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Abstract

				Invisibility cloaks have experienced a tremendous development in the past few years, but the current technologies to convert the cloaks into practical applications are still facing numerous bottlenecks. In this paper, we provide the review of the challenges and recent progress in the invisibility cloaks from a practical perspective. In particular, the following key challenges such as non-extreme parameters, homogeneity, omnidirectivity, full polarization, large scale and broad band are addressed. We analyze the physical mechanisms behind the challenges and consequently evaluate the merits and defects of the recent solutions. We anticipate some compromises on the ideal cloaks are required in order to achieve practical invisibility cloaks in the future.
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1 Introduction
Generally, when the light is incident onto an object, the scattering fields will make the object visible to the observers (Figure 1a). If the total summation of the scattering fields is zero, the object will become invisible. An invisibility cloak is such a device that can totally suppress the scattering of the object. It can smoothly guide the light around the hidden object as if nothing were there (Figure 1b). Usually, an ideal invisibility cloak in people’s mind is: zero scattering, omnidirectional, broadband, phase preserved, large scale, independent of the hidden objects and of environment background, and polarization-insensitive.

				[image: thumbnail]	Figure 1.
						(a) The scheme that an object is illuminated with light from left. When light is incident onto an object, the scattering fields will make the object visible to observers. (b) An invisibility cloak can totally suppress the light scattering and guide light around the hidden object, as if nothing were there.

					



			With the development of metamaterials [1, 2], it is scientifically possible to realize the invisibility, which has attracted great research interests in electromagnetic community. In the past few years, scientists have made remarkable efforts to achieve invisibility. In 2005, Alù and Engheta attempted to achieve the invisibility with the method of scattering cancellation [3]. By adopting plasmonic materials coated on an object, the total scattering of these two objects together can be cancelled and hence these two objects as a whole can be invisible. The cloak designed by this method is dependent of the hidden object. As this method only consider suppressing the dipole mode, it is limited to sub-wavelength scale. In 2006, Pendry et al. [4] and Leonhardt [5] independently proposed their invisibility cloak design strategies. Utilizing the “metric invariance” of Maxwell’s equations, Pendry et al. proposed to create a “hole” in physical space based on a coordinate transformation. In Pendry et al.’s method, light can be smoothly guided around the hidden object and propagate through the cloak without any perturbation. On one hand, the advantages of this method is that both path and phase of light are preserved, and therefore the cloak based on this method is very close to the ideal invisibility cloak in people’s mind. On the other hand, due to the phase preservation requirement, light propagates with a superluminal phase velocity in the cloak, and thus the bandwidth is limited for a cloak working in air environment [6]. In Leonhardt’s cloak, a complex plane with properly chosen branch cuts and Riemann sheets is adopted [5, 7]. It is possible to get rid of the superluminal velocity of electromagnetic waves in the cloak by virtue of non-Euclidian transformation, for the reason that the phase will not be preserved. Therefore, Leonhardt’s cloak is a ray-optics cloak rather than a wave cloak. As the design and realization of both the Pendry et al.’s cloak [4] and Leonhardt’s cloak [5] are associated with very rigorous requirements, the experimental investigations are very rare compared with plenty of theoretical studies. In particular, achieving an invisibility cloak in reality is a big challenge. It should be noted that the transformation optics not just can be applied to invisibility cloak, actually, it is a powerful tool for designing a wide variety of optical devices, such as lens [8–11], concentrator [12], rotator [13, 14], bending waveguide [15, 16], optical black hole [17], et al., and we refer the reader to some recent reviews [18–20].
In this paper, we start from the theory of transformation optics and review the challenges and the recent progress in the invisibility cloaks from a practical perspective. In particular, we mainly focus on challenges of pushing invisibility cloaks towards reality and experimental investigations. Particular stress is laid on the following main challenges:
						
						non-extreme parameters,

					

						
						homogeneity,

					

						
						omnidirectivity,

					

						
						full polarization,

					

						
						broad band.

					

				

			We analyze the physical mechanisms behind these challenges and evaluate the merits and defects of the recent solutions. At the end, we provide our viewpoint for designing practical invisibility cloaks. Representative but non-exhaustive references are listed in a table.
2 Transformation optics: guiding light to make objects invisible
Assume the lines of electric or magnetic force are fixed to the coordinates. Thus when the coordinate system is distorted, the lines of force are also distorted, which means we can transform the coordinate system to another one to reshape the trajectories of the fields [20]. The coordinate system before transformation is defined as virtual space, and the one after transformation defined as physical space. Due to the metric invariance of the Maxwell’s equations [4], in the physical space or transformed space, the form of Maxwell’s equations maintain the same, only the values of permittivity and permeability are changed. Let’s start from Maxwell’s equations [21]. Before the transformation, the equations are:[image: thumbnail](1)
			
If we apply a coordinate transformation [image: equation], the equations maintain the same forms in the new coordinate system [4, 22]:[image: thumbnail](2)
			
Constitutive parameters in the new coordinate [image: equation], [image: equation] can be expressed by original ones [image: equation], [image: equation]:[image: thumbnail](3)
			
where [image: equation] is the Jacobean transformation matrix between the physical space and the virtual space.
Let’s take a cylindrical cloak for example [23, 24]. The scheme of the cylindrical cloak is to transform a circle with 0 < ρ < b in the virtual space to an annulus with a < ρ′ < b in the physical space, as shown in Figure 2. The center point in the virtual space is therefore transformed to a circle (the hidden region) in the physical space. The transformation equations between two spaces are as follows:[image: thumbnail](4)

					[image: thumbnail]	Figure 2.
						A circle in the virtual coordinate space (a) is transformed to an annulus in the physical coordinate space (b). The center point in the virtual space is therefore transformed to a circle (the small circle) in the physical space. The small circle and the big circle are the internal and external boundaries of the cloak respectively. The green lines represent the trajectories of light.

					



			where ρ′, θ′, z′ are the radial, angular and vertical coordinates in the coordinate physical space respectively, and ρ, θ, z are the radial, angular and vertical coordinates in the virtual coordinate space respectively. Using the coordinate transformation method, we can get the constitutive parameters of the cloak in the physical space (in the following, we drop the primes for aesthetic reasons):[image: thumbnail](5)
			
In the original coordinate system, the light rays go straight from left to right (Figure 2a). While in the transformed coordinate system, the light rays fixed to the coordinate now are bent around the cloak, thus the objects inside cloak are undetectable (Figure 2b).
3 Challenges and progress
The transformation optics provides a very powerful tool to design the invisibility cloaks, but the constitutive parameters of these theoretically ideal cloaks are difficult to achieve. Take a glance at the constitutive parameters of an ideal cylindrical cloak (Eq. (5)), one can find that this cloak requires both electric and magnetic anisotropic materials and the relative permittivity and permeability should be ideally equal to each other. This is the first challenge for fabricating a cloak. The reason is that, to achieve identical electric and magnetic constitutive parameters, it is necessity to use the extremely fine nanofabrication for metamaterials and is very difficult to implement with the current technologies. The second challenge is that the values of the parameters are space dependent in radial direction, i.e., the materials of the cloak are inhomogeneous. In the experimental realization, this continuously varying parameters need to be discretized, but the discretization will deteriorate the invisibility performance [25]. If look into further, one can find the third challenge is that, the constitutive parameters contain extreme values, for example, at ρ = a, εθ and μθ reach infinite, and in the cloaking region (a < ρ < b), these parameters should cover all the values in the range from 0 to ∞. This stringent requirement becomes looser for a spherical cloak [4], where the constitutive parameters only need to cover all the values in the range from 0 to 1. However, implementation of all of these parameters is still a big challenge. To overcome these challenges, both theoretical and experimental works have been investigated in the past few years. In the following, we will review the physical mechanisms behind these challenges, theoretical solutions and experimental investigations, from a practical perspective.
3.1 From ideal cloak to practical cloak: removing extreme parameters requirement
As extreme parameters hinder the experimental realization of the invisibility cloaks, removing such parameters but still keeping acceptable invisibility performance is the first task scientists need to face when pushing the cloak from an ideal one to a practical one. The physical mechanism behind this challenge is that the coordinate transformation is from a line/point in the virtual space to a surface in the physical space at the inner boundary of the cylindrical/spherical cloak.
Let’s first take the cylindrical cloak for example, as the z component electromagnetic fields are nonzero everywhere except in the hidden region, electric and magnetic surface currents along the θ direction should exist at the inner boundary of the cloak in order to satisfy the discontinuity of the tangential z component of electromagnetic fields. This requires both εθ and μθ to be infinite in order to generate the surface currents [26, 27]. Besides, when electromagnetic waves propagate along z direction, the phase velocity of the waves propagating in the cloak should be equal to those propagating in air, which will require [image: equation]. As εθ = μθ = ∞, one can see ερ, μρ have to be zero. Note that as this transformation is phase preserved, i.e. the phase at the inner boundary of the cloak should be the same as the counterpart at the point in virtual space, the phase velocity at the inner surface should be infinite, i.e. [image: equation]. This requires either (or both) of the ρ and z components of the permittivity and permeability to be zero in order to satisfy this phase preservation. It should also be noted that ερ = μρ = 0 is a necessary condition in order to meet the phase preservation requirement, while the values of εz, μz don’t have to equal 0. For example, with certain transformation functions, εz, μz can be kept as nonzero constants everywhere in the cloak [28].
For the spherical cloak, the transformation is from a point to a spherical surface. The fields cannot be decomposed into the transverse electric and transverse magnetic fields. Because the tangential fields (the θ and φ components of the electromagnetic fields) at the inner surface of the spherical cloak are counterparts of the center point in the virtual space, which is a singularity so that the θ and φ components of the electromagnetic fields cannot be defined in the spherical coordinate system, they have to be zero. Thus the boundary condition of the tangential fields at the inner surface of the spherical cloak is automatically satisfied, and does not require infinite values of the permittivity and permeability. The extreme parameters are not necessary. It doesn’t like the cylindrical cloak where the tangential z components of the electromagnetic fields (which can be accurately defined in the center point in virtual space) are discontinuous at the inner surface of the cloak. So in the spherical cloak, only the phase preservation requirements need to be considered. As the phase velocity at the inner surface should be infinite, i.e. [image: equation] and [image: equation], it requires μr = 0 and εr = 0.
Therefore, when consider removing the extreme parameters, we are mostly talking about the cylindrical cloak. To overcome this challenge, one possible approach is to simplify the singular parameters to nonsingular ones by using the eikonal approximation, i.e. altering the impedance but keeping the refractive index unchanged; the other approach is to adopt the so-called carpet cloak strategy.
In the first approach, considering the TE-polarization (Ez polarization), only three components εz, μρ, μθ are involved. Although μθ is singular at ρ = a, the index of refraction [image: equation] is a constant. Therefore, by retaining the index of refraction unchanged, i.e. the trajectories of reflected and refracted light will stay the same, while altering the impedance, we can remove the extreme parameters of μθ. The parameters of the reduced cloak can be simplified as [23, 24], [image: equation], [image: equation], μθ = 1. To overcome the inhomogeneity, the cloak is discretized into several homogeneous regions, which are experimentally realized with split-ring resonators (SRRs), as shown in Figure 3a. This is also the first experimental demonstration of the transformation optics based cloak. A similar concept was extended to TM-polarization (Hz polarization) [29–33], where the constitutive parameters can be reduced as [29, 31, 34], μz = 1, [image: equation], [image: equation]. Besides, this cloak is nonmagnetic, thus it can be applied to optical spectrum [34]. The performance of the reduced-parameter cloak was experimentally demonstrated in microwave frequency (Figure 3b). The experimental measurement results of both reduced cloaks show that the forward and backward scattering strongly decrease. However, due to simplification, these cloaks will still lead to considerable scattering, which can be improved by some higher order transformation functions [30, 32, 33].

						[image: thumbnail]	Figure 3.
							A reduced microwave omnidirectional cloak for (a) TE-polarization wave [24] and (b) TM-polarization wave [31].

						



				Another way to eliminate the extreme parameters is to adopt the coordinate transformation from a surface in the virtual space to another surface in the physical space, which is the so-called carpet cloak [35–37]. The carpet cloak concept was first proposed by Li and Pendry in 2008, as shown in Figure 4 [38], which can render an object invisible on a reflective surface. Physically, the two surfaces in different spaces only change the scale in a finite domain, so the constitutive parameters are non-extreme. In order to simplify the parameters further, quasiconformal mapping is applied to minimize the anisotropy of the materials. By replacing these materials with isotropic ones, a cloak consisting of non-extreme and isotropic materials is achieved. When embedding the quasiconformal mapping carpet cloak in a certain background, all parameters of the cloak are isotropic and greater than one, leading to broad bandwidth and low loss. We should note that the carpet cloak concept has also been extended for surface wave [39–41].

					[image: thumbnail]	Figure 4.
							(a) The scheme of quasiconformal mapping carpet cloak. A hidden area in the physical system is mapped into a ground plane in the virtual system. (b) The profile n2 after transformation. (c) The replaced profile n2 without anisotropy from quasiconformal mapping. (d) Electric field distribution in z direction with cloak. (e) Electric field distribution in z direction without cloak [38].

						



				The first experimental verification of quasiconformal mapping carpet cloak has been carried out by Liu et al. [42]. This carpet cloak is composed of nonresonant metamaterial elements working in microwave frequency (Figure 5a). Later, several similar cloaks with different operating frequencies have been also realized. With the aid of nanotechnology, reference [43] (Figure 5b) and reference [44] (Figure 5c) experimentally demonstrate optical quasiconformal mapping carpet cloaks independently. In reference [43], holes in silicon with varying density are designed to define the effective refraction index required. While in reference [44], nanometer-size silicon structures etching in the SOI wafer yield spatial effective refraction index profile. A similar carpet cloak working at terahertz frequency has been also realized in reference [45], which is composed of polymer with different-size holes (Figure 5d). More quasiconformal mapping based carpet cloaks have been realized in microwaves [46–49] and visible light spectrum [50, 51].

					[image: thumbnail]	Figure 5.
							Quasiconformal mapping based carpet cloaks. (a) A 2D microwave carpet cloak [42]. (b)–(c) 2D optical carpet cloaks [43, 44]. (d) A 2D terahertz carpet cloak [45]. (e) A 3D optical carpet cloak [52]. (f) A 3D microwave carpet cloak [53].

						



				Unlike the 2D cloaks, most of which usually work for certain polarization in a plane, the 3D cloaks inherently work for full polarization in a 3D space. Two 3D isotropic carpet cloaks with different operational frequencies have been realized recently. In these cloaks, polarization-insensitive metamaterials to yield spatially varying refraction index are properly designed. The metamaterial elements of the 3D optical carpet cloak are woodpile photonic crystals with tailored polymer filling fraction in reference [52] (Figure 5e), while their microwave counterpart are drilling inhomogeneous holes in multilayered dielectric plates in reference [53] (Figure 5f). However, the later theoretical research manifests that anisotropy is intrinsically required for a 3D carpet cloak with rotational symmetry [54]. For the 3D isotropic carpet cloak, when the rays incident with kϕ ≠ 0, the cloak will not properly redirect the rays [54]. It should be noted that the isotropic 3D carpet cloaks still clearly reduce the scattering of the hidden objects.
Though successfully demonstrated, the quasi-conformal mapping carpet cloaks still have some limitations. Firstly, the spatially varying index of refraction makes the fabrication challenging. Secondly, compared with the cloak shell, the hidden region is too small. Finally, the approximation of replacing the anisotropy materials with isotropic ones will introduce a lateral shift of the scattered waves. This lateral shift is comparable to the height of hidden region, which will render the cloak detectable [55].
Besides these two strategies, another successfully demonstrated method is based on inductor-capacitor transmission line network. In this method, the metamaterials are replaced by lumped elements, which can easily control each component of the constitutive parameters and thus make the full-parameter omnidirectional cloak a reality. However, due to the lumped elements, these cloaks can only work at low frequency, which may limit their practical application [56, 57].
3.2 From wavelength scale cloak to large scale practical cloak: removing inhomogeneity requirement
Large scale cloaks are requisite for practical applications, for example, hiding a plane, a car, or even a living creature, such as a human being. As we look back to the cloaks mentioned above, one can find that these cloaks are usually with size less than ten-wavelength, owing to the challenge of fabricating large scale inhomogeneous materials. The inhomogeneous parameters result from the nonlinear coordinate transformation. Properly choosing the coordinate transformation may remove the inhomogeneity of the parameters, and therefore makes the large scale invisibility cloaks much easier to realize. The first theoretical cloak with homogeneous parameters was proposed by Sheng et al. [58]. They proposed a linear coordinate transformation strategy to design a one-dimensional cloak, as shown in Figures 6a–6d, wherein the diamond space in the virtual space demonstrated by the angle α is compressed into the space (α − β) in the physical space. One can see that a one-dimensional cloak with only one anisotropic material is achieved. Using the same linear transformation, carpet cloak with homogeneous parameters can be also designed with perfect performance (Figure 6d) [59].

					[image: thumbnail]	Figure 6.
							(a)–(b) The scheme of one-dimensional cloak consisting of homogeneous materials [58]. The diamond space in virtual space demonstrated by the angle α is compressed into the space (α − β) in physical space. (c) The magnetic field distribution and the poynting vectors when a polarized plane wave is incident onto the perfect one-dimensional cloak [58]. (d) The magnetic field distribution when a polarized plane wave is incident onto the perfect carpet cloak [59].

						



				By applying the eikonal approximation, the one-dimensional or carpet cloak is further simplified to be nonmagnetic, which can be experimentally implemented by two approaches. 
							
							
								One approach is to adopt natural birefringent crystals. Two optical carpet cloaks have been realized with calcite crystals (Figures 7a–7b) [60, 61], which significantly extend the hidden region from several wavelength scale to around 3500 wavelength scale. Later, with a similar concept, a terahertz carpet cloak was realized with sapphire crystals [62].

								
									[image: thumbnail]	Figure 7.
										Linear coordinate transformation based cloaks. (a)–(b) Large scale optical carpet cloaks consisting of natural birefringent materials [60, 61]. (c) An optical carpet cloak composed of multilayers [65]. (d) A microwave carpet cloak composed of mutlilayers [66]. (e) A one-dimensional full-parameter microwave cloak [67].

									



							
						

							
							
								The other approach is to use the artificial materials composed of multilayers of two isotropic materials with different permittivities, which is according to the effective medium theory. Based on this method, an optical carpet cloak has been implemented with uniform silicon grating structures (Figure 7c) [63–65]; while its microwave counterpart has been implemented with multilayer of FR4 dielectric slabs with air spacing (Figure 7d) [66].

						

					

				These simplified linear transformation based carpet cloaks are usually broadband and low-loss. For example, the optical carpet cloak in reference [60] works at least from 189.9 to 202.7 THz; the operational bandwidth of optical carpet cloak in reference [61] encompasses red, green, and blue light; the terahertz carpet cloak in reference [45] operates very well from 0.2 to 1.0 THz; and the microwave carpet cloak in reference [42] works at frequencies from 8 to 18 GHz [45, 60, 61]. Moreover, the cloaks realized by these two approaches have their own advantages. For linear transformation based carpet cloaks, the ratio of the size of the hidden region to that of the cloak relates to the anisotropy of the material. The larger ratio corresponds to the larger anisotropy. Thus the merit of the second approach lies in the larger anisotropy of artificial materials compared with natural materials [65]; while the benefit of the first approach is that it is convenient to fabricate a macroscopic cloak with natural materials [61]. As simplified parameters are utilized, these cloaks sacrify the impedance matching at the boundary between background and cloak, resulting in some reflections.
Because the whole carpet cloak is equivalent to a PEC/PMC sheet, the observer above the sheet can’t differentiate the cloak from the PEC/PMC sheet. However, if the carpet cloak isn’t sitting on a PEC/PMC sheet, for example, hanging in the air, only from the direction paralleling the PEC/PMC sheet will the observer not see the cloak. He will see a levitating PEC/PMC slice from other directions. This indicates the carpet cloak is equivalent to a one-directional cloak for hiding isolate objects.
Recently, a full-parameter of such one-dimensional cloak is realized with homogeneous metamaterials (Figure 7e) [67]. Unlike the simplified cloaks, it is approximation-free, which is a substantial improvement on the scattering suppression. In this cloak, double-side SRRs are utilized to couple to μy (μy < 1) and εz (εz > 1), and corrugations to provide μx (μx > 1). This cloak shows the good performance promised by transformation optics at frequency of 10.2 GHz. Due to the magnetic resonant elements, the cloak is still limited to a narrow band.
3.3 From unidirectional cloak to multi-directional and omnidirectional, broadband, and polarization-insensitive practical cloak: removing the phase preservation requirement
To achieve a practical cloak, omnidirectivity (multi-directivity), broad band, and polarization-insensitivity are very important. Strategies based on linear coordinate transformation can be further developed to get omnidirectional cloaking performance [68–70]. Therefore, an omnidirectional cloak composed of homogeneous materials, providing convenience for large scale industrial fabrication, becomes a possibility. Chen and Zheng proposed such a polygonal cloak, wherein the cloak is divided into several segments, which can be grouped into two types (region I and region II), and in each segment a linear coordinate transformation is applied along axis of its own coordinates (Figures 8a–8b) [68]. As the concealed region (the white area in Figure 8b) in the physical space is transformed from an ultra small one (the white area in Figure 8a) in the virtual space, objects hidden in this region are hard to see by naked eyes. However, because the parameters of region I in the physical space are very extreme, it is still very difficult to realize this cloak. One solution is to simplify the cloak by removing the region I medium and only using region II medium. This simplified cloak is therefore composed of only one anisotropic material (Figure 8c). The omnidirectional performance of the ideal cloak is sacrificed with this simplification. By utilizing calcite, a natural anisotropic material, a multi-directional TM-polarization visible light cloak working for six incident directions is obtained (Figure 8e). As anisotropic material is required in this cloak, it works for only one polarization.

					[image: thumbnail]	Figure 8.
							(a)–(b) The scheme of an omnidirectional hexagonal cloak consisting of homogeneous materials. The cloak is divided into several segments, grouped into two types (region I and region II), and in each segment a linear coordinate transformation is applied along axis of its own coordinates. (c) The scheme of a multi-directional polarization-sensitive hexagonal cloak [68]. (d) The scheme of a multi-directional polarization-insensitive hexagonal cloak [71]. (e) A multi-directional, broadband, polarization-sensitive, and large scale practical cloak [68]. (f)–(i) A multi-directional, broadband, polarization-insensitive, and large scale practical cloak [71].

						



				To achieve a polarization-insensitive broadband optical cloak, it requires isotropic materials before both electrical and magnetic anisotropic metamaterials can be achieved. As the phase lines in the isotropic materials will be different from those in the anisotropic materials of an ideal cloak, one has to abolish the phase preservation requirement. Indeed, the phase preservation requirement is not necessary in visible light spectrum for the reason that, human eyes are insensitive to the phase and polarization of light [71]. Therefore Chen et al. proposed a broadband stand-free ray-optics cloak, as shown in Figure 8d. Unlike the polarization-sensitive polygonal cloak, wherein the phase lines are not perpendicular to the ray propagation direction, in this natural light cloak the two types of anisotropic parameters are replaced by isotropic ones and therefore the cloaking performance is full polarization. With the aid of homogeneous, isotropic and commonly available materials, such as water, glass and air, a multi-directional polygonal cloak is obtained (Figures 8f–8i). In this cloak, living creatures, such as fish and cat can be hidden in plain sight for several incident directions with broad operational bandwidth. The experiment results show that when the oblique view angle is larger than ±3°, the image distortion is observable. Pushing this cloak further to an omnidirectional one is still a big challenge.
4 Discussion
Besides the transformation optics method, some other cloaking strategies, such as scattering cancellation, ray-optics conformal mapping, and some hybrid methods, have been also developed. These strategies show their specific merits and limitations when designing large scale practical cloaks.
The scattering cancellation method is to reduce the total scattering cross section of spherical or cylindrical dielectric objects by covering them with plasmonic materials. The physical mechanism of this method is that the dipole moment of hidden dielectric object and that of plasmonic cloak shell cancel each other [3]. The parameters of scattering cancellation based cloaks are homogeneous and helpful for experimental implementation. Some experimental verifications were carried out at microwave frequencies, for example, the plasmonic cloak [72, 73], the three-dimensional plasmonic cloak [74], and the so-called “mantle cloak” [73, 75]. The advantage of the method is that the total scattering of the cloak, which represents the cloaking performance, can be quantitatively calculated [3, 76]. The limitation is that, when the size of the hidden object increases, higher dipole modes need to be suppressed, making it too complicated to implement. Therefore, this method is usually applicable in sub-wavelength scale. Moreover, being different from the transformation optics method that is applicable to any arbitrary shaped cloaks, the scattering cancellation method is so far limited in some regular shaped cloaks, e.g. cylindrical, spherical, and ellipsoidal cloaks, etc. This is because only in these regular shaped cloak structures can one find analytical scattering solutions.
The conformal mapping method [5, 77] is used to design invisibility cloaks, by mapping a complex plane in the original space to a stack of Rieman sheets and branch cuts in the transformed space. In the conformal mapping, a small square in the virtual space is transformed to another square in the physical space, thus the constitutive parameters are isotropic. As the parameters of the cloaks are inhomogeneous and vary in a large range, realization of these cloaks is still a big challenge. These cloaks can be made to be broadband due to the fact that phase of the light is inherently not preserved. The stringent requirement for conformal mapping based cloaks is looser than that for the transformation optics based cloaks, where the phase should be rigorously preserved. From this point, one can see the transformation optics cloaks can cloak waves, while the conformal mapping cloaks can only cloak rays.
An interesting way to design invisibility cloaks is to combine the merits of the transformation optics, conformal mapping and scattering cancellation together. In the hybrid method in reference [78], an optimization scheme based on scattering cancellation is used to design the parameters of the cloak; anisotropic constitutive parameters are used, which is a fundamental property of the transformation optics; and nonsuperluminal propagation of electromagnetic waves is inherited, which is a superior advantage of non-Euclidian transformation cloaks constructed with complex branch cuts. Using only a few layers, a one wavelength cloak with a relatively broad bandwidth has been achieved.
It should be noted that the stringent requirements for an ideal cloak may be bypassed when considering some specific applications. For example, the superluminal phase propagation does not need be to considered for the diffusive-light cloak [79]; the dc magnetic cloaks [80–82] and dc current cloaks [83–86] work for static fields, so phase preservation requirement and bandwidth issue are not applicable. The electromagnetic surface waves [87] cloak works for surface waves and so it does not need to consider the bandwidth and omnidirectional requirements. The temporary cloak works for a specific time [88], etc. These extended cloaks may find feasible applications for specific purpose.
In Table 1, we summarize some representative but non-exhaustive experimental works on electromagnetic cloaks. From the table, one can see that all successful broadband cloak designs [42–45, 49, 52, 53, 60, 61, 65, 66, 68, 71, 77, 78] are either abolishing the phase preservation requirement [68, 71, 78] or working in a background medium [42–44, 49, 52, 53, 60, 61, 65, 66, 77] Successful omnidirectional cloaks achieved so far are still limited in several wavelength scale [24, 72, 73, 78]. Cloak designs for full polarization [50, 52, 53, 71] are very rare. All these cloaks realized so far are designed with isotropic materials, through which full polarization is achieved by sacrifying the phase preservation performance. Another way to achieve full polarization cloak with phase preservation is to design both electric and magnetic anisotropic metamaterials. As it requires fine nanofabrication techniques, a full polarziation cloak realized with both electrical and magnetical anistropic metamaterials is still a challenging work with current technologies and hasn’t been demonstrated yet.

			Table 1.

						Properties of experimentally realized electromagnetic cloaks

					

			As analogs of electromagnetic cloaks, due to their potential application, the acoustic cloaks also receive increasing interest [89–92]. Compared with the electromagnetic cloaks, one advantage of the acoustic cloaks is that the bandwidth of electromagnetic cloaks will be limited by the causality, while the acoustic cloaks will not suffer from such limitation. Because the speed of the acoustic wave or linear surface wave is much slower than that of light. With the aid of acoustic metamaterials, some acoustic cloaks have been realized, including scattering cancellation based acoustic cloak [93], 2D omnidirectional cloak [94, 95], 2D carpet cloak [96], and 3D carpet cloak [97], etc. We should note that the concept of cloak has also been extended to the other physical systems, such as thermal fields [98–101], mechanical fields [102] and waves [103], matter waves [104], etc.
5 Conclusions
In conclusion, this paper provides a comprehensive overview on recent progress in invisibility cloaks from a practical perspective, where we aim at zero scattering, omnidirectional, large scale, full polarization and broadband practical cloaks, which also conform to that in people’s mind. Particularly, the paper emphasises the key issues including non-extreme parameters, homogeneity, omnidirectivity, polarization insensitivity, and broad band. The physical mechanisms behind the stringent requirement of the ideal cloak are discussed. We anticipate that relaxing the stringent requirements for an ideal cloak is a feasible direction to convert the cloaks into practical applications. Moreover, finding some particular applications where the stringent requirements for an ideal cloak may be bypassed is also a very promising work in the future.
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    Table 1. 

						Properties of experimentally realized electromagnetic cloaks

					
						
							
									Reference
									Broad band
									Air background
									Phase preservation
									Omnidirectivity
									Full polarization
									Object independence
									Operational frequency
									Size of objects
							

						
						
							
									Ref. [72] (2009)
									No
									Yes
									Yes
									Yes
									No
									No
									Microwave
									~0.25 λ
								
							

							
									Ref. [24] (2006)
									No
									Yes
									Yes
									Yes
									No
									Yes
									Microwave
									~1.5 λ
								
							

							
									Ref. [31] (2009)
									No
									Yes
									Yes
									Yes
									No
									Yes
									Microwave
									4.4 λ
								
							

							
									Ref. [42] (2009)
									Yes
									No
									No
									No
									No
									Yes
									Microwave
									~0.5 λ
								
							

							
									Ref. [43] (2009) Ref. [44] (2009)
									Yes
									No
									No
									No
									No
									Yes
									Optical
									~0.3 λ
								
							

							
									Ref. [52] (2010) 
									Yes
									No
									No
									No
									Yes
									Yes
									Optical
									~0.7 λ
								
							

							
									Ref. [53] (2010)
									Yes
									Yes
									No
									No
									Yes
									Yes
									Microwave
									~0.5 λ
								
							

							
									Ref. [45] (2011)
									Yes
									No
									No
									No
									No
									Yes
									Terahertz
									~0.4 λ
								
							

							
									Ref. [49] (2013)
									Yes
									Yes
									No
									No
									No
									Yes
									Microwave
									~0.24 λ
								
							

							
									Ref. [65] (2011) 
									Yes
									No
									Yes
									No
									No
									Yes
									Optical
									~1.2 λ
								
							

							
									Ref. [66] (2011)
									Yes
									No
									Yes
									No
									No
									Yes
									Microwave
									~1 λ
								
							

							
									Ref. [78] (2012)
									Yes
									Yes
									No
									Yes
									No
									Yes
									Microwave
									1 λ
								
							

							
									Ref. [77] (2013)
									Yes
									No
									Yes
									No
									No
									Yes
									Microwave
									~1.2 λ
								
							

							
									Ref. [67] (2013)
									No
									Yes
									Yes
									No
									No
									Yes
									Microwave
									~10 λ
								
							

							
									Ref. [62] (2012)
									Yes
									No
									Yes
									No
									No
									Yes
									Terahertz
									~100 λ
								
							

							
									Ref. [61] (2011) Ref. [60] (2011)
									Yes
									No
									Yes
									No
									No
									Yes
									Optical
									~3.5 × 103λ
							

							
									Ref. [68] (2012)
									Yes
									No
									No
									No
									No
									Yes
									Optical
									~5 × 103λ
							

							
									Ref. [71] (2013)
									Yes
									Yes
									No
									No
									Yes
									Yes
									Optical
									~5 × 105λ
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