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A novel EM concentrator with 
open-concentrator region based on 
multi-folded transformation optics
Hamza Ahmad Madni1,2, Khurram Hussain1, Wei Xiang Jiang1, Shuo Liu1, Asad Aziz1, Shahid 
Iqbal1, Athar Mahboob3 & Tie Jun Cui1

Conventional concentrators with inhomogeneous coating materials that fully enclose the destined 
region pose great challenges for fabrication. In this paper, we propose to design an EM concentrator 
with homogeneous materials. Distinguished from conventional ones, the elaborately designed EM 
concentrator features a concentrator region that is open to the outer-world, which is achieved with 
multi-folded transformation optics method by compressing and folding the coating materials to create 
window(s). Based on this concept, we also investigate open-rotator and open rotational-concentrator 
devices, which could simultaneously rotate and store the EM waves in the central destined region. Due 
to the open nature of our proposed designs, we believe they will find potential applications in remote 
controlling with impressive new functionalities.

The mathematical tool of transformation optics (TO)1–6 has proved that any object can be made invisi-
ble for electromagnetic (EM) waves if the object is fully coated with properly designed inhomogeneous ani-
sotropic1 or isotropic inhomogeneous2 materials. Besides the invisibility cloak7–16, EM field-rotator17–20 and 
field-concentrator21–31 have also attained remarkable attention that can rotate the internal propagation direction 
of EM waves, and increases the EM energy in the inner region, respectively, while the external field remains 
undisturbed. Therefore, the foregoing development in TO-based devices1–31 endows materials with very complex 
properties5,8,18 and on the other hand, the demands of manipulating the EM waves in the sense of remote control 
is rapidly increasing in modern world that require compact open-devices with good exposure, easy to upgradea-
ble, and importance of inner-outer world32–34.

Start from concentrator21, Fabry Perot resonances were used to design and fabricate the concentrators35 that 
achieved progressive attraction in novel energy devices. In addition, some unidirectional and angle-dependent 
based concentrators29 have been investigated that work efficiently only in some specific incident wave-angles. 
Beyond this, rotators20 are designed for the polarization and have wide applications in the antennas and 
wave-guiding that provides a reason of linearly polarized into a circularly polarized nature18. By taking the com-
bine effects of concentrators and rotators, this phenomenon can be made in practice for Smart Grid applica-
tions36, large area wide band imaging37, commonly in laser LED-pumped devices38 and also in micro solar cells 
arrays39. Specifically, parabolic concentrators provides practical impacts in radio broadcasting & motion picture 
recording40, while polarization based rotators manipulates effects in some add-drop filter systems41. Meanwhile, 
the TO-based EM concentrators and rotators yield straight path in the manufacturing and applications of 
metamaterials18.

Despite all these facts EM concentrators and rotators possess few discrepancies by representing some known 
reasons. As metamaterials provides very low practical outputs due to their low characteristics and narrow band-
widths5,8,18. Previous work concluded that in the designing of the TO based devices, the material parameters 
were set in inhomogeneous coordinate transformation which is hard to predict the realization phenomenon and 
difficult for fabrication42,43. Beside this, early EM concentrators and rotators show complete invisibility of the des-
tined (concentration and/or rotator) region because of the designing method of these conventional devices that 
involves in the construction of enclosures the destined region by coating with properly designed materials17–31. 
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However, in such conventional recipes, even a pinhole gap in the coating material will lead a deterioration of 
desired functionality. To solve these issues, we have the necessity to design such EM concentrators and rotators, 
which provide clear path for the better outcomes18 when the destined region is not fully coated with any EM 
medium constructed by homogeneous materials that are easy to fabricate.

Now the question raised that whether we can manipulate the EM waves when the air-gap in the homogenous 
coating materials exists. As an answer, in this paper, we propose an easy way to design “open-coating” devices 
by utilizing the linear homogenous transformation method and this interesting phenomenon is associated with 
concentrators, field rotators, and rotational-concentrator. Our proposed work is not only able to rotate but also 
store the EM waves simultaneously and most importantly, the destined region is open to outer world.

Unlike inhomogeneous transformation, here, we divide the imaginary space into several triangular shaped 
segments. Our proposed idea is based on the compression of coating materials and then map it to the transformed 
medium, which leads to creation of window(s) in front of the destined region and the constitutive parameters of 
the proposed device can be obtained by applying multi-folded TO33,34. To understand and validate the proposed 
concept, we will consider three different examples. In the first example, we introduce a different scheme to design 
concentrator with homogenous coating-materials that contains air-gaps in front of the concentrator region but 
the functionality remains unchanged. In this case, the concentrating region will become open to outer-world and 
can be easily used for matter exchange without scratching the whole coating-material. Based on this, we extend 
our idea to construct open-coating rotators to artificially change the propagating direction of EM waves when the 
rotation-region is open to outer world. Finally yet importantly, we proposed an open-coating bi-functional device 
that can rotate and store the EM waves simultaneously. The proposed open-coating concept is devoted to remote 
controlling applications of EM waves and in the other fields of engineering and in each example; the proposed 
open-coated device is placed at a certain distance from the destined region. In the following, full wave finite ele-
ment method is used to demonstrate and validate the expected behavior of our proposed concepts.

Results and Discussions
Conventional concentrators13,21 are based on the radial mapping that store the EM energy in the smaller concen-
trator region. Meanwhile the concentrator device itself is also the example of invisibility as there is no scattering 
for the outside observers. Therefore, the expanding technique is applied in ref.21 and the folding method is used in 
ref.13 to design complementary media based concentrator. Thus, in previous works, the properly designed coating 
material is used to fully enclose the destined region and that coating material is composed by anisotropic and 
inhomogeneous materials that are difficult for practical implementations.

Distinguishing from the aforesaid methods, in our approach, we divide the virtual space of N  segments into 
N2  triangles and then apply two steps to obtain the desired goal. Figure 1 depicts the schematic diagram of the 

proposed open-coating concentrator device in which a square shaped virtual space of total four segments are 
further divided into eight different triangular regions labeled as ...1, 2, 3 8. In the first step, the region 1 of ∆ABC 
and the region 2 of ∆CDB in the virtual space x y z( , , ) is folded into region ∆ ′ ′A B C labeled as ′1  and ∆ ′CDB  
labeled as ′2  in the physical space ′ ′ ′x y z( , , ), respectively. Similarly, the other regions in virtual space labeled by 

 ... 2, 3 8 are accordingly folded into colored regions 2′, 3′… 8′ to design the concentrator. It can be seen in Fig. 1, 
that the air-gap came to exist between the concentrator-region and concentration-coating. Thus, by taking advan-
tage of this facility, in the second step, a compression and folding method is applied by compressing the bigger 
dashed lines into the compressed region I. For example, here, we applied compression technique to regions ′7 , ′8  
and the whole segment is compressed into regions as ″7  and ″8  respectively, so that the coating materials turn into 
open that do not require to enclose the concentration-region.

In the second step of Fig. 1, consequently, we compressed the whole black dashed lined space into the region I 
(represented by x y z( , , )1 1 1 ) and region II (denoted by x y z( , , )2 2 2 ). Whereas, the material parameters of region II 
are obtained from the first step of Fig. 1. Thereafter, to overcome the discontinuity occur due to the compression, 
the compressed region is further coated with the folded regions such as region III (denoted by x y z( , , )3 3 3 ), region 
IV (denoted by x y z( , , )4 4 4 ), and region V (denoted by x y z( , , )5 5 5 ). For detail, taking the second quadrant as an 
example of region III, the ∆ ′PQA  is folded into ∆PQR which can be seen in the purple color of zoom-in view. 
Similarly, region IV and region V in the first quadrant are obtained by folding the space of ′QtA C into the light 
green colored region of QtRS and ∆PtC1  into the golden colored region of ∆PtS1 . Due to the symmetric structure, 
other parts of these complementary regions in third and fourth quadrants can be achieved by rotating all of the 
corresponding tensors by π. The materials used in folded regions are known as complementary materials that are 
also used in lens designs to compensate the space44. xn, yn, and zn indicate the coordinate system of each region, 
where =n 1, 2, 3, 4 and 5.

In the following, full wave simulations of finite element method (COMSOL) are performed in 2D by adopting 
the transverse electric (TE) mode at the frequency of GHz3 . The geometric structure parameter for the both steps 
in SI units are as follows: the total width of the squares = .a 0 17, = .b 0 21, c = 0.25 and the coordinates of 

− . .A( 0 085, 0 085), . .B(0 085, 0 085), − . .C( 0 105, 0 105). . .D(0 105, 0 105), ′ − . .A ( 0 125, 0 125), ′ . .B (0 125, 0 125), 
− .P( 0 21, 0), − .P( 0 09, 0)1 , − . .Q( 0 125, 0 1), − . .R( 0 125, 0 0875), − . .t( 0 105, 0 084),and − . .S( 0 105, 0 0735).The 

obtained material parameters for each region can be seen in method summary.
In Fig. 2, we consider to examine the working performance of proposed open-coating concentrator with the 

proposed close-coating concentrator under the illumination of plane waves with the two different incident angles 
of 0° and 90°, respectively. The electric field (Ez) distributions in all cases (Fig. 2(a–c)) indicate that the electric 
field’s amplitude in the concentrator region is equivalent to that in free space near the outer boundary of concen-
trator. In Fig. 2a, the working functionality of the designed closed-coating concentrator is similar to that in all the 
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previous reported concentrators21. The beauty of proposed concentrator is that the −z  direction space is 
unchanged and concentrator region compresses the space in −x y plane only. Therefore, the total energy flow is 
towards the concentration region and that region is fully covered with the properly designed coated materials, as 
shown in Fig. 2a. Another case is observed in Fig. 2b, to design a concentrator with open-coating materials and 
by comparing the field patterns of Fig. 2a and Fig. 2b, it is evident that the concentration region can be made open 
for the outside observers while the overall performance remains unchanged. Furthermore, to prove the proposed 
device have no limitations of incident waves’ direction, the incident waves have applied at 90° angle, as seen in 
Fig. 2c. The field patterns of Fig. 2c is identical to Fig. 2b and this result is the bonus point to validate the proposed 
concept of this paper. Furthermore, point source (Fig. 2d) and linear source (Fig. 2g) are placed in free space and 
further applied to demonstrate the effectiveness of the proposed concentrator in Fig. 2(d–f) and Fig. 2(g–i), 
respectively. The functionality of proposed devices as shown in Fig. 2(e–f) and Fig. 2(h,i) represents the concen-
tration of the EM wave’s energy in the central destined region. It can be clearly observed that the concentrator 
region is open to outer-world in all cases but functionality remains unchanged. Whereas, the location of point 
source is − . .( 0 3, 0 3) with the current density of A1  and on the other side, the height of linear source is 0.2 m at the 
origin point − .( 0 4, 0) with the electric field intensity of V1 .

A tradeoff is that the material parameters of the above example involves negative values of anisotropic and 
homogeneous materials that have two windows in-front of the concentrator region and these windows can be 
increased as per demand for remote controlling phenomenon. Since the designed concentrator can only store EM 
energy that raise a question that whether we are able to rotate and store EM energy simultaneously, for example, 
make a device that can be used for solar cells and for antenna applications as well. As an answer, we further extend 
the concept of open-coating concentrator into the open-coating rotator first and then combine these two devices 
to obtain the combinational effect.

The schematic diagram of the open-coating rotator is given in Fig. 3 with two different steps. At the first step, 
the ∆ABC of region 1 in virtual space x y z( , , ) is transformed into region ∆ ′ ′ ′A B C  of label ′1  in physical space 

′ ′ ′x y z( , , ) and similarly, other regions in virtual space labeled by  ... 2, 3 8 are accordingly transformed into 

Figure 1. Scheme illustration of the proposed open concentration-coating device that concentrates EM waves 
while the concentrating region is not fully enclosed with the concentration-coating. The mapping of 
concentration-coating is defined as the dashed lines’ regions in virtual space labeled by ....1, 2, 3 8 are 
transformed into a proposed concentrator with eight different regions (here labeled ′ ′ ′.... ′1 , 2 , 3 8 ). In easy 
words, the ∆ABC is folded into ∆ ′ ′A B C and so on. Meanwhile, the bigger square of radius c is compressed into 
a smaller square region of radius a. It should be clearly noticed that the air gap exists between the coated 
material and concentrator region. In the second step, a multi-folded transformation method is applied to create 
a window. As an example, after applying the second transformation function, the regions ′7  and ′8  turns into ″7  
and ″8 , respectively, that is compressed and shifted towards the compressed region and that region is further 
coated with the folding regions.
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colored regions ′ ′ ... ′2 , 3 8  to design the conventional rotator20 made by homogenous materials. Apart from this 
particular step of transformation, the second step of this device is to achieve the isotropic materials of the 
open-coating device. In this regard, based on the specific choice13 of =c b a/2 , the bigger dashed line circle of 
radius c (the origin point is represented by black dot O) is compressed into region I of radius a and that com-
pressed region also contain some mapped regions. As a reference, we compressed the segments of ′6  and ′7  into 
the compressed region II and they became as ″6  and ″7 , respectively. Therefore, the folding materials to cover the 
compressed region is obtained by folding the region −c b( ) into −b a( ).

Hereafter, the proposed designs are analyzed by using COMSOL Multiphysics in transverse electric (TE) 
mode at the frequency of GHz3 . The geometric structure parameters for the both steps in SI units are as follows: 
the total  width of the outer and inner squares are . m0 35 , . m0 25 , and the coordinates of 

= ′ = − . .A A ( 0 175, 0 175),  = ′ = . .B B (0 175, 0 175),  − . .C( 0 125, 0 125),  ′ . .C (0 125, 0 125),  − .O( 0 14, 0), 
= .a m0 04 , = .b m0 05 , and = .c m0 0625 . The obtained material parameters for each region can be seen in 

method summary.
The simulation results are shown in Fig. 4(a–c). Figure 4a shows the rotator’s field pattern in which the rota-

tion region is fully encapsulated with the homogenous coating materials. Anyway, the functionality of our pro-
posed rotator is equivalent to previously reported work20. Meanwhile, the Fig. 4b is the case of open-coating 

Figure 2. Simulation results of open-coating concentrator under different incident waves. (a) Electric field (Ez) 
distributions for the proposed concentrator under the illuminations of plane waves with incident angles of 0° 
and same incident waves are applied in (b) for the open-coating concentrator. (c) The incident angle of 
propagating waves are changed to 90° for (b). In all cases, the functionality of proposed concentrator is 
equivalent to previously designed TO-based concentrators21. (d) The EM waves of point source is concentrated 
in (e) closed concentrator and (f) open-concentrator. Similarly, emission of linear source in (g) is concentrated 
in (h) closed concentrator and (i) open-concentrator. In all cases, the results give the immediate validation of 
the proposed open-concentrator device.
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rotator in which the rotation region is open to the outer world. It can be clearly seen from Fig. 4(a,b) that the 
incident plane waves are impinging the devices with 0° angle and the devices rotate the EM waves with 90° angle 
in the destined region. In order to validate the bi-directional property of our proposed design, the incident wave 
is propagating along the 90° angle and as a result, the open-coating rotator’s functionality is efficiently achieved, 
which can be seen in Fig. 4c.

Compared with the open-coating concentrator as discussed previously in Fig. 1, in this case, the EM waves are 
rotated but not concentrated. By taking advantage from these two proposed designs, here, we plan to merge the 
first step of Fig. 1 into the first step of Fig. 3, which can be clarified in Fig. 5. In simple words, the outer coating 
layers are composed by rotators as the rotation region is free space, so in that free space the concentrator device is 
merged. The red lines are used to differentiate the concentrator and rotator boundaries. This bi-functional device 
is proposed to have the rotation and concentration of EM waves at the same time and we assume that device as 
a virtual space for the next step to make it like open-coating device. The procedure to make it open, again the 
second step of Fig. 3 is recalled. The geometric structure, constitutive parameters and working frequency of this 
particular device are same as described earlier for Figs 2, 4. For more details see method summary.

After that, simulations are performed and the results are shown in Fig. 6(a–c). Figure 6a validates the working 
performance of proposed bi-functional device that is rotating and concentrating the EM field at the same time 
in the destined region. In this case, the destined region is fully covered with the combination of proposed rotator 
(Fig. 3) and proposed concentrator (Fig. 1). Figure 6b is a case of open-coating device in which the destined 
region is open to the outer world. It can be observed in Fig. 6(a,b) that the incident plane waves are impinging 
the devices with 0° angle and the device rotate and concentrate the EM waves with 90° angle in the destined 
region. In Fig. 6c, the incident wave propagates along the 90° angle and the efficiency of proposed device remains 
unchanged.

It can be observed that there exist some negligible distortions in EM waves due to the resonance of the inci-
dent wave between the positive index material and negative index metamaterials to compensate each other. 

Figure 3. Scheme illustration of the proposed open rotation-coating device that rotates the EM field while the 
rotation region is not fully enclosed with the rotation-coating. A linear homogeneous coordinate 
transformation is used to design the rotator by constructing several triangle regions in virtual space. At the first 
step, the mapping of rotation-coating is defined as the dashed lines’ regions in virtual space labeled by 

....1, 2, 3 8 are transformed into a conventional rotator with eight different regions (here labeled ′ ′ ′.... ′1 , 2 , 3 8 ). 
In easy words, the ∆ABC is mapped into ∆ ′ ′ ′A B C  and so on. The material parameters of the proposed rotator 
designed from this method are homogeneous and easy to fabricate. In the second step, bigger dashed lines circle 
is compressed into region I and region II (contained mapped medium of ′6  and ′7  regions), and then isotropic 
folded material is used to coat the compressed region.
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Theoretically, there should be no distortions according to the wave theory because of the existence of both folding 
space and resonance. However, for simulation case, it requires finest mesh to vanish the wave’s distortions.

Conclusion
Based on multi-folded TO, we proposed devices of homogeneous and anisotropic materials to manipulate the EM 
waves and further created air-gap between the coated materials in order to make destined region open to outer 

Figure 4. Simulation results of open-coating rotators. (a) Electric field (Ez) distributions for the proposed 
rotator under the illuminations of plane waves with incident angles of 0° and same incident waves are applied in 
(b) for the open-coating concentrator. (c) The incident angle of propagating waves are changed to 90° for (b). In 
all cases, the functionality of proposed rotator is equivalent to previously designed TO-based rotators20.

Figure 5. Scheme illustration of the proposed open-coating bi-functional device that first rotates and then 
concentrates the EM waves at the same time while the concentrator region is not fully enclosed with the coating 
materials. In the first step, the proposed bi-functional device is achieved by combining the first step of both 
Fig. 1 and Fig. 3, distinguished by the red lines boundaries. For second step, Fig. 3 (second step) has been 
recalled to make the proposed device open.
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world. Meanwhile, the structure of open-coating devices are composed by mapped EM medium merged inside 
the compressed region that is further coated with negative index materials. The simulation results validated each 
case of different proposed structures and verified that the dielectric region can store and rotate the EM waves 
without any physical connectivity of coating materials. These features of proposed concept will be very helpful for 
future remote controlling applications in microwave and optical engineering.

Methods
Before moving to the next steps, we consider the mapping shown in Fig. 7, which uniquely maps every point x y( , ) 
of Fig. 7a in a new region ′ ′x y( , ) as shown in Fig. 7b. The transformation material of the new space ′ ′x y( , ) can be 
related to its original space x y( , ) by:

ε
ε

µ
µ

′ =

′ =

J J
J

J J
J

det

det (1)

T

T

0

0

where J  is the Jacobean tensor and for triangular shape only in 2D transformation, the Jacobean matrix can be 
found as:
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In accordance to achieve the ultimate goal, in this paper, we focused on to achieve homogenous materials by 
using triangular shape regions. Thus, Eqs (1,2) will play an important role in designing the proposed devices.

We start from the first step of open-coating concentrator as mentioned in Fig. 1. Here, the bigger square of size 
= .c m0 25  is compressed into = .a m0 17  with the following transformation equations:

Figure 6. Simulation results of open-coating bi-functional device. (a) Electric field (Ez) distributions for the 
proposed bi-functional device under the illuminations of plane waves with incident angles of 0° and same 
incident waves are applied in (b) for the open-coating bi-functional device. (c) The incident angle of 
propagating waves are changed to 90° for (b).

Figure 7. Representation of the linear homogeneous coordinate transformation in the virtual and real space. 
(a) The assumed triangular region of free space ε µ( )0 0  in the Cartesian coordinate system is geometrically 
transformed into (b) another triangular shape.
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′ =

′ =

′ =

x a
c

x

y a
c

y

z z (3)

Thus, the constitutive parameters of that region will become as: ε µ′ = ′ = . .diag[1, 1, (0 25/0 17) ]a a
2 . In the 

same step, when ∆ABC of region 1 and ∆CDB of region 2 is folded into region ∆ ′ ′A B C named as ′1  and ∆ ′CDB  
named as ′2  respectively, the coordinates parameters of each point is known so this phenomenon is similar as 
mentioned in Fig. 7. So, by taking help from Eqs (1–2), the constitutive parameters will become as:
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The same procedure is applied to find the material parameters of all other regions such as:
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In the second step (Fig. 1), the bigger black dashed lines are compressed with the following transformation 
equations:

κ
′ =
′ =
′ =

x x
y y
z z (4)

where κ is the compression ratio of .0 7. So, the material properties of region I and region II will become as:
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After that folding transformation is applied and for each region as described in Fig. 1 (second step), the mate-
rial parameters will become as:
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where as, the subscripts of ε′ and µ′ indicate the material parameters of that concerned region only. It can be 
clearly observed from the constitutive parameters that the inhomogeneity of designed concentrator is completely 
removed, and only anisotropy is required to obtain the desired functionality.

For open-coating rotator (Fig. 3), in the first step, the conventional rotator is designed by simply mapping the 
region 1 as ∆ABC into region ∆ ′ ′ ′A B C  of label ′1  and similarly, other regions labeled as ...2, 3 8 in virtual space 
are accordingly transformed into colored regions ′ ′... ′2 , 3 8 . Thus, by seeking help from Eqs (1,2), the constitutive 
parameters of the device will become as:
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In the second step (Fig. 3), the bigger dashed lines circle is compressed into smaller blue colored circle with 
the following transformation equations:
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′ = + −

′ =

′ =

x a
c

x x x a
c

y a
c

y

z z (5)

0 0

So, the material properties of region I and region II will become as:

ε µ ε µ ε µ′ = ′ = ″
″

= ″
″





















″
″

= ″
″





















.diag c a c
a

c
a

[1, 1, ( / ) ],
1 5 0
5 26 0
0 0 ( )

,
1 7 0
7 50 0
0 0 ( )

I I II II II II
2

7 7 2 6 6 2

Similarly the, material parameters of region III are obtained from ref.13 that are: ε µ′ = ′ = −diag[ 1,III III , 
− − b r1, ( / ) ]4  while = − +r x x y( )0

2 2  and = − .x 0 140 .
For open-coating bi-functional device (Fig. 5), the constitutive parameters for both first and second step will 

remain similar as that of the obtained material parameters of Figs 1 and 3 except the folding regions. It should be 
noticed that the second step for this proposed design is achieved by recalling the Fig. 3 (second step), with the 
same geometric and material parameters except the value of = − .x 0 150 .

References
 1. Pendry, J. B. et al. Controlling electromagnetic fields. Science 312, 1780–1782 (2006).
 2. Leonhardt, U. Optical conformal mapping. Science 312, 1777–1780 (2006).
 3. Liu, Y. et al. Recent advances in transformation optics. Nanoscale 4, 5277–5292 (2012).
 4. Yan, M. et al. Cylindrical superlens by a coordinate transformation. Phys. Rev. B 78, 125113 (2008).
 5. Kwon, D.-H. et al. Transformation electromagnetics: An overview of the theory and applications. IEEE Antenn. Propag. M. 52(1), 

24–46 (2010).
 6. Chen, H. et al. Transformation optics and metamaterials. Nat. Mater. 9, 387–396 (2010).
 7. Yang, Y. et al. Full‐Polarization 3D Metasurface Cloak with Preserved Amplitude and Phase. Adv. Mater. 28(32), 6866–6871 (2016).
 8. Schurig, D. et al. Metamaterial electromagnetic cloak at microwave frequencies. Science 314, 977–980 (2006).
 9. Li, J. et al. Hiding under the carpet: a new strategy for cloaking. Phys. Rev. Lett. 101, 203901 (2008).
 10. Leonhardt, U. et al. Broadband Invisibility by Non-Euclidean Cloaking. Science 323, 110–112 (2009).
 11. Zhang, B. et al. Macroscopic Invisibility Cloak for Visible Light. Phys. Rev. Lett. 106, 033901 (2011).
 12. Shi, X. et al. Electromagnetic Detection of a Perfect Carpet Cloak. Sci. Rep. 5, 10401 (2015).
 13. Lai, Y. et al. Complementary media invisibility cloak that cloaks objects at a distance outside the cloaking shell. Phys. Rev. Lett. 102, 

093901 (2009).
 14.  Yang, Y. et al. Full-polarization 3D metasurface cloak with preserved amplitude and phase. Adv. Mater. 201600625 (2016).
 15. Lan, C. et al. Electrostatic Field Invisibility Cloak. Sci. Rep. 5, 16416 (2015).
 16. Yang, Y. et al. A metasurface carpet cloak for electromagnetic, acoustic and water waves. Sci. Rep. 6, 20219 (2016).
 17. Luo, Y. et al. Design and analytical full-wave validation of the invisibility cloaks, concentrators, and field rotators created with a 

general class of transformations. Phys. Rev. B 77(12), 125127 (2008).
 18. Chen, H. et al. Design and experimental realization of a broadband transformation media field rotator at microwave frequencies. 

Phys. Rev. Lett. 102(18), 183903 (2009).
 19. Chen, H. et al. Transformation media that rotate electromagnetic fields. Appl. Phys. Lett. 90(24), 241105 (2007).
 20. Kwon, D.-H. et al. Polarization splitter and polarization rotator designs based on transformation optics. Opt. Express 16(23), 

18731–18738 (2008).
 21. Rahm, M. et al. Design of electromagnetic cloaks and concentrators using form-invariant coordinate transformations of Maxwell’s 

equations. Photon. Nanostruct. Fundam. Appl. 6, 87 (2008).
 22. Yaghjian, A. D. et al. Alternative derivation of electromagnetic cloaks and concentrators. New J. Phys. 10, 115022 (2008).
 23. Navau, C. et al. Magnetic energy harvesting and concentration at a distance by transformation optics. Phys. Rev. Lett. 109, 263903 

(2012).
 24. Bian, B. R. et al. Cylindrical optimized nonmagnetic concentrator with minimized scattering. Opt. Express 21, A231–A240 (2013).
 25. Sadeghi, M. M. et al. Perfect field concentrator using zero index metamaterials and perfect electric conductors. Front. Phys. 9, 90–93 

(2014).
 26. Yu, G. X. et al. Non-rotationally invariant invisibility cloaks and concentrators of EM waves. Eur. Phys. J. Appl. Phys. 44, 181–185 

(2008).
 27. Lin, L. et al. A cone-shaped concentrator with varying performances of concentrating. Opt. Express 16, 6809–6814 (2008).
 28. Yang, J. J. et al. Metamaterial electromagnetic concentrators with arbitrary geometries. Opt. Express 17, 19656–19661 (2009).
 29. Li, W. et al. Homogeneous-materials-constructed electromagnetic field concentrators with adjustable concentrating ratio. J. Phys. D: 

Appl. Phys. 44, 125401 (2011).
 30. Li, T. H. et al. Three dimensional electromagnetic concentrators with homogeneous material parameters. Prog. Electromagn. Res. M. 

18, 119–130 (2011).
 31. Zhang, K. et al. Cylindrical electromagnetic concentrator with only axial constitutive parameter spatially variant. J. Opt. Soc. Am. B 

28, 1573–1577 (2011).
 32. Zheng, B. et al. Concealing arbitrary objects remotely with multi-folded transformation optics. Light-Sci. Appl. 5, e16177 (2016).
 33. Madni, H. A. et al. Non-contact radio frequency shielding and wave guiding by multi-folded transformation optics method. Sci. Rep. 

6, 36846 (2016).
 34. Madni, H. A. et al. Non-contact method to freely control the radiation patterns of antenna with multi-folded transformation optics. 

Sci. Rep. 7, 13171 (2017).
 35. Sadeghi, M. M. et al. Optical Concentrators with Simple Layered Designs. Sci. Rep. 5, 11015 (2015).
 36. Schroeder, J. et al. Adaptive Data Collection Mechanisms for Smart Monitoring of Distribution Grids. arXiv 1608, 06510v1 (2016).
 37. Hunter, R. et al. Large area W-band quasi-optical Faraday rotators for imaging applications. in Infrared and Millimeter Waves.13th 

International Conference on Terahertz Electronics (2005).
 38. Pichon, P. et al. Alexandrite laser LED-pumped via Ce-doped luminescent concentrators. The European Conference on Lasers and 

Electro-Optics. Optical Society of America (2017).



www.nature.com/scientificreports/

1 0SciENtific REPORTs |  (2018) 8:9641  | DOI:10.1038/s41598-018-28050-4

 39. Jutteau, S. et al. Micro Solar Concentrators: Design and fabrication for microcells arrays. Photovoltaic Specialist Conference (PVSC) 
(2015).

 40. Coile, R. C. The parabolic sound concentrators. J. Acoust. Soc. Am. 11, 167 (2005).
 41. Chen, G. et al. Polarization rotators in add-drop filter systems with double-ring resonators. IEEE Photon. Technol. Lett. 26(10), 

976–979 (2014).
 42. Jiang, W. X. et al. Design of arbitrarily shaped concentrators based on conformally optical transformation of nonuniform rational 

B-spline surfaces. Appl. Phys. Lett. 92(26), 264101 (2008).
 43. Sun, F. et al. Homogenous optic-null medium performs as optical surface transformation. Prog. Electromagnetics Res. 151, 169–173 

(2015).
 44. Pendry, J. B. et al. Near-field lenses in two dimensions. J. Phys.: Condens Matter 14, 8463–8479 (2002).

Acknowledgements
This work was supported in part from the National Science Foundation of China under Grant Nos. 61631007, 
61571117, 61501112, 61501117, 61522106, 61722106, 61701107, and 61701108, and 111 Project under Grant 
No.111-2-05. H.A. Madni acknowledges the support of the Higher Education Commission’s Start-Up Research 
Grant Program, Pakistan under Grant No. 21-1742/SRGP/R&D/HEC/2017, and the support of the Postdoctoral 
Science Foundation of China at Southeast University, Nanjing, China, under Postdoctoral number 201557.

Author Contributions
H.A. Madni designed the devices and carried out the simulations. K. Hussain, S. Liu, W.X. Jiang, A. Aziz, S. 
Iqbal, A. Mehboob and T.J. Cui analyzed the data and interpreted the results. H.A. Madni, S. Liu, W.X. Jiang, A. 
Mehboob and T.J. Cui draft the manuscript with the input from the others. T.J. Cui supervised the project.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	A novel EM concentrator with open-concentrator region based on multi-folded transformation optics
	Results and Discussions
	Conclusion
	Methods
	Acknowledgements
	Figure 1 Scheme illustration of the proposed open concentration-coating device that concentrates EM waves while the concentrating region is not fully enclosed with the concentration-coating.
	Figure 2 Simulation results of open-coating concentrator under different incident waves.
	Figure 3 Scheme illustration of the proposed open rotation-coating device that rotates the EM field while the rotation region is not fully enclosed with the rotation-coating.
	Figure 4 Simulation results of open-coating rotators.
	Figure 5 Scheme illustration of the proposed open-coating bi-functional device that first rotates and then concentrates the EM waves at the same time while the concentrator region is not fully enclosed with the coating materials.
	Figure 6 Simulation results of open-coating bi-functional device.
	Figure 7 Representation of the linear homogeneous coordinate transformation in the virtual and real space.




