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Abstract
Opendeviceswithhomogeneousmaterial parameters are proposed anddesignedbased onmulti-folded
transformationoptics, including open cloakdevice, openfield concentrator andopenfield amplifying
device. In comparisonwith the previous transformationdevices, the proposed opendevices possess
openwindowswith compact and embedded structures, providing aflexible approach for remote control
or upgrade. The open cloakingdevices canhide arbitrarily shaped/sized object in the core region,
making it disappeared in visually for the outside viewers, while the openfield concentrator can enhance
or store EMenergy in the core region, and the openfield amplifying device canmagnify the scattering
field of a small object, generating an bigger illusory imagewith differentialmaterial parameter and size.
The effectiveness and correctness of the proposed devices are validated by the numerical results obtained
based on the commercialfinite element softwareCOMSOLMultiphysics. Such scheme is believed to
findpotential applications in remote controllingwith impressivenew functions.

1. Introduction

AS an ingeniousmathematical approach, transformationoptics (TO) [1–6]provides a powerful and convenient
way to control the electromagnetic (EM)fields arbitrarily, arousingmuch attentions in the past two decades.
Based on thismethodology, novel devices with varied functions and applications have been proposed, designed
and experimentedwith an unprecedentedprosperity, including invisible cloaks [7–13], concentrators [14–18],
illusory devices [19–28] and antennas [29–35] etc. Themost striking device among them is invisible cloak,where
someproperly designedmaterials are utilized to direct the EMwaves propagates smoothly around an arbitrarily
shapedobject,making the entire device (including the coatedobject) become invisible for the outside viewers.
However, since theEMwaves are guided by the coatedmaterials, nowave penetrate into the hidden region,
making it impossible for the coated object to interactwith the outsideworld. Furthermore, the coated object
cannotmove freely in such an enclosed device,making it difficult tomeet the needs of replacement or upgrade. In
order to overcome these drawbacks, an external cloak that hide an object at a certain distancewas proposed by Lai
et al [12], where complementarymediumand ‘anit-object’was used to cancel the scatteringfield generated by the
pre-definedhidden object. Additionally, by adding another specific anti-object into the complementarymedium,
the external cloak acts as an illusion device [19] thatmakes one object looks like another.However, such an
extraordinary device lacks offlexibility and it ismerely invisible for an object with specific shape, size and location,
i.e., any variation of these factorsmay greatly deteriorate the stealth effect of the device. It isworth seeking away to
hide an object with arbitrarily shapes or sizes aswell asmaterial exchangewith the outsideworld.

As another attractiveTObaseddevice,field concentrator can increase and store theEMenergies in the core
regionof thedevice, and itmayfindpotential applications in solar cells or EMsensors. Since the external EMfields
around the concentrator is undisturbed, the entire device acts as an ideal invisibility cloak for anoutside viewer.
Meanwhile, the concentrator also acts as an illusiondevice that can render a small object located at the corematerial
to look like anotherbigger object [14, 16].Due to thismagnifying effect, evenminimal divergence or gaps in the core
regionwill result in a deteriorationof thedesiredperformance. Furthermore, it is hard to checkorpredict the
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fabricatingquality of the corematerialswhen itwas fully coatedby aproperly designedmaterial, let alone replacing or
upgrading the internal corematerial. Therefore, itmakes sense todesign a concentrator or amplifyingdevicewith an
open structure,meeting remotely controllable, reciprocal andupgradeable demandsof themodern society.

In thispaper, basedon themulti-folded transformationoptics, novel opendeviceswithhomogeneousparameters
areproposedanddesigned.Theopenproperty allows thehiddenobject coatedby theproposeddevices to interactwith
theoutsideworld andprovides awayof remote control orupgade.This openproperty is generatedby compactly
embedded segments insteadof isolated components, differentiatingour study frompreviousworkandproviding a
robust application inamotioncircumstance.Three examples areprovided tovalidate the effectivenessof theproposed
opendevices. First, anopencloakdevice is introduced tohide anarbitrarily shapedobjectwhich cankeep stable or
move freely in thehidden region.The results showthat the invisibility of theproposedopencloakkeepswell, and it can
hideobjectswitharbitrary shapesorpositions.Amore significant feature is that the structureof theopencloak is
compact and integral,whichmeans that it ismore stable androbust, andmore suitable tobeused in amotion
circumstance. Second, anopenfield concentrator thathasmost areaof the core regionopened to theoutsideworld is
presented.TheEMwaves are increasedperfectly in the core region, indicating that the concentratorhas afield
enhancement effect.The simulation results show that this enhancement effect is independentof the incidentwave
directionor the stimulus source. Finally, by embedding adielectric object into the core regionof theproposedopenfiled
concentrator, anopenamplifyingdevice is proposedanddesigned, fromwhicha small dielectric object located at the
core region is amplified to a larger imageobject visuallywith adifferentmaterial property in thebackgroundmedium
(air). Full-wavefinite element simulations validate the expectedbehaviors of ourproposeddevices. It is believed that the
proposedopeningdeviceshaveprospectively potential applications in antennas andpropagationfields, including
antenna/radar stealth, target camouflageor illusion,novel electromagneticfield sensorordevicedesigning and
fabrication etc. Furthermore, it provides aflexibleway for remotely controlling the electromagneticwave.

2.Open device design

According to TO theory, the permittivity and permeability tensors in the virtual space and the physical space are
governed by:

e e m m¢ = L L L ¢ = L L Ldet , det . 1T T ( )/ /

where L is the Jacobian transformationmatrix between the local distorted coordinates in the virtual space and
theCartesian coordinates in the physical space, Ldet is the determinant of L.

Figure 1 demonstrates the schematic diagramof our proposed open devices. All of these devices are obtained
by two transformation steps. Firstly, a stretching or compressing transformationmethod is utilized to transform
a virtual space into a conventional device with an enclosed structure, including invisible cloak, concentrator, and
amplifying device etc. Subsequently, by employing themulti-folded transformation optics, these conventional
devices are further folded and compressed into open devices with a compact and integral structure while
maintaining identical performance.

To startwith theopencloakdevice illustrated infigure 1(a), a tiny squarePEC (shouldbe small enough for
invisibility) is located at the center of the virtual space.The virtual space is divided into eight triangular regions labeled
as1, 2, 3, ,8, as the top columnshown infigure1(a). In the step1, these triangular regions are transformed into eight
different regions labeled as ¢ ¢ ¢ ¢1 , 2 , 3 , ,8 respectively, and theoriginal tiny squarePEC ismapped into abigger one, as
themiddle columnshown infigure1(a). Therefore, a conventionalhomogeneous cloak is obtained fromthe step1.

In the step 2, we choose two polygons B E A G B2 2 1 0 1 and B F C H B2 2 1 0 1 that are symmetric with respect to the
X-axis(middle panel offigure 1(a)) in the conventional cloak and further transform them into polygons
E E G A2 1 0 1 and F F H C2 1 0 1 (bottompanel offigure 1(a)). Therefore, an openwindow is generated in the physical
space, as shown in the bottompanel offigure 1(a). All the vertexes are fixing during the coordinate
transformation except for B1 and B ,2 i.e., B1 ismapped into G1 and H ,1 B2 ismapped into G2 and H .2 Two sub-
steps are taken:firstly, the regions B E E G B2 2 1 0 1 and B F F H B2 2 1 0 1 (orange,middle panel offigure 1(a)) are folded
into two regions E E G G G2 1 0 1 2 and F F H H H2 1 0 1 2 (yellow, bottompanel offigure 1(a)). The regions B E E G B2 2 1 0 1

and B F F H B2 2 1 0 1 are further divided into the regionsDB E E ,2 2 1 DB B E ,2 1 1 DB E G ,1 1 0 DB F F ,2 2 1 DB B F2 1 1 and
DB F G ,1 1 0 and the polygonal regions E E G G G2 1 0 1 2 and F F H H H2 1 0 1 2are further divided into the regions
DG E E ,2 2 1 DG G E ,2 1 1 DG E G ,1 1 0 DH F F ,2 2 1 DH H F2 1 1 andDH F G .1 1 0 Therefore, the sub-step 1 is described as
folding the regionsDB E E ,2 2 1 DB B E ,2 1 1 DB E G ,1 1 0 DB F F ,2 2 1 DB B F2 1 1 andDB F G1 1 0 in the conventional cloak
into the regionsDG E E ,2 2 1 DG G E ,2 1 1 DG E G ,1 1 0 DH F F ,2 2 1 DH H F2 1 1 andDH F G1 1 0 respectively in the physical
space. Secondly, in order to remove the impedancemismatch generated by this folded transformation, a
compressed transformation is used, which compressing the regionsDB E A ,2 2 1 DB B A ,2 1 1 DB A G ,1 1 0 DB F C ,2 2 1

DB B C2 1 1 andDB C H1 1 0 (middle panel offigure 1(a), derive from the polygons B E A G B2 2 1 0 1 and B F C H B2 2 1 0 1) in
the conventional cloak into the regionsDG E A ,2 2 1 DG G A ,2 1 1 DG A G ,1 1 0 DH F C ,2 2 1 DH H C2 1 1 andDH C H1 1 0
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(green, bottompanel offigure 1(a)) in the physical space respectively. As a result, the conventional cloak is
transformed into an invisible device which has an openwindow that allows formaterial and information
interactionwith the outsideworld.We named this invisible device as an ‘open-cloak’ device which can hide an
arbitrarily shaped object in the area that is bordered by the inner boundaries of the device.

Similarly, two steps are needed to design an openfield concentrator depicted infigure 1(b). In thefirst step, a
square ring in the virtual space is divided into eight triangular regions labeled as 1, 2, 3, ,8, as shown in the top
panel offigure 1(b). These regions are transformed into regions labeled as ¢ ¢ ¢ ¢1 , 2 , 3 , ,8 respectively, as shown
in themiddle panel offigure 1(b). Furthermore, the center region bordered by A B C D1 1 1 1 in the top panel of
figure 1(b) is compressed into the region A B C D0 0 0 0 in themiddle panel offigure 1(b). Afterwards, a
conventional concentrator is obtained. In the second step, the polygons B E A I B ,2 2 0 1 0 B F C I B ,2 2 0 2 0 D H A I D2 2 0 4 0

and D G C I D2 2 0 3 0 (middle panel offigure 1(b)) in the conventional cloak are transformed into the polygons
E E I A ,2 1 1 0 F F I C ,2 1 2 0 H H I A2 1 4 0 and G G I C2 1 3 0 (bottompanel offigure 1(b)). Firstly, the orange regions
B E E I B ,2 2 1 1 0 B F F I B ,2 1 2 2 0 D G G I D ,2 2 1 3 0 and D H H I D2 2 1 4 0 in themiddle panel offigure 1(b) are folded into four
yellow color regions E E I J J ,2 1 1 1 2 F F I K K ,2 1 2 1 2 G G I L L2 1 3 1 2 and H H I M M2 1 4 1 2 in the bottompanel offigure 1(b),
and two openwindows are generated in the physical space. Next, compressed transformation is taken to remove
the impedancemismatch that coursed by these folded transformations. By further divided the polygons into
several triangular regions, transformationmediumswith homogeneousmaterial parameters are obtained.
Taking the second quadrant component as an example, the regionsDB E E ,2 2 1 DB B E2 0 1 andDB E I0 1 1derived
from the polygon B E E I B2 2 1 1 0 in the conventional cloak are folded into regionsDJ E E ,2 2 1 DJ J E2 1 1 andDJ E I1 1 1

derived from the polygon E E I J J2 1 1 1 2 in the physical space respectively, and regionsDB E A ,2 2 0 DB B A2 0 1 and
DB A I0 0 1derived from the polygon B E A I B2 2 0 1 0 in the conventional concentrator are compressed into the green-
colored regionsDJ E A ,2 2 0 DJ J A2 0 0 andDJ A I1 0 1derived from the polygon J E A I J2 2 0 1 1 in the physical space
respectively. Transformations in other quadrants follow a similar approach, which is omitted here for brevity.
After themulti-folded transformation, the core region of the concentrator become a star-shaped area, which is
bordered by the red lines shown in the bottompanel offigure 1(b).

The schematic diagramof an open field amplifying device is identical to that of an open concentrator and is
omitted here for brevity.

Figure 1. Schematic diagramof the proposed open device. (a)The open cloak, (b) the open concentrator.
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In this letter, linear coordinate transformation is employed to achieve transformationmediumswith
homogeneousmaterial property. Both the virtual space and the transformation space are divided into several
triangle regions. The transformation equation between triangles in the physical space and its image in the virtual
space is defined as:
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where e and f are the non-homogeneous termof linear equation (2), and L is the Jacobianmatrix governed by
the following formula:
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where x y,( ) and ¢ ¢x y,( ) indicate thebefore and after transformation coordinates respectively, and 1, 2, 3 represent
the vertex order of the triangles. Since the constitutive parameter of the transformationmedium is determinedby
the Jacobianmatrix L only, it is not required to calculate thenon-homogeneous termof linear equation (2).

Thus, the requiredmaterial parameters of each triangles of the proposed open devices are obtained by
substituting corresponding vertex coordinates into equations (3) and (1).

For anopen-cloak, the coordinates of the vertexes are A 0, 0.04 ,2( ) -B 0.04, 0 ,2( ) -C 0, 0.04 ,2( ) D 0.04, 0 ,2( )
A 0, 0.03 ,1( ) -B 0.015, 0 ,1( ) -C 0, 0.03 ,1( ) D 0.015, 0 ,1( ) A 0, 0.0001 ,0( ) -B 0.0001, 0 ,0( ) -C 0, 0.0001 ,0( )
D 0.0001, 0 ,0( ) -E 0.0105, 0.0089 ,1( ) -E 0.0352, 0.0048 ,2( ) - -F 0.0105, 0.0089 ,1( ) - -F 0.0352, 0.0048 ,2( )

-G 0.0061, 0.0178 ,1( ) -G 0.0263, 0.01026 ,2( ) - -H 0.0061, 0.0178 ,1( ) - -H 0.0263, 0.01026 ,2( )
-G 0.0076, 0.0093 ,0( ) - -H 0.0076, 0.0093 .0( ) All vertex coordinates are inmeters.
As a result,material parameters of the conventional cloak are obtained as:
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and thematerial parameters of each triangles bordered by blue lines in the second quadrant are obtained as:
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Due to the structural symmetry of the open cloak, thematerial parameters of each triangles bordered by the
blue lines in the third quadrant are almost identical to that of the triangles in the second quadrant which is
symmetric with respect to the X axis, just replacing the off-diagonal elements by e m e¢ = ¢ = - ¢ =xy III xy III xy II( ) ( ) ( )

m- ¢
xy II( ) while keeping the diagonal components unchanged. It should be noted thatwhen calculating the

material parameters of the compressed regionsDE G A2 2 1 andDG G A1 2 1 (green-colored region, bottompanel of
figure 1(a)), thematerial parameters of regions ¢3 and ¢4 must bemultiplied, because these compressed regions
are obtained from the conventional cloak.

Similarly, for an open concentrator, the coordinates of the vertexes are A 0, 0.04 ,2( ) -B 0.04, 0 ,2( )
-C 0, 0.04 ,2( ) D 0.04, 0 ,2( ) A 0, 0.03 ,1( ) -B 0.03, 0 ,1( ) -C 0, 0.03 ,1( ) D 0.03, 0 ,1( ) A 0, 0.01 ,0( ) -B 0. 01, 0 ,0( )
-C 0, 0.01 ,0( ) D 0. 01, 0 ,0( ) -E 0.0080, 0.002 ,1( ) -E 0.036, 0.004 ,2( ) - -F 0.0080, 0.002 ,1( )

- -F 0.036, 0.004 ,2( ) -G 0.0080, 0.002 ,1( ) -G 0.036, 0.004 ,2( ) H 0.0080, 0.002 ,1( ) H 0.036, 0.004 ,2( )
-J 0.0060, 0.004 ,1( ) -J 0.01333, 0.0067 ,2( ) - -K 0.0060, 0.004 ,1( ) - -K 0.01333, 0.0067 ,2( )

-L 0.0060, 0.004 ,1( ) -L 0.01333, 0.0067 ,2( ) M 0.0060, 0.004 ,1( ) M 0.01333, 0.0067 ,2( ) -I 0.0020, 0.007 ,1( )
- -I 0.0020, 0.007 ,2( ) -I 0.0020, 0.007 ,3( ) I 0.0020, 0.007 .4( ) All vertex coordinates are inmeters. The

material properties of the conventional concentrator are obtained as:
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and thematerial parameters of each triangles bordered by blue lines in the second quadrant of the open
concentrator are obtained as:
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Due to the structural symmetry of the open concentrator, thematerial parameter tensors of ach triangles
bordered by the blue lines in other quadrants are almost identical to that of the triangles in the second quadrant
which is symmetric with respect to the x-axis or the y-axis, just replacing the off-diagonal elements by
e m e m e m e m¢ = ¢ = ¢ = ¢ = - ¢ = - ¢ = - ¢ = - ¢xy I xy I xy III xy III xy II xy II xy IV xy IV( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) while keeping the diagonal

elements unchanged.
For the core region of the concentrator, a big square with circum-radius of =a 0.03 m is compressed into a

small squarewith radius of =b 0.01 m.The transformation equations are defined as:

¢ =
¢ =
¢ =

x kx
y ky

z z

,
,

. 4( )

where k is the compression ratio of = =k b a 3./ Thus, thematerial parameters of the core region
are e m¢ = ¢ = diag 1, 1, 9 .( )

Similarly, when calculating thematerial parameters of the compressed regionsDJ E A2 2 0 andDJ J A ,2 1 0 the
material parameters of regions ¢3 , ¢4 must bemultiplied respectively, and thematerial parameters ofDJ A I1 0 1
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mustmultiply the parameters of the core region. Thematerial parameters of the open amplifying device are
identical to that of the open concentrator, and it was omitted here for brevity.

3.Numerical simulations and discussion

The commercial finite element software (COMSOL) is adopted to validate the effectiveness and accurateness of
the proposed open devices. Simulations are carried out under a transverse electric (TE)planewave or a
cylindrical wave irradiationwith a frequency of 10 GHz in this letter.

Let’s start with the validation of the proposed open cloak. Infigure 2, a unit planewave normally incident
from left to right to investigate the electric field (Ez) distribution around a PECobject or a cloak device. From
figures 2(a) and (b), it is observed that the EMwaves are smoothly guided by the properly designedmaterials and
thewave fronts are restoredwell for both the conventional cloak (figure 2(a)) and the proposed open cloak
(figure 2(b)). However, whenwithout the cloak device, the scattering field of the PECobject is strong, as shown
infigure 2(c). The absence of the scattering fieldwhen a PECobject is covered by the coatedmaterial validates
the invisibility of the proposed open cloak. Twonotes should be clarified here: (1) the strongfields in the vicinity
of the openwindow are caused by the surfacemode resonance excited by themultiple scattering of EMwave
between positive and negativematerials; (2)minor distortion of the field around both the conventional cloak or
the proposed open cloak is due to the fact that the hidden region is stretched from a small square ring rather than
a tiny point. Furthermore, the farfield differential RCS (radar cross section) is calculated here to quantitatively
examine the invisibility of the proposed open-cloak device, as shown infigure 2(d), where the blue-colored line
represents the RCSwith a bare square PEC,while the red-colored line and green-colored line indicate the RCS
with the conventional cloak and the proposed open-cloak device, respectively. The strong scattering field of a
PECobject is almost disappearedwhen the PECobject is coated by a properly designed cloak device, including
the conventional cloak and the open cloak developed here. The greatest reduction occurs at the forward
scattering direction.

Next, we investigate the capability of the proposed open cloak to hide different object with different sizes,
shapes or locations. Three cases are discussed, and thefield distributions of them are calculatedwhen they are
without orwith the proposed open-cloak device, as shown infigure 3. In thefirst case, a unit TE planewave
along x-direction is irradiating on an oval-shaped dielectric object with e m= - =1, 1,o o as shown in
figure 3(a). In this case, scatteringfield is observed, especially in the forward direction. Infigure 3(b), the same
oval shaped dielectric object is coated by the proposed open-cloak device and subjected to the sameTE plane
wave.Obviously, the scattering field generated by the object is greatly reducedwhen the object is covered by the
cloak device. Thus, the oval-shaped object become invisible for the outsideworld. Furthermore, no electric field
penetrates into the core region in this case since the inner boundaries colored by the red lines infigure 1(a) is set
as PEC. In the second case, a cup-shaped object with e m= =3.9, 1o o is instead of the oval-shaped dielectric
object, as shown infigures 3(d) and (e). Similarly, scattering field is observedwhen the cup-shaped object is
directly exposed to the free space (air), as demonstrated infigure 3(d). However, the scatteringfield isminimized
when the object is wrapped by the open-cloak device, and the object become invisible, as illustrated in
figure 3(e). All these two casesmentioned above discussed the capability of the open cloak to hide arbitrary
dielectric object, regardless of its shape, size or location.

In the third case, we replace the dielectric object with amagneticmedium. Figures 3(g) and (h)demonstrate
thefield distribution of a star-shaped object of e = 1,o m = 20o whenwithout andwith the open cloak
respectively. Again, the scattering field caused by the object alone (figure 3(g)) is greatly reducedwhen it covered
with the open cloak device (figure 3(h)). Furthermore, far field differential RCS is calculated for all cases
mentioned above, as shown infigures 3(c), (f) and (i), where blue-colored lines indicate the RCS of the bare
objects exposed in the air, while the red-colored lines represent RCSwith the open-cloaking devices. It is clear
that the scattering field is well suppressedwhen the object is covered by the proposed open device. All
discussions above validate the capability of the proposed open cloak device to hide any object regardless of its
shape, size or location. In a short word, the invisibility is independent of objects, shapes and positions.

Comparing to a traditional cloak device [1, 3, 7–10], the proposed open cloak provides the capability of
material or information convertible with the outer world aswell as an external cloak [12]. However, it should be
noted that the invisibility of an external cloak is greatly depended on a pre-defined position, shape and size of a
hidden object while the proposed device is independent of them,which provides a feasible approach to hide a
moving object. Although the concept of open cloak has been proposed byHan et al [36–38] in 2010, the
inhomogeneity and anisotropy ofmaterial parameters was a big challenge for fabrication. In contrast, the
homogeneous open cloak proposed herewill relax the implementation difficulty of the device. Furthermore,
different from the remote device proposed by Zheng et al [39], the open cloak device developed here is composed
of a compact, embedded and continuously structure which havemore robustness to avoid the field perturbation
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caused by position offset or impedancemismatch thatmay exists in an isolated structure devices, even in a
motion circumstance.

Next, we focus on the validation of the EMfield concentration of the proposed open concentrator. Figure 4
illustrates the distribution of the electric field and the total energy density of the developed novel concentrator.
Infigures 4(a)–(c), a TE planewave is irradiating on the concentrator along the x-direction, the y-direction and
with an oblique incidence angle of p 4,/ respectively. It is observed that the EMwaves are perfectly focused into
the core region of the open concentrator, validating that the field concentrator can bemade open (at least
partially open) to the outsideworldwhile keep the overall performance unchanged. Furthermore, the
simulation results indicate that the field concentration is independent of the incidence direction of the electric
filed and the device is prominently invisible to the outerworld. Infigure 4(d), a line sourcewith unit power
located at (−0.06 m,−0.06 m) is irradiating on the proposed open concentrator. It is observed that the field
concentration effect is also effective under the irradiation of a line source, confirming that this concentration
feature is independent of the stimulus source.

Figures 4(e) and (f) demonstrate the total energy density distribution under the irradiation of a TE plane
wave and a line sourcewave respectively. Obviously, the energy density of the EMwave ismainly focused at the
center region of the device, which further confirms the prominent concentration-effect of the proposed open
concentrator. Three notes differentiate the proposed novel device from the previous remote concentrating
device reported byMadni et al [18]: (1) the coating region are connected to the top and bottomof the core region
in the proposed open-device, while air-gap exists between the core-region and coating region inMadni’s work;
(2) the components that generate open function are embedded in the coatingmaterial,making the proposed
open concentrator still have a continuous and compact structure. Thus, it doesn’t need to adjust the position of
the openwindowwhen the device ismoved into a new location or it need an upgrade of the corematerial. For an
easyword, it hasmore robustness; (3)Most of thematerial parameters are homogeneous and positive, which
provides feasibility to implement.

Figure 2.The electricfield distributions in 2DTE scatteringmode for a PEC circular-shaped object alone and coated by a conventional
cloak or an open cloak. (a)Nearfiled distribution of a PECobject coated by a conventional cloak. (b)Nearfiled distribution of a PEC
object coated by the proposed open cloak. (c) Scattering field of a PECobject in the free space. (d)Comparison of the calculated far
field differential RCS (radar cross section) of (a)–(c).
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Next,we further examine the amplifying effect by putting adielectric object into the core regionof the proposed
open-concentrating device.Wenamed this device as an ‘open-amplifying’device.According toTOmethod, the
material parameters between the virtual space and the transformation space is governedby equation (1). Thus, the
relationship of thematerial parameters between the object embedded in the core region and its virtual image in the
free space are defined as e e m m e m¢ = ¢ = ¢ = ¢ = diag 1, 1, 9 .object image object image core core ( )/ /

Figure 5 illustrates the electric field distribution of the object embedded into the core region of the open-
amplifying device and its virtual image in the free space. Infigure 5(b), a small cup-shaped object with
e m¢ = ¢ =45, 1 is embedded into the core region of the open-amplifying device, while infigure 5(a), a big cup-
shaped object with e m= =5, 1 is directly exposed to the irradiation of a TE planewave. Comparing
figure 5(a)withfigure 5(b), it is observed that the electricfield distribution of them are almost identical,
confirming the effectiveness of the proposed amplifying device to amplify an object that is located at the core
region of the device. Infigures 5(e) and (h), the small cup-shaped object is replaced by a star-shaped object with
e m¢ = - ¢ =1, 1and a circular-shaped object with e m¢ = ¢ =27, 1 respectively. The virtual images of the
star-shaped object and the circular-shaped object infigures 5(e) and (h) are demonstrated infigures 5(d) and (g)
with e m= - =1 9, 1/ and e m= =3, 1 respectively. Again, the identical field distribution of the object in
the proposed device (figures 5(e) and (h)) and its virtual image in the free space (5(d) and 5(g)) validates the
amplification ability of the proposed open device. To quantitatively examine the performance of the amplifying
effect, far field differential RCS of all casesmentioned above are calculated, as shown in figures 5(c), (f) and (i),
where the red-colored lines and blue-colored lines indicate RCS of the object embedded in the open-amplifying
device and their image in the free space, respectively. Obviously, the blue-colored lines and the red-colored lines

Figure 3.Comparison of the electricfield distributions in 2DTE scatteringmode for an object alone in the free space andwith the
open cloak device. (a)Anoval-shaped dielectric object with e = -1,o m = 1o is directly irradiated by a TE planewave along the
x-direction, demonstrating large scattering, while in (b), the scatteringfield is greatly reducedwhen the object is enclosed by the
propose open cloak device. (d)Abare cup-shaped dielectric object with e = 3.9,o m = 1o is subjected to a unit TE planewave, while in
(e), the same object is covered by the open cloaking device. (g)A star-shapedmagnetic object of e = 1,o m = 20o is directly exposed to
a TE planewave, while in (h), the same objects are putted inside the open cloaking device. (c)The farfield differential RCS of (a) and
(b). (f)The far field differential RCS of (d) and (e). (i)The far field differential RCS of (g) and (h).
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almost overlaps and the RCS of them are identical to each other. The simulation results illustrated infigures 5(c),
(f) and (i) validate the excellent amplifying effect of the proposed open device.

Finally, a brief discussion on future experiment of such open devices are taken. There is no denying the fact
that the highly anisotropicmaterial combinedwith negative or near-zero values is still a big challenge to fabricate
in transientmode.One possible approach is usemetamaterial structure with split ring resonators (SRRs) and
metal rods [7, 39–41]. Generally, these highly off-diagonal anisotropy values in the x-y plane should be
transformed to a diagonal tensor for both permittivity and permeability in the u-v plane (a rotating coordinate
system) to facilitate. For example, in a transversemagnetic polarization case, this transformation is given by

m m= ,w
zz e e e e e e= +  - + 4 2,u v

xx yy xx yy xy
, 2 2[ ( ) ]/ where e ,xx e ,xy eyy andmzz are the components of the

off-diagonal parameter tensor in x-y plane, e ,u ev and mw is the components of the diagonal parameter tensor in
the u-v plane. The requiredmediums can be obtained by carefully tune the geometrical sizes of themetamaterial
units and the permittivity of the substrate, which can specifically refer to [39]. However,most of the resonant
based implementation have narrow bandwidth and lossy, which sacrifices the performance of the device.
Another potential approach is use periodical L–C transmission line network, where relevant capacitors and
inductors are used to equivalently realize the required permittivity and permeabilitymediums [42, 43]. Still, L–C
network only valid in the low frequency band (usually below theC-band)where the unit size is far less than
workingwavelength (l 20/ ) and the parasitic effects of lumped components are negligible. Furthermore, the
using of graphene to dynamically tune the permittivity bymeans of chemical doping or gate voltage [44] is a
prospective approach to achieve TO-based device, but it is still challenged to tune an anisotropicmedium.
Fortunately, for a direct current (DC)mode, a remote function cloakwas successfully experimented byChen et.
al in [45], where negative resistor networkwith active elements is used to implement. Therefore, the device
proposal heremay befind experimental verification soon atDC frequency in future, whichmay find potential
applications inmedical and geologic research.

4. Conclusion

In summary, novel open devices with homogeneous properties are proposed and designed, including open
invisibility cloak, openfield concentrator and open amplifying device etc. The open features of the proposed
devices allow formatter and information interactionwith the outside, providing a feasible approach for remote
control or upgrade of the coated object. Complementarymedium and compressedmediumbased onmulti-
folded transformation are used to generate the openwindow and are embedded in the coatingmedium,making

Figure 4.The Electricfield distribution (Ez ) and the total energy density distribution in the vicinity of the proposed openfield
concentrator. ATE planewave is irradiating on the proposed open concentrator along (a) the x-direction, (b) the y-direction, (c) an
oblique incidence angle of p 4./ (d)An line sourcewith a unit power located at (−0.06 m,−0.06 m) is illuminating on the proposed
open concentrator. Total energy density distribution under the illumination of (e) a TE planewave, (f) a line source.
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the open devices proposed here have amuch compact, stable and robust structure than that of the previously
remote devices. The open cloak has the capability to hide objects with arbitrary shapes, sizes and positions. The
open concentrator enhances the EMenergy in a coremediumwhich is opened to the outerworld. The open
amplifying devicemagnifies the scattering field of an object that is embedded in the corematerial and renders the
object to look like another object with a larger size and other parameters. The simulation results validate the
effectiveness of the proposed devices. Although it still a challenge to realize such open devices at high EMband,
we believed that the scheme presented here could be extended to other EMdevices design and promoted the
potential applications in remote control ofmicrowave or optical engineering.
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Figure 5.The Electricfield (Ez ) distributions of an object embedded in the proposed open amplifying device and its amplifying virtual
image in the free space. A unit TE planewave is irradiating on (a) a cup-shaped object withmaterial parameters of e m= =5, 1,
(d) a star-shaped object withmaterial parameters of e m= - =1 9, 1,/ (g) a circular-shaped object withmaterial parameters of
e m= =3, 1.The sameTEPlanewave is irradiating on a small (b) cup- shaped object withmaterial parameters of e m= =45, 1,
(e) star-shaped object withmaterial parameters of e m= - =1, 1, (h) circular-shaped object withmaterial parameters of e = 27,
m = 1 embedded in the proposed open amplifying device. (c)The far field differentials RCS of (a) and (b). (f)The far field differentials
RCS of (d) and (e). (i)the far field differentials RCS of (g) and (h).
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