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1. INTRODUCTION 

Metamaterials are engineered composites [1-3]. Much of the effort in the electrical engineering, 

material science, physics, and optics communities emphasized constructing efficient metamaterials 

and using them for potentially novel applications in antenna and radar design, subwavelength 
imaging, and invisibility cloak design [4, 5]. The purpose of this chapter is to provide a detailed 

introduction to the basic metamaterial modelling approaches and an overview of innovative 

phenomena enabled by metamaterials. While high tunability of the electromagnetic properties might 

be provided by metamaterial structures and metasurfaces, the former option has not yet been used to 
solve this problem. By means of the freedom of design provided by metamaterials, we propose the 

ways to redirect electromagnetic fields and demonstrate a design strategy. 

It has been known for a long time that one can mitigate scattering from an object by adding to the 

system another object, the scattering of which is complementary with respect to the principal 

scatterer. One may achieve this type of scattering minimization by covering the main scattering object 
by single or multiple layers of dielectric materials. This technique has opened the wide avenues for 

the researchers after the proposal of using plasmonic materials for transparency thus the former 

technique has been developed further. It has been recently proposed that cloaking with metamaterials 
enables the creation of volumes with zero electromagnetic fields inside a device composed of such 

materials. Mathematical fundamentals of the coordinate transformation required in such a method will 

be presented. These methods are based on the transformation of coordinates. A point in the 
electromagnetic space is transformed into a sphere in the physical space, the former leads to the 

formation of a spherical volume with the vanished electromagnetic fields, which are instead guided 

around this volume. 

2. WHAT IS CLOAKING AND INVISIBILITY 

An electromagnetic cloak is a device making an object “invisible” for electromagnetic radiation in a 

certain frequency range. The most exciting applications can be envisaged for cloaks working in the 

visible part of the spectrum. If object does not reflect waves back to the source and in addition, if it 
does not scatter waves in other directions, and, furthermore, if it does not create any shadow (the last 

means that there is no scattering in the forward direction), an object is treated as an invisible. Thus, 

the object should not absorb any power. In other words, the object should not make an impact on the 

fields existing outside the object. 

The reduction of the total scattering cross section (SCS) of the object, ideally to zero, is termed as 
“cloaking”. It is worthwhile mentioning, that one may define the total scattering cross section as the 
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ratio of the total scattered power to the incident power density. Indeed, cloaking and the stealth 

technology should not be mixed. The stealth technologies allow for the minimization of the power 
reflected back to the probing radar. The former can be achieved either by employing the absorbing 

layer to cover an object or by shaping the object aiming to minimize the field scattered towards the 

illumination direction. 

It should be noted, that even an ideal stealth aircraft is noticeable if observed from the side or from the 

back. It is worthwhile mentioning that the total scattering cross section cannot be reduced by the 

absorbing coverings and object shaping by more than 50% [6]. 

The concept of invisibility has been closely associated with cloaking in recent literature, the 

difference lies in the fact that invisibility means the reduction of the total scattering cross section of a 

specific object. One can achieve the former phenomena for instance by minimizing radiation from the 

induced dipole moments of the scatterer by employing another object with induced dipole moments of 

the opposite direction [7]. Consequently, the combination of these objects possess very weak 

scattering, however both objects independently scatter strongly. One may also use some invisible 

structures as cloaks, in case object aimed to be made invisible contains a perfectly conducting hollow 

enclosure with no fields inside this enclosure [5]. 

3. SCATTERING CANCELLATION METHOD 

It has been known that it is possible to mitigate scattering from an object by employing additional 

object possessing complementary scattering with respect to the principal scatterer [9-11]. For 

example, one can achieve this type of scattering minimization with covering the main scattering 

object by single or multiple layers of dielectric materials [9, 11, 12]. The proposal of using plasmonic 

materials for transparency [7] has paved the way for further development of this technique [8,13, 14-

20].  

3.1. Theoretical Formulation 

It has been presented that one may effectively utilize a homogeneous, isotropic, spherical cover shell 

of outer radius ac and permittivity εc  in cloaking a spherical object by cancelling the electric dipolar 

scattering of the spherical object with radius a and permittivity ε aiming to satisfy the following 

dispersion equation [7]: 
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with k   , c c ck    and 0 0 0k     (the wave numbers in the object, in the cover and in 

the background region), and  .nj ,  .ny
 are spherical Bessel functions [21], differentiation with 

respect to the argument of the spherical Bessel functions is denoted by []′. The former is a key for 

getting consistency with the study presented in [7] dealing with the generic multipole contribution to 

the scattering from a spherical object. 

In case of the quasi-static limit, i.e., when the wavelength of operation is satisfactorily long in 

comparison with the object, Eq. (1) reduces to the condition 
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. The limit of 

impenetrable objects, which may be interesting in several applications at microwave and radio 

frequencies for conducting materials or at infrared and optical frequencies when the real part of 

permittivity has a sufficiently negative value, matches to 
   3

0 0/ 2c c ca a     
, condition 

attainable when plasmonic covers with 00 c    are used. This is consistent with the quasi-static 

analysis described in older works [22, 9], nevertheless Eq. (1) should be applied in case of larger 

objects. 
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When the scattering cross section (SCS) of the object to be cloaked is dominated by the electric dipole 

contribution, which is the case when the wavelength of operation is large compared to its physical 

cross section, the choice of a cover satisfying Eq. (1) guarantees the cancellation of its overall 

scattering due to the dominant dipolar term, making the object nearly transparent even to a near-field 

observer. The former has been demonstrated in [7] dealing with several numerical examples of 

dielectric spherical objects. It is worthwhile mentioning, that the number of multipolar terms 

contributing to its scattering rapidly increases, increasing the dimensions of the object, the former is 

even more evident in the case of impenetrable objects, where the magnetic dipole contribution is 

generally non-negligible. One may easily evaluate the amount of scattering associated with each 

multipolar order from the given object by means of the Mie expansion [21, 22], due to the fact that 

multipolar scattering orders are perpendicular to each other. Thus, if one may satisfy condition (1) by 

designing a suitable cover, the scattering related to the electric dipole contribution is completely 

cancelled, though the other scattering orders keep on being normally unperturbed or affected by minor 

modifications. In some cases new degrees of freedom may be needed designing the cover, aiming to 

cancel other multipolar orders, employing an analogous collective cancellation of the corresponding 

scattering contributions. For example, herein the case of an impenetrable sphere of dimensions 

equivalent to the operating wavelength with electric and magnetic dipoles dominating its scattering is 

proposed. Doing so, the additional degree of freedom chosen to simultaneously cancel both scattering 

from electric and magnetic dipoles consists of utilizing a cover with magnetic as well as electric 

properties. 

It should be pointed out, that absorption, dissipation, inhomogeneity, anisotropy, or any other resonant 

phenomena does not have an impact on this cancellation phenomenon (thus it is not drastically 

influenced by the losses or by the modifications of the object shape). Unlike the cases studied in [4, 

23-26], here even employing the homogeneous isotropic cover, the impinging wave is re-routed 

around the scattering object and re-directed to its back. Thus, the external observer is given the 

impression of the incident wave, independent of its wave front, being almost undisturbed, and thus the 

object being transparent. Under suitable conditions, the covered object is almost transparent to an 

external observer, even if located in the near-field.  

3.2. Numerical Examples and Physical Insights 

Herein, as an example, the case of an impenetrable spherical object with diameter 2a = 0.4λ0 at the 

working frequency f0 is considered. In the presented simulations the real part of the permittivity of the 

object is either negative or the imaginary part is sufficiently high seeking to not permit wave 

propagation inside the object. The former approach would allow to model the case of either a 

plasmonic material possessing high negative permittivity at infrared or optical frequencies or a 

conductive metal at microwave frequencies. The case of an impenetrable material is chosen seeking to 

present the dramatic effects of energy “re-routing” in the simulations if the appropriate homogeneous 

isotropic cover is employed. It is worthwhile mentioning, that in this case the object cannot be crossed 

by the energy flow, however the former notions may be also applied when dielectric or in general 

penetrable materials are dealt with [7]. It is worthwhile mentioning, that the impenetrable case stands 

for as the one with the evident presence of various multipolar scattering contributions even for 

relatively small objects. Due to the mentioned reasons, the application of this cloaking phenomenon is 

challenging and exciting at the same time. 

Different orders contribute to the total SCS σ due to the object size being comparable with the 

wavelength of operation. The Mie theory has been applied aiming to evaluate the scattering orders 

[27, 28], finding that for the case at hand 
2

00.28  , dominated in particular by the electric and 

magnetic dipolar fields, contributing, respectively, to 77% and 20% of the total scattering (the residual 

3% is represented by higher order multipolar scattering terms). A homogeneous isotropic cover 

designed on the basis of Eq. (1) should have a shell radius ac=1.09a with a permittivity εc = 0.1ε0 at 

the frequency under consideration aiming to cancel the impact of the dominant electric dipole. By 

means of such a shell surrounding, one may need to verify the impenetrable object aiming to suppress 

79% of the total scattering cross section. In this case the scattering of the object would be 

substantially reduced, but it would remain detectable to an external observer. The degree of the shell 

partial reduction along with the contribution from higher scattering orders should be noted. 



Control of the Electromagnetic Fields by Metamaterials

 

International Journal of Research Studies in Electrical and Electronics Engineering (IJRSEEE)  Page | 12 

The most of the residual scattering is drastically affected by the magnetic dipole. One may prove that 

the near-field scattering in this case would be dramatically reduced in the H plane (y − z plane in the 

following figures, with magnetic field parallel to this plane), but would keep on being unaffected in 

the E plane (x − z plane in the following figures, with electric field parallel to this plane. Due to the 

reason, that the impenetrable sphere is polarized by the impinging field aiming to radiate an electric 

dipole radiation in the H plane in phase with the impinging electric field, the plasmonic cover 

efficiently behaves as an ‘anti-phase’ scatterer. However this radiation is “cancelled” by the low-ε 

shell due to its negative polarizability, as reported in [7]. This would be enough to make an object 

with small dimensions transparent, but in this case a non-negligible quantity is represented by the 

residual scattering coming from higher-order contributions. 

It is necessary to increase the degrees of freedom associated with the homogeneous isotropic cover 

design in order to cancel further contribution to the scattering. Herein the utilization of a material with 

magnetic as well as electric properties for the shell is proposed. It is interesting to note that this 

cancellation effect may be achieved by using just a material with permeability higher than that of free 

space due to the small-sized impenetrable object having a negative magnetic polarizability [29] (to 

produce a positive magnetic polarization in the surrounding shell). Magnetic materials with such 

values of permeability exist in nature at microwave frequencies. The desired value at any frequency, 

even in the visible, may be achieved thanks to the magnetic effects in the inclusions of suitably 

designed metamaterials, even in the visible (see e.g., [30]). One may tune the required permeability to 

the desired values aiming to obtain an optimized minimum value of the scattering, i.e., to cancel 

simultaneously both electric and magnetic dipolar contributions, by varying the low permittivity of 

the metamaterial cover. For instance, an optimum metamaterial shell has been numerically determined 

with ac = 1.15a and μ = 5.1μ0 for a permittivity ε = 0.1ε0. In this case, the total scattering cross section 

for the sphere is reduced to 
3 2

02.22 10   , with a reduction of 99.2% of the total scattering cross 

section. A dramatic reduction of the scattering both in the near and in the far field would take place in 

case of both planes of polarizations. One may design the anticipated material by implanting 

appropriate inclusions [28, 31] in a magnetic host material with the required permeability, or may 

design the inclusions to provide both electric and magnetic effects to work at the desired frequency 

[27]. 

It may be possible to use multi-layer covers, employing optimization procedures for determining the 

set of parameters required to minimize the contribution from all the scattering orders when larger 

objects are considered and the number of multipolar scattering orders increases. Indeed, one may still 
perform cancellation of one or two scattering orders, even when larger objects are considered, with a 

homogeneous isotropic cover following the described technique. Extensive numerical simulations 

have been performed seeking to investigate the mechanism and behavior of such a metamaterial shell 

close to the metallic object. The former phenomenon has been studied analytically using a Mie 
expansion method moreover the results have been validated by means of commercial software 

employing a finite integration technique method (CST Microwave StudioTM) [32]. Realistic 

properties of such a metamaterial, i.e., dispersion with frequency, material losses and imperfections in 
the shape of the object and of the shell have been considered in these simulations. As already outlined, 

since a resonance does not have a dramatic impact on this cloaking mechanism, the use of the 

previous analysis and the results will not be weakened by the presence of such additional 
imperfections. Herein, larger variations in the shape and the geometrical and electromagnetic 

parameters of the considered objects are studied. 

It is worthwhile noting that herein all the figures display the field plots calculated at the design 

frequency f0. The total electric field amplitude distribution in the x = 0 plane (H plane) is shown in 
Figure 1. It is worthwhile mentioning, that a plane wave propagates along the z direction with a 1 V/m 

electric field linearly polarized along the x axis, in the two cases of the uncovered sphere (left panel) 

and the one with the metamaterial cover as the cloak, designed as defined above, (right panel). The 
cover has been designed including material losses and dispersion with frequency for these numerical 

simulations. The material properties are modeled by means of the Drude model, with 

    2

01 /pf f f f i       , with fp=0.95f0 and γ = 0.016 f0. In this way    0 00.1 0.015f i  
.  
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Figure1. (Left panel) Absolute value of the total electric field distribution in the H plane x=0 if the plane wave 

is excited at f=f0 for in case of an impenetrable sphere with diameter equal to 0.4λ0; (Right panel) the same 

sphere possessing the appropriate cloaking cover aiming reduce its scattering. The electric field is 

perpendicular to the plane of the figure. [Permission request submitted to engheta@ee.upenn.edu]. 

The magnetic field distribution in amplitude (Fig. 3) and in the time domain (Fig. 4), in the orthogonal 

E plane y = 0 is also presented. The impact of the cover drastically reducing the scattering of the 

object on both planes of polarization is clearly displayed by these simulations. It is clear from the 
figures how the disturbance of the object in the region outside the cloaked object is approximately 

cancelled by the cover (but the field inside the cover is still affected), showing that the 

electromagnetic field outside the cover even in the near field is almost that of a plane wave 
propagating undisturbed. The presence of the cloaked object would not be noticed by an external 

observer placed even very close to the cover surface, as well as in the far-field. 

 

Figure2. Time-domain total electric field distribution in the H plane x =0 for the two cases of Fig. 1, i.e., on the 

left for an uncovered sphere and on the right for the covered sphere. The electric field is orthogonal to the plane 

of the figure. [Permission request submitted to engheta@ee.upenn.edu]. 

It is worth mentioning that the results of Fig. 1 and 2 in the E plane would remain substantially 

unchanged and the scattering in this polarization plane would remain very low and unmodified by the 

presence of magnetic properties in the cover by employing just a homogeneous isotropic plasmonic 
material possessing low-positive permittivity and non-magnetic effects. It is worthwhile mentioning, 

that the former would be easy to achieve due to the fact that plasmonic materials naturally occur at 

optical frequencies and magnetic effects are hard to be induced. The permeability should be increased 

aiming to reduce the effects of the scattering from magnetic moments, which relate to Fig. 3 and 4 and 
contribute in this example to 20% of the total scattered power.  

 

Figure3. Amplitude of the total magnetic field distribution in the E plane y=0 under plane wave excitation for 

the same cases as in Fig. 1. The magnetic field is orthogonal to the plane of the figure. [Permission request 

submitted to engheta@ee.upenn.edu]. 
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Figure4. Time-domain total magnetic field distribution in the E plane y=0 for the two cases of Fig. 2, i.e., on 

the left for an uncovered sphere and on the right for the covered sphere. The magnetic field is orthogonal to the 

plane of the figure. [Permission request submitted to engheta@ee.upenn.edu]. 

The power flow vector distributions in the two cases of uncovered and covered sphere in the H plane 

x = 0 are sketched in Figure 5. Comparing the two plots would allow to have a deep insight into the 
phenomenon of the existence of the cover permitting for rich phenomenon of “re-routing” the power 

flow related to the impinging radiation as if the covered object were practically transparent. The 

former occurs even if the inner sphere is produced using a highly conducting or highly plasmonic 
material, prohibiting penetration of the power flow. 

 

Figure5. Real part of the Poynting vector distribution in the H plane x=0 dealing with the two cases of the uncovered 

(left) and covered (right) sphere. [Permission request submitted to engheta@ee.upenn.edu]. 

Figure. 6 reports the power flow in the orthogonal E plane y = 0, showing a similarly striking 

behavior when the cover is positioned around the impenetrable sphere. The both cases confirm that, 
the power flow just outside the surface of the cover is substantially the same as the one of the 

impinging plane wave, undisturbed by the presence of the covered object. The former takes place 

when an appropriate homogeneous isotropic cover is employed. Especially, it is evident how in the E 

plane the tunneling of power through the cover, which is the main approach behind the cloaking 
phenomenon for such impenetrable objects, is more relevant. 

 

Figure6. Real part of the Poynting vector (power flow) distribution in the E plane y=0 for the two cases of the 

uncovered (left) and covered (right) sphere. [Permission request submitted to engheta@ee.upenn.edu]. 

The far-field scattering patterns in the two cases of uncovered and covered spheres are shown in 

Figure 7, demonstrating the dramatic reduction in the far-field SCS because of the usage of the cover.  

It is worthwhile noting that the two plots have two different scales. The former confirms that the 

cover allows for a rich phenomenon in cloaking the object in the far as well as in the near field and in 

all directions. 
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Figure7. 3-D scattering patterns for the two cases relative to the previous figures. Note that the two plots have 

two highly different scales. [Permission request submitted to engheta@ee.upenn.edu]. 

 

Figure8. Absolute value of the electric near-field distribution in the x=0 H plane if an electric short dipole 

directed along x is positioned in close to the impenetrable object in the two cases of uncovered (left panel) and 

covered (right panel) sphere. The electric field is perpendicular to the plane of the figure. [Permission request 

submitted to engheta@ee.upenn.edu]. 

For a final simulation, a short electric dipole antenna has been placed near the impenetrable object. 

The two cases, i. e. with and without the metamaterial cover have been considered. Fig. 8 displays the 
electric near field distribution on the x = 0 plane if a short electric dipole directed along x is 

positioned close to the object. Herein, the distance from the surface of the impenetrable sphere is at  λ0 

/ 5. One may be surprised by how the spherical wave fronts of the dipolar radiation patterns are 
restored right outside the covered object when the homogeneous isotropic cover is used. The presence 

of the dipole may be clearly noticed by an observer placed behind the sphere as if almost the 

impenetrable sphere effectively were not there. The former may be achieved even though the radiation 

cannot cross the metallic object. Thus, the prediction that the usage of the cover efficiently allows a 
re-routing of the wave impinging on it is confirmed. Moreover, the former does not depend on the 

specific shape of wave fronts, and even is in force for a source placed in its near-field. What is present 

on the other side of the object can be “seen” by an observer behind the object, even in this case for 
which the object itself does not allow the energy to pass through it, thanks to the anomalous 

tunneling/rerouting properties of the cloaking shell. The magnetic distribution on the E plane y = 0 is 

given as the amplitude in Figure. 9. 

 

Figure9. Absolute value of the magnetic near-field distribution in the y=0 plane if an electric short dipole 

directed along x is positioned close to the impenetrable object in the two cases of uncovered and covered 

sphere. The magnetic field is perpendicular to the plane of the figure. [Permission request submitted to 
engheta@ee.upenn.edu]. 

To conclude, an illustration of the principle of scattering cancellation is shown in Fig. 10. Here, a 

dielectric shell having the permittivity smaller than in the surrounding medium covers a spherical 

dielectric object with permittivity larger than in the surrounding medium. 
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Figure10. Illustration of the scattering cancellation technique [7]: the dipole moments induced in the object to 

be made invisible and in the shell covering this object cancel each other. [Permission request submitted to 

sergei.tretyakov@tkk.fi]. 

One can choose the shell diameter in order to cancel the scattering from the core and the shell. The 

former takes place due to the fact that dipole moments of the opposite sign are induced. Obviously, 

higher modes may also exist additionally to the dipolar modes. However it has been demonstrated that 
efficient invisibility can be reached even with suppressing just the dipolar scattering [8]. One may 

suppress higher modes also, but the former procedure complicates the whole design [8]. Cloaking of 

collections of particles and the extension of the scattering cancellation approach to infrared and 
optical frequencies have also been recently discussed [15-18], along with the properties of material 

dispersion [19]. 

The realization of materials with the anticipated type of exotic parameters (e.g., materials having the 

relative permittivity εr < 1) makes a significant impact on the utilizing cloaks based on the scattering 
cancellation method. The materials possessing the property of the desired low permittivity values at 

THz, infrared or optical frequencies are available in nature. These are plasmonic materials such as 

silver and gold. Losses and the fact that material properties vary significantly as a function of the 
frequency are the limiting factors of usage of these plasmonic materials. Furthermore, one may not 

find a material with suitable properties available at a specific frequency of interest. 

A design of a scattering cancellation cloak consists of metallic parallel-plate implants placed radially 
around the cylindrical region where a dielectric object (to be made invisible) is located [14] was 

recently suggested. Fig. 11 displays an example of a scattering cancellation device which is composed 

of an artificial metamaterial. 

 

Figure11. An example design of a scattering cancellation device [14], composed of metallic parallel plates 

embedded in a dielectric. The object to be made invisible is a dielectric cylinder. [Permission request submitted 

to sergei.tretyakov@tkk.fi]. 

Simple design and structure (assuming that materials with required properties are available) and the 

possibility to realize invisibility or cloaking with isotropic and homogeneous materials stand for as the 
main benefits of the scattering cancellation technique. Realization of proper metamaterials with 

bandwidth limitations, as well as the fundamental limitation on the energy velocity when cloaking 

impenetrable objects in free space with passive cloaks stand for as the main drawbacks, depending on 
what kind of object needs to be made invisible (penetrable or impenetrable object). 

4. COORDINATE TRANSFORMATION TECHNIQUE 

Cloaking with metamaterials enabling the creation of volumes with zero electromagnetic fields inside 

a device composed of such materials, has been recently proposed in [26, 23]. Mathematical techniques 
of the coordinate transformation employed in such a method have been previously presented in [33-
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35]. Transformation of coordinates provides a basis for the mentioned techniques. For instance, a 

point in the electromagnetic space is transformed into a sphere in the physical space. The former leads 
to the creation of a spherical volume where electromagnetic fields do not exist, but are instead guided 

around this volume (Fig. 12). Presently, many possibilities to perform coordinate transformations, are 

available [4, 23, 26, 33-35, 36-61]. 

 

Figure12. Illustration of the coordinate transformation technique [23]: the rays of electromagnetic field are 

guided inside the cloak device around the volume enclosed by the cloak.  [Permission request submitted to 

sergei.tretyakov@tkk.fi]. 

The usage of lossless anisotropic metamaterials with some components of the effective relative 

permittivity (εr) and/or permeability (μr) smaller than these values in free space [23] is necessarily 

required by cloaking objects in free space (or in a medium similar to free space) with the coordinate 
transformation technique.  

Fig. 13 demonstrates a coordinate transforming cloak [4]. The former model stands for as a two-

dimensional simplification of the general case [23] and it functions as a cloak in case of one 
polarization only if the electric field is parallel to the axis of the cylindrical cloak (TE-polarization). 

The requirements on the metamaterial properties are reduced due to the simplification of the cloaking 

device in terms of low dimensionality and single polarization. Additional two-dimensional 

simplification [36], working for the TM-polarization in the visible part of the electromagnetic 
spectrum, has also been recommended, but not yet realized. 

 

Figure13.  A realization of a cloak based on the coordinate transformation technique, composed of radially placed 

resonant particles [4]. The cloak is a two-dimensional simplification of a more general design and it works only for TE-

polarized waves. [Permission request submitted to sergei.tretyakov@tkk.fi]. 

The need to design materials whose permittivity is equal to the permeability stands for as one of the 

big challenges in the realization of metamaterial cloaks working for arbitrary polarization of the 
incident fields. The former may be possible with artificial chiral materials [62].  
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Dealing with these media, the desired response is provided by electrically small but resonant 

inclusions (most commonly, metal helices). The shape of the inclusions should be chosen aiming to 

obtain the same values of the relative effective permittivity and permeability [63]. It is worthwhile 

mentioning, that the same inclusions provide both electric and magnetic polarizations. One may 

compensate the effect of chirality by means of a racemic mixture of spirals due to the fact that it is 

undesirable for the cloaking application. In recent times, the chiral cloak has been presented [39] and 

its performance implemented experimentally in the microwave frequency range [40]. 

All together, the strongly dispersive (and also lossy) permittivity and/or permeability that are inherent 

to metamaterials needed for these types of cloaks [62] are the main factors limiting the operation of all 

these types of passive cloaks, causing a very narrow bandwidth where the desired cloaking effect is 

possible to obtain [54-56]. Also, the cloaking performance [57, 58] is unavoidably deteriorated by the 

introduction of simplifications to the ideal values of the permittivity and permeability.  

Causality restrictions of cloaking objects in free space cause a more fundamental design problem: the 

wave that travels outside the cloak must travel slower than the wave travelling through the cloak, as it 

is shown in Fig. 12 (the ray path is longer inside the cloak). This is not impossible to achieve for 

cloaking of e.g. acoustic waves [59, 60], however becomes a serious issue when cloaking 

electromagnetic waves in air or free space since the wave outside the cloak travels with the speed of 

light [61]. The phase velocity of the electromagnetic wave can exceed the speed of light, however the 

same effect cannot take place in case of the energy velocity in a passive system. The possible solution 

is to employ active elements in the material using to design the cloak [53]. Potential field instabilities 

stand for as the main drawback drastically complicating the design of the metamaterials [64]. 

The use of non-linear coordinate transformations [37, 38] and the idea of using different transformed 

spaces to the field strength tensor (electric field and magnetic induction) and to the excitation tensor 

(displacement field and magnetic field) [65] pave the way for the recent theoretical developments of 

the transformation-optics approach to cloaking. Additionally, an alternative approach to design of 

artificial materials performing the desired transformation of distribution of electromagnetic fields in 

the volume occupied by materials has been suggested [66]. 

Coordinate transformation technique has some advantages, which are as follows, the simplicity of the 

theoretical model, independency of the shape and material of the cloaked object. The difficulties in 

the realization of materials stand for as the main drawbacks. 

5. TRANSMISSION-LINE TECHNIQUE 

Volumetric structures composed of two-dimensional or three-dimensional transmission-line networks 

[67] provide a solid ground for the recently proposed cloaking technique. 

The electromagnetic fields propagate inside transmission lines in case of these structures. Doing so, 

the volume between these lines is left efficiently cloaked. Fig. 14 displays an illustration of the 

proposed cloaking mechanism. 

A coupling layer is needed to couple the fields between the surrounding medium and the network 

since the fields entering from this medium into the cloak need to be “squeezed” into the transmission 

lines. This layer is defined as a “transition layer” in Fig. 14. It has been proposed that in practice this 

layer can be realized e.g. with gradually enlarging parallel-strip transmission lines [67], effectively 

operating as mode transformers between the cloak and the surrounding medium. 
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Figure14. Example of transmission-line technique for cloaking. A volume inside the network is cloaked due to 

an incident electromagnetic wave coupled into a transmission-line network. The cloaked object might be of any 

size and shape, however it should fit inside the transmission-line network. [Permission request submitted to 

sergei.tretyakov@tkk.fi]. 

The operation of this practically possible transition layer has been confirmed numerically and 

experimentally for various structures [67-71]. 

The main principle of cloaking with transmission-line networks cannot overcome the following 

fundamental limitation even though it is very simple: in case of perfect cloaking of an object in free 

space, the wave velocity inside the transmission lines should exceed the speed of light [67]. The 

former takes place because the network itself “slows” down the wave, since all the other transmission 

lines are seen by a single transmission line as periodic loads. One may obtain an ideal wavenumber in 

a network even when cloaking objects in free space by employing periodical reactive loads in such a 

network [67]. Though, the inevitable drawbacks of design complexity and significant frequency 

dispersion may take place in case of this solution. 

It has therefore been concluded that the use of simple unloaded transmission-line networks is 

preferable, even though the propagation velocity inside the cloak is not ideal [67] in case of practical 

applications that require large bandwidths and/or cloaking from signals. The former is demonstrated 

by conducting full-wave simulations of a homogeneous cylinder. The wave travels with the same 

wavenumber inside it as in a cloak composed of two-dimensional transmission-line networks with 

free space filling the transmission lines. One may compare the scattering from this “cloak” to the 

scattering from a two-dimensional array of perfectly conducting (PEC) rods (Fig. 15). 

 

Figure15. Full-wave simulated total SCS of an infinitely long homogeneous cylindrical object, normalized to 

the total SCS of a two-dimensional array of infinitely long PEC rods. The object is made of a material with 

2r r   . The material has the same wavenumber as a two-dimensional transmission-line network with 

free space filling the transmission lines. The inset displays the dimensions of the “cloak” cylinder and of the 

PEC array. The incident electric field is parallel to the axis of the cylinder. [Permission request submitted to 

sergei.tretyakov@tkk.fi]. 

One may interpret the results in the following way: only forward scattering can occur, since the 

“cloak” is perfectly matched to the surrounding free-space environment. This forward scattering is 

enhanced due to the increase of the electrical size of the cloak. From Fig. 15 one can come to the 

conclusion that the total scattering cross section of the PEC array can theoretically be lowered by 75% 

even in case of a cloak having the diameter of 0.4λ. Moreover, one may deal with other regions 

aiming to achieve efficient cloaking. The former depends on the electrical size of the cloak being 

several wavelengths [67]. Obviously, the cloaking effect will be unavoidably less broadband in these 

cases [67, 70]. 
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Figure16. A design of a cylindrical volumetric cloak [70, 71] in xy- (a) and xz-plane (b) cuts. Any incidence 
angle in the xy-plane allows for the operation of the cloak structure for the TE-polarization, i.e., for waves with 

the electric field parallel to the z-axis. A two-dimensional array of PEC rods stands for the cloaked object and is 

illustrated in black. (c) Full-wave simulated total scattering cross section of the cloaked object, normalized to 

the cross section of the uncloaked object. The inset of (c) displays the dimensions of the simulated cloak and 

object. [Permission request submitted to sergei.tretyakov@tkk.fi]. 

A cylindrical cloak presented in Fig. 16a, b has been recently studied numerically [69-71]. The model 

in Fig. 16 is illuminated aiming to obtain the total SCS of the cloaked and uncloaked objects. Also, 
the same model without the cloak, i.e., the PEC array alone, with plane waves having the electric field 

parallel to the z-axis is presented. Based on the resulting simulation data, the power scattered to all 

directions in the xy-plane is extracted. Moreover, the total scattering cross section in both cases is 

computed. The computed total SCS of the cloaked object is normalized to the total SCS of the 
uncloaked object aiming to demonstrate the cloaking effectiveness. 

The resulting normalized total SCS is displayed in Fig. 16c. It is worthwhile noting, that the relative 

bandwidth allowing for a realistic cloaking effect is more than 75% with the center frequency at 
2.9GHz. In contrast to the uncloaked object, the total SCS of the cloaked object is reduced by more 

than 96 %, at the optimal cloaking frequency of 3.2GHz. 

The simple structure, ease of manufacturing and assembly, and wide-band operation are the main 

benefits of the transmission-line technique. The limitation on the size and shape of the cloaked object 
is the most significant drawback of this approach, particularly in comparison with the previously 

discussed techniques. 
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