far-field (dB)

90
(a) 120 60 = ==Fig. 4(c)
J — Fig. 4(b)
’ Ya
Vs NS
150 ’ *+ > 30
% <
; i\
‘. Y
. '
180 —1 )
" ]
”
'
' —20 /)
~10 ¢
210 s, _+*" /330
’
0 \Q' o 2%
240 300
270
Normalized far-field (dB)
90
(b) 120 L 60 oolpig ()
’ S Fig. 4(e)
/ ~~‘ g-.
’ AN
150 d +. 30
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7 \
’ '
’ )
' 1
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[ ]
' ”
. h
~.: ?)‘ 0 /l
210 4 +77330
0 Pd
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‘h- L \g
240 300
270

Fig. 5. Comparison between (a) far-field mode distributions of Figs. 4(b)
and 4(c), and between (b) far-field mode distributions of Figs. 4(e) and 4(f).

3.2. Reusable reciprocal invisibility cloak and its perfor-

mance

Next, an open channel containing cylindrical equiva-
lent component is embedded into the reciprocal cloaking de-
vice to realize the reusable function of the device. First of
all, the point of Py (0.04 m,0.023 m) in the first bound-
ary layer is taken as the center, three regions whose radii
are @’ = 0.008 m, ¢ =0.022m and ' = vd'c’ = 0.01327 m
respectively are intercepted in the above reciprocal cloak-
ing device. According to Eq. (4), the material parame-
ter of the complementary medium area of the equivalent
component is & = Uy = [fl,fl,f(b’/ro)“], where ry =
V/(x—0.04)2 + (y — 0.023)2. Since the equivalent region cor-
responding to the restored medium region IV is composed of

four homogeneous and anisotropic material blocks, it is nec-
essary to divide the region IV into four sub-regions to form a
one-to-one correspondence with the blocks in the equivalent
region. According to Egs. (8) and (12), the material parame-
ters of these four restored regions can be calculated from out-

side region to inside region and the results are given below.

0.77 —1.13 0
ev, =My, = | —1.13 2.96 0 ,
0 0 2.96(c'/d)?
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[ 49.67 —85.44 0

Ev, = v, = —85.44 147 0 s
0 0 0.06(c'/a')?
[ —24.85 —42.44 0

v, = tiv, = | 4244 —72.5 0 ,
0 0 —0.029(c'/d)?
[—0.38 0.44 0

av, =y, = | 044 -3.14 0

0 0 —1.45(/d)?

And the material parameter of the restored medium region I is
e = =diag[1,1,(c'/d’)?].

Figures 6(a)-6(c) demonstrate the electric field distribu-
tions when a triangular-shaped object with material parameter
of & = 6.25+0.01j and pp = 1 is placed at the bottom part
inside the device and its corresponding “anti-object” is set in
the complementary medium regions (i.e., the material param-

eters are identical with those of Fig. 4(d)). As can be seen,
no matter what the incident direction of the TE plane wave is,
the open-structure reciprocal cloak has a good stealth effect.
In order to study the uniqueness of the proposed device, the
“anti-object” corresponding to the triangular-shaped object is
removed from the complementary medium (i.e., the material
parameters are identical with those of Fig. 4(e)) as shown in
Figs. 6(d)—-6(f). It can also be found that the open-structure re-
ciprocal cloak without “anti-object” has a good stealth effect.
Comparing with the case where the “anti-object” is filled, the
electric field around the device jitters slightly when no “anti-
object” exists, but it does not affect the stealthy performance
of the device. In addition, it should be noted that this jitter can

be eliminated by further refining the calculated grids.

0.15

y (m)

—-0.15

0.15

y (m)

—-0.15

0.15-0.15

z (m)

-
0.15-0.15

z (m)

Fig. 6. Near-field distribution of electric field in open-structure reciprocal cloak, for [(a)—(c)] triangular-shaped object, which is placed at the bottom
of the inner space of the device, and an “anti-object”, which is filled in the complementary medium region of corresponding part of the cloak; for
[(d)—(e)] triangular object, which is placed at the bottom of the inner side of the device, and the anti-object, which is removed from the corresponding
complementary media layer of the cloak. The incident directions of TE plane waves are along [(a) and (d)] the X axis, [(b) and (e)] the Y axis, and

oblique incident [(c) and (f)] at different angles.

The existence of the open channel makes the internal ob-
ject able to be replaced easily at will, which has significant ap-
plication value in reality, especially in the 3D scenes. Because
in a 3D case, the target object is often enclosed by the device,
and the replacement of it needs to destroy the wrapped layer
of the device, which is not conducive to the device reusability.
However, the function of reusability can be obtained when the
device has such an open channel. To sum up, the application
of open channel in the design of reciprocal stealth device not
only solves the problem of simplex communication between
the target object and the outside world, but also provides a
reusable way of the device, which is beneficial to saving the

manufacturing cost of device.

3.3. Illusion feature of reusable reciprocal cloaking device

Finally, the illusionary feature of the reusable reciprocal
cloaking device is discussed. Figure 7(a) describes the near-
(electric)field distribution of a triangular-shaped dielectric ob-
ject with material parameters of &y = 6.25+0.01j and g =1,
and the object is placed horizontally in the free space. It should
be noted that the outermost layer of the reciprocal cloak is a
restored medium. According to the equivalent transformation
method described in Section 2, once the material parameter of
the restored medium is multiplied by & and p, another large
equivalent object with material parameter of & and g will be
appear in the virtual space. With this mechanism, the recip-

rocal cloak can be turned into an illusion device as shown in
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Fig. 7(b), where the triangular object in Fig. 7(a) is placed in-
side the open-structure reciprocal cloak also, but the restored
medium of the outermost top part of the cloak are multiplied
by & =6.2540.01j and o = 1, i.e., the permittivity of the tri-
angles C;B3C3 and ByA3B3 are set to be 2.96 x (6.25+0.01j))
and 0.06 % (6.254 0.01j) while the permeability unchanged is
kept. Since the reciprocal cloak does not need the anti-object,
the permittivity and permeability of the triangle BsAsA¢ and
CsB¢Cg are fixed as the forth line shown in Table 1. The equiv-
alent object with material parameters of & = 6.25+0.01j and
Uo = 11is placed in the free space whose near-field distribution
is shown in Fig. 7(c). It can be observed that the electric field
distributions in Figs. 7(b) and 7(c) are identical, but they differ
greatly from those in Fig. 7(a). This means that the small hor-
izontal triangle originally placed inside the interactive cloak

—-0.15

—0.15 0 0.15—0.15

z (m)

z (m)

is visually consistent with a large inverted triangle, i.e., the
small triangular object is mapped into another large triangular
object, and the object position is changed. Similarly, the exis-
tence of the open aisle makes it particularly easy to replace the
target objects, which means that the device is reusable.

Next, the far-field distributions of the electric field corre-
sponding to Figs. 7(a)-7(c) are calculated to quantitatively de-
scribe the illusionary function of the reusable interactive cloak
as shown in Fig. 8. It can be seen that the far-field ampli-
tude curves of Figs. 7(b) and 7(c) are almost identical, and the
maximum far-field amplitude is about 1.6 V/m, and both of
them are obviously different from that of Fig. 7(a). This fully
demonstrates the good phantom functionality of the proposed
reusable reciprocal cloak.

(V/m)
2

0.15 —0.15 0
z (m)

Fig. 7. Nllusionary effect of reusable reciprocal cloak, indicating (a) electric field distribution of a triangular-shaped object in the free space, (b) electric
field distribution of the triangular-shape object covered by the proposed reusable reciprocal cloak, and (c) electric field distribution of the equivalent

object.
Far-field pattern (V/m)
90 — Fig. 7(b)
120 60 ===TFig. 7(a)
- = - - Fig. 7(c)
150 30
180 0
210" 2 330

240 300
270

Fig. 8. Comparison among far-field modes.

4. Conclusions

In this work, based on the multi-folded transformation op-
tics, reusable and reciprocal invisibility phantom device with
homogeneous material parameters is proposed and designed.
Unlike the results in previous literature, the target object to
be invisible, enclosed by the proposed device, does not need
using the corresponding anti-object to some extent, which re-
moves the strict position and size dependence of object. Fur-

thermore, by reasonably setting the parameters in the restored
medium of the device, the phantom of the target object can be
realized, which could be used to confuse the external detec-
tion equipment if need be. Finally, an open aisle is generated
on the boundary of the closed layer of the device by introduc-
ing the equivalent component, which not only strengthens the
simplex communication capability of the device, but also facil-
itates the replacement and remote control of the target object,
so as to achieve the reusable function of the device. This helps
achieve cost savings, resource reusing and intelligently con-
trolling. It is believed that the reusable interactive invisibility
phantom device presented here has the potential applications
in the field of national defense and military engineering.
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