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1. SUMMARY 
In this report we have prepared a review of the main results achieved in metamaterials as a rapidly expanding new technology with a main emphasis in the applications, many of them with clear relevance to defence. Extreme parameter media have been reviewed because its unconventional properties and potential antenna applications. Also, cloaking by it could be used in the future for reducing or shaping radar cross section. Similar phenomena are observed for acoustical waves, which are clearly relevant for sonar and other naval applications. The extension of these concepts to shorter wavelengths, from the terahertz up to infrared, and visible wavelenghts, has been discussed too. The most recent advances in metamaterial technology are discussed, and particularly, the related with the possibilities of control in metamaterial estructures and those where superconductors and more futuristic ideas are introduced. 
In order to identify the possible applications of metamaterials in military systems, we have analysed several sources of information as they are research projects having defense purposes  with some disclosed information, the scan and analysis of patent applications having potential relation with applications of metamaterials to defense systems and also some research papers. In this way, we have identified a broad list of topics where metamaterials could improve some of the today’s limitations of defense systems and give us some paths for future evolution of such systems.
This document presents the period of time comprised from now up to the next 10 years and a probable geographic localization of the developments. Also a description of the areas of expertise by countires is given. Note that, up to now, the usefulness of metamaterials is still under discussion due to the existence of cases where they have succeeded and other situations where conventional technologies have not been surpassed. RF, microwave, millimetre wave, terahertz, infrared, optical and acoustic metamaterials have been analysed giving a time scale of probable developments. The introduction of gain and controllable structures have been discussed and placed in the time axis. Much more sophisticated technologies employing metamaterials have been placed into the second half of the ten years time period due to the needed fabrication methods advances to reach such devices.













2. INTRODUCTION
It is well known the interest of US Army, Navy, and Air Force in metamaterials research for military applications. An estimation says that each one of these forces invests around 15 million dollars per year in this research topic. In Europe, metamaterials research is mostly concentrated in basic research at civilian level but it is noticeable that EDA has launched recently a 2nd and a 3rd call for project proposals on the suitability of these innovative concepts in the military radar. As a hot research topic, due to the significant increase of the number of papers in high-impact scientific journals (e.g. Science, Nature, Phys.Rev.Lett.) and also in E&E engineering journals (IEEE, IET), one can expect some risks to be solved in order to apply them successfully. One can define metamaterials as artificial structures exhibiting electromagnetic properties able to be engineered in order to achieve physical properties not observed in nature. So far, metamaterials concepts such as those based on photonic bandgap phenomena, negative refraction in left-handed media, magnetic activity in the optical regime, subwavelength focusing, matter cloaking or efficient tunneling in subwavelength structures have been proposed and preliminarily demonstrated. Therefore, metamaterials constitute a rapidly expanding new technology with a large number of applications, many of them with clear relevance to defence. In particular, radar signature management and improved antenna configurations seem to be the most promising applications. Metamaterials can be relatively easily fabricated using standard printed-circuit techniques. They are engineered materials with two- or three-dimensional patterns. A novel revolutionary approach in metamaterial design consists into designing the artificial dielectric permittivity and the magnetic permeability of the homogenised structure in such a way that one obtains a single negative media (negative permittivity or permeability) or extreme parameter media (including double positive structures, unnaturally high refractive index medium). Then it is possible to design any value of the wave impedance in the metamaterial media, a zero impedance medium (like a perfect electric conductor mimicked by a dielectric permittivity approaching infinity and magnetic permeability approaching zero), infinite impedance medium (like perfect magnetic conductor mimicked by dielectric permittivity approaching zero and magnetic permeability approaching infinity) or other combinations of either very large or very small values of parameters. Particularly interesting is the case where both the dielectric permittivity and the magnetic permeability are approaching to zero but in such a way that the medium wave impedance remains identical to that of the surrounding medium and matching is preserved (absence of reflections or total transparency). Also, the case of cloaking has attracted the interest of many scientists and the mass media. The survivability of a military platform is increased by reducing or shaping its radar cross section (RCS) at microwave or even terahertz frequencies. For that purpose, the analysis of the scattering of RF waves from a planar metamaterial specimen with its homogenised artificial dielectric permittivity and magnetic permeability designed following the above discussion is proposed in this research project by advanced electromagnetic computer simulation. Metamaterials can also provide some degree of control over the scattered field in such a way that specular reflection can be avoided. We have observed the emergence of all the above revolutionary cases, particularly the nearly zero index of refraction band, when several planar surfaces are stacked properly. This opens the door for innovative frequency selective surfaces, thin intrinsically absorbing artificial structures (anti-reflective layers) and, simultaneously, very directional antennas. The same technology can also be exploited for the creation of stop-band-free leaky-wave radiation as a basis for low-cost scanning antennas. Furthermore, these artificial structures even have the potential for the more speculative topic of invisibility and cloaking. Here, coordinate transformation plays an essential role for invisibility, cloaking and ultra-directive antennas having an effective area higher than the physical one.  Moreover, these phenomena can also be found for acoustical waves, which are clearly relevant for sonar and other naval applications. The innovation level of the Metamaterial radar components analyzed in this proposal constitutes a revolutionary step in the way to allow new functionalities and improved performances to overcome conventional limitations. Therefore, radar signature management, intelligent coatings, etc., are envisaged. In this way, our proposal deals with the forecasts on how the performance of the technology is likely to evolve regarding metamaterials with Extreme Parameters for Disruptive Antennas, Radomes, and Cloaking in Radar Applications.	Comment by jmhao: Negative?
A review of several results obtained at shorter wavelengths is also presented, from the terahertz up to infrared, and visible spectrum. We have discussed the most recent advances in metamaterial technology, particularly, the advances dealing with the possibilities of control in metamaterial estructures and those where superconductors, including more futuristic ideas. 
The first military activities can be traced back with Valerie Browning and Stu Wolf of DARPA (Defense Advanced Research Projects Agency) in the context of the DARPA Metamaterials program that started also in 2001. Since this date, several initiatives have being supported by DARPA. Their basic definition was: “Metamaterials are a new class of ordered composites that exhibit exceptional properties not readily observed in nature. While the original metamaterials definition encompassed many more material properties, most of the subsequent scientific activity has centered on the electromagnetic properties of metamaterials gains its properties from its structure rather than directly from its composition."
The vision of DARPA's Negative Index Materials (NIM) program is to further understand and explore the physics of left-handed transport and negative refractive index and to significantly expand the frequency range at which these phenomena are observed. Having confirmed the existence of negative refraction in resonant RF structures with negative permittivity and permeability, researchers are now postulating many exciting new DoD-relevant applications for these materials. Exploring the possible implementation of negative index materials for DoD applications will require significant enhancements in the properties of existing NIM (bandwidth, loss, operational frequency, etc.), as well as improved understanding of the physics of their electromagnetic transport properties. Specific technical objectives of DSO's NIM program include the following: (1) verify experimentally and further understand the physics and consequences of opposing group and phase velocities in negative index materials; (2) explore and demonstrate sub wavelength imaging using negative index materials; (3) expand the operational frequency range of negative index materials; and (4) understand and reduce the loss mechanisms of negative index materials for practical application. It is envisioned that advances in NIM may lead to a number of exciting DoD-relevant applications including lightweight, compact RF structures and improved optics for imaging systems. Some examples of these activities are the projects AFOSR, MURI, Waveguide Metamaterials, AFOSR, MURI, Broadband Metamaterials, DARPA/Boeing, Impedance Matching Layers for Phased Arrays, and Los Alamos/AFOSR, MURI, THz Metamaterials. 
Later on, these projects have been followed by IARPA, Transformation Optics (Cloaking) $1,770,833 over 16 months, Los Alamos, Tunable Metamaterials with Semiconductors, IARPA, Acoustic Cloaking, AFOSR/SensorMetrix, Metamaterial Composites, ARO, Ferrite/Metamaterial Hybrids, Northrop Grumman, Metamaterial Antenna Designs, Northrop Grumman, "Metamaterial Radome for Anti-Jam GPS Radar." Total funding will be $364,999 over 34 months.
Also, it is well known that the metamaterials activities supported by the US ARMY, the US NAVY, and the US AIR FORCE are very relevant involving programs with an amount of funding of 15 M$ each.
In Europe, the European defence Agency, has related metamaterials with several priority areas like: R&T/MS-08-04: Structural Modelling Design & Through Life Support, R&T/GS-08-13: Ground platforms technologies and mounted platform systems, R&T/SA-08-28: .Aerial platform technologies including Helicopters and UAVs. It is envisaged that metamaterial technology will contribute to reduce detectability in all terrestrial, aeronautics, and naval platforms, see for more details MDESP 11.
Also NATO-RTO has initiated some initiatives related with metamaterials and their potential in defense applications. More precisely, the SET-181  Metamaterials for Defense and Security Applications, and previously, SET-123  Nanomaterials for Sensors, Sources, and EM Manipulation, and the SET-084  Emerging Technologies for Sensor Front-Ends.
Here, we will provide some forecasts relevant to military systems on the performance of the technology and how it is likely to evolve. These quantified forecasts will de done, first, from today and ten years ahead. Some information regarding the probable geographic localisation of the leader of a certain development will be given based upon the information retrieved of publications, projects and conferences and an analysis of each relevant country is also given. The condition of each country are relevant and a forecast of its future evolution can be useful in order to strength the European capabilities and to avoid to loss the know-how because the economical crisis shortcuts. 
Because the fact that Metamaterials can be relatively easily fabricated using standard printed-circuit techniques it is in the reialm of low frequency and microwave band antenna and filters where they are under consideration for elucidation of its real advantages in front of conventional technological solutions. 
Cloaking has attracted the interest of many scientists and the mass media. The survivability of a military platform is increased by reducing or shaping its radar cross section (RCS) at microwave or even terahertz frequencies. Nevertheless, from the practical point of view the results are still at an infancy level. Here, coordinate transformation plays an essential role for invisibility, cloaking and ultra-directive antennas having an effective area higher than the physical one.  
Other promising approaches are the nearly zero index of refraction metamaterials which opens the door for innovative frequency selective surfaces, thin intrinsically absorbing artificial structures (anti-reflective layers) and, simultaneously, very directional antennas. The same technology can also be exploited for the creation of stop-band-free leaky-wave radiation as a basis for low-cost scanning antennas. 
The analogy of these phenomena for acoustical waves is relevant for sonar and other naval applications. Here will start from the results discussed in the two previous reports, the first one relatedwith the state-of-the-art and the second one dealing with the identification of metamaterials applications in military systems. 
Then it will be the time to move to the forecasts up to the next ten years where more sophisticated developments need to be analysed.
















3. LITERATURE REVIEW OF METAMATERIALS STATE-OF-THE-ART  

The Greek prefix μεταmeta means beyond and in consequence, terms metamaterial/metasurface mean beyond (conventional) material/surface. Metamaterials are artificial periodic (or quasi-periodic) composites engineered to exhibit unprecedented controlled EM properties and functionalities unattainable with naturally-existing materials. These properties come as a result of the physical structure pattern rather than its chemical constitutive elements composition. [VESE 68], [YABL 87], [PEND 99], [SMIT 00], [SOLY 09]. 
Two main categories can be distinguished in the metamaterials field: the so-called Electromagnetic Bandgaps according to microwave notation (periodic structures whose unit cell is comparable to the operating wavelength), and effective homogeneous media (periodic structures whose unit cell are much smaller than the operating wavelength and therefore, homogenization procedure can be applied to them). Because of the minor relevance of the EBGs in this work and the rejection from some members of the metamaterial community to consider them within the umbrella of metamaterials, the revision of this concept will be short, focusing the introduction on effective metamaterials. Electromagnetic properties of effective metamaterials are often described using the concept of refraction index. In naturally-occurring materials the refraction index is always positive. However, some artificially designed materials can act as negative-index media (NIM) or zero-index media (ZIM). NIMs are often referred to by several names and terminologies: "left-handed media (LHM), double-negative media (DNM), backward  wave media (BW), negative refractive index media (NRI), etc.]. Figure 1 illustrates the situation of the aforementioned effective media in the ε - μ diagram along with the well-known conventional materials.
[image: ]
Fig. 1. Permittivity-permeability diagram. The angular frequencies ωpe and ωpm represent the electric and magnetic plasma frequencies respectively.

These man-made composites offer great engineering freedom because their EM properties are derived from their structural design, which is analogous to polymers whose physical properties mainly arise purely from the connectivity of their molecular chains rather than chemistry monomer units.
One of these artificial media are the so called Photonic bandgaps (PBGs), they are periodic structures designed in the visible and telecommunication wavelengths with the aim of inhibiting electromagnetic radiation in certain spatial directions and frequency bands. They control photons similarly as a solid-state crystal controls electrons. These structures operating at microwaves and millimetre-waves (where the definition of photons is misleading) are called Electromagnetic Bandgaps (EBGs). [YABL 87], [YABL 93], [YABL 93b], [JOAN 95], [JOHN 97]. In the beginning, they were fabricated in three dimensions (3D), so it was impossible to integrate them in planar technology circuits. It was at the end of the 1990s when the first designs in planar technology were proposed [RADI 98].
On the other hand, effective metamaterials are engineered such that the operating wavelength is much larger than structural unit sizes, and thus the EM wave can excite these resonances of the inclusions while still failing to resolve the details of the structure. Therefore, the incident wave is myopic to the structure and thus, the medium can be treated as homogenous defining macroscopic effective parameters such as electric permittivity and magnetic permeability. There are two main branches in effective materials: artificial dielectric media and artificial magnetic media. The former, artificial dielectric materials, were known as far back as 1940s, when they were employed in microwave engineering for beam shaping [KOCK 46], [KOCK 49], [COHN 50]. Afterwards, they were also used to alleviate experimental difficulties of performing measurements of electromagnetic waves propagating in plasmas [ROTM 62]. Moreover, stacked structures were employed to synthesize unusual (but positive) refractive indexes [BROWN 53]. On the other hand, artificial magnetic media have not attracted so much attention until the end of the 20th century, with the exception of the pioneering work of Schelkunoff in 1950s [MARQ 08], [SOLY 09]. Schelkunoff proposed a loop loaded with a capacitor in order to have enhanced magnetic polarizability. However, this approach involved lumped elements, which prevented it to have the impact that Split-Ring-Resonators (SRRs) [PEND 99] have had. It was the discovery of SRRs that gathered together both branches under the term metamaterials.
By the end of the 1990s, J.B. Pendry, reported a non-magnetic subwavelength particle with a strong magnetic response called SRR [PEND 99], see Fig. 2. The incident axial magnetic field induces circulating currents on the SRR, which can be seen as analogous to atomic orbital currents. The induced currents give rise to local magnetic dipole moments (strongly diamagnetic) which can counteract the incident magnetic field and result in a resonant μ following a Lorentz response, which is μ < 0 for a certain frequency range. The resonant characteristic, can be modelled by a typical LC circuit [BAEN 05], showing μ < 0 within a certain frequency band (in fact, between the quasi-static frequency of the particle and the magnetic plasma frequency, following the common physical nomenclature). This decisive breakthrough paved the way for the realization of the first LHM and reopened the artificial magnetic media field that along with the artificial dielectric media have created the metamaterials field.
[image: ]
Fig. 2. Schematic of SRRs, and equivalent circuit. Φm is the external magnetic flux across the particle, Ls the inductance of a single ring with an average radius and width c, C0 the total capacitance of the rings, and Cs the series capacitance of the upper and lower halves of the SRRs.
We refer to [MARQ 08] for further details about the bi-anisotropy and a rigorous analytical study of the SRRs (also [PEND 99] for this issue), as well as to [SOLY 09] about a revision of the prominent SRRs-like particles reported up to day. To move towards 3D isotropic artificial plasma and reduce the influence of the spatial dispersion, the regular wire mesh was designed. However, connected-wire mesh still exhibits spatial dispersion unless the electric field is parallel to one of the three sets of wires. This issue has been recently addressed and spatial dispersion has been reduced by introducing some modifications on the wire mesh [DEME 08].
Subsequently to the theoretical description of the SRRs and using Babinet’s principle [JACK 99], it was reported that Complementary Split-Ring Resonators (CSRRs) have a strong ε −resonance [FALC 04], [FALC 04b], [BAEN 05]. They consist of two concentric rings formed when the SRRs are subtracted from a metallic thin film, see Fig. 3. The behaviour of this new particle is dual to the SRRs in terms of Babinet, i.e. electric and magnetic fields interchange their roles and now, ε displays a strong resonant behaviour. This particle has provided a new way for negative permittivity medium implementation.
[image: ]
Fig. 3. Schematic of CSRRs, and equivalent circuit. Φe is the external electric flux across the particle, Cc the capacitance of a disk replacing the CSRRs, L0 the inductance between the inner disk to the ground, and Lc the total inductance.

Left-Handed Media (LHM) are structures that exhibit negative refractive index (the other way round is not true) because of the simultaneous negative values of ε and μ (Double-Negative Media, DNM) [VESE 68], [SMIT 00], [CALO 06], [MARQ 08], [SOLY 09], [RAMA 09]. During the 1960s the Russian physicist V.G. Veselago [VESE 68] studied theoretically the propagation of monochromatic plane waves in a medium with simultaneously negative ε and μ, coming to the conclusion that the index of refraction of this medium is  and negative refraction takes place at the interface between a conventional medium and this unusual LH medium. Veselago was likely influenced by Mandelstam, see [KROW 07] and [RAMA 09], who derived negative refraction in terms of wave vector, group velocity and causality principle and not in terms of index of refraction as Veselago did. The LHM have the following unusual EM properties:

- Phase and group velocity run anti-parallel, forming the electric field, magnetic field and wavenumber vectors a left-handed triplet, hence the name Left-Handed medium used by Veselago, see Fig. 4(a). This property is the origin of the next ones.
- Frequency dispersion of the constitutive parameters and loss because of causality.
- Reversal of Doppler effect, Čerenkov effect, and Goos-Hänchen shift.
- Reversal of the boundary conditions relating the normal components of the electric and magnetic fields at the interface between a conventional and LH medium
- Reversal of Snell’s law. Intentionally, this has been set aside from the other physical inversions and left to the end because of its important consequences. An EM wave that enters into a LH medium from a standard/conventional Right-Handed medium will undergo negative refraction, i.e. the beam will not cross the normal, see Fig. 4(b). This also implies that convex and concave lenses interchange their role with respect to standard dielectric lenses in such a way that concave LH lenses force convergence and convex LH lenses divergence; see Fig. 4(c). Also, it causes that a LH slab transforms a point source into a point image; see Fig. 4(d). Moreover, it was demonstrated that in addition to it, the LH slab is also able to reconstruct the non-propagating near-field modes of the source, overcoming diffraction limits of propagating waves as a result of the growth of the amplitude of the evanescent waves in the direction of propagation within limited frequency range. In other words, we have a perfect lens [PEND 00]. This concept set off a firestorm of controversy [PEND 03] and after some years it has been better defined and explained [RAMA 09], [SOLY 09]. It should be noted that proposals of methods to exceed the classical resolution limit have existed for over 80 years, especially in the field of microscopy [SYNG 28], [BETZ 86]; needless to say, working in near-field. Now, under the new framework, lenses are sorted out into: ordinary-lens, where evanescent field is not recovered; super-lens, where some evanescent fields are amplified and then, the information carried by them is recuperated at the image; and hyper-lens, where the evanescent field is converted to propagation because of the hyperbolic nature of the dispersion of the anisotropic medium of the lens, where some of the components of the permittivity and permeability tensors are negative while other are positive (indefinite media).
[image: ]
Fig. 4. (a) Triplet (E, H, k) for ordinary isotropic media (left), left-handed media (right). (b) Refraction of an electromagnetic wave at the interface between two different media: (left) case of two media of the same handedness - RH in the figure -, (right) case of two media of different handedness. (c) LH lenses: diverging bi-convex lens (left) and converging bi-concave lens (right). (d) Double focusing effect in a “flat lens”. 
Before keeping on reviewing LHM, it is time to stress that negative refraction is also attainable under other circumstances apart from anomalous dispersion close to an absorption peak and double negativity (Veselago approach) already mentioned: when there is spatial dispersion, i.e. the electric permittivity ε (ω,k), where ω the angular frequency and k the wave-vector; using the diffractive nature of Photonic Crystals (PhCs) or other periodic structures; in anisotropic media with no negative components of ε and μ such as uniaxial crystals (natural materials!) – the wave-vector and group velocity are not parallel to each other. Unlike PhCs, the negative refraction is only achieved within certain small range of angles –; and finally in a network of LC circuits at microwave frequencies. This approach seemed to be inherently limited to RF and microwave frequencies, until the successful extension of discrete LC elements designed at optics with plasmonic structures (“metatronics”) [ENGH 07]. 
As mentioned, in 1999 Pendry surprised the artificial media community with a fascinating candidate for a μ-negative (MNG) medium: the SRRs [PEND 99]. This provoked that the work of Veselago about LHM were seen from perplexing to prophetic. It was Smith et al. [SMIT 00] who had the privilege of performing the first experimental validation of a synthesized artificial LHM by embedding SRRs (μ < 0) in a thin copper wire mesh medium (high-pass behaviour equivalent to ε < 0 within the cut-off region).
A shortcoming of this structure was soon pointed out, since the strong magnetic resonant behaviour of the SRRs inherently has losses and narrows the band response, which in some circumstances could complicate their practical implementations for the millimetre- or even worse for optical-waves. Hence, an alternative route was followed by other authors under the inverse transmission line formalism [CALO 06], [ELEF 05] to circumvent this issue. The inverse transmission line supports backward waves and can be straightforwardly realised by loading a conventional transmission line with reactive elements. The non-resonant transmission line-based metamaterials exhibit concurrently wide frequency band and low losses. Unfortunately, lumped elements are used and then, they are not easily integrated in absolute planar technology and parasitics are unavoidable, as well as they cannot be applied at high frequencies.
In contrast to bulk (propagating) wave, the advent of metamaterials remarkably also extend the surface electromagnetic wave phase diagram. Surface electromagnetic waves are bound to an interface between two different materials. Studies of SWs are of great importance for both fundamental and practical interest [BOAR 82]. [ZHOU 04] and [KATS 07] demonstrated that surface electromagnetic wave propagating along two-dimensional interfaces separating different metamaterials can behave analogously to 3D electromagnetic wave in either usual or left-hand media, depending on the permeabilities and/or permittivities of the two materials forming the interface. Fig. 5 summarizes the conditions when surface electromagnetic waves exist and their total energy flux is either parallel (for right-handed interfaces, RHI) or antiparallel (for left-handed interfaces, LHI) to the phase velocity for all possible (6 types) interfaces. The waves are characterized by a total energy flux and group velocity antiparallel to the phase velocity and, therefore, should have a negative refractive index, negative Doppler frequency shift, and inverted Cherenkov angle. Especially, it is shown that for the RHM to LHM interface, both TE and TM surface electromagnetic wave can be supported.          

[image: surwave2]
Fig. 5. Regions in the (|ε2/ ε1|, |μ2/ μ1|) plane where TE and TM surface electromagnetic waves exist are marked using different patterns. No surface waves occur in the white regions. Red (blue) regions correspond to left-handed (right-handed) interface LHI (RHI) [KATS 07].    

To date, most of the experimental results concerning NIM and ZIM are in the microwave frequency range, with only a few preliminary results of NIM available at sub-mm wave and infrared frequencies, and they have so far been limited to optically thin samples because of significant fabrication challenges and strong energy dissipation in metals. Such thin structures are analogous to a monolayer of atoms, making it difficult to assign bulk properties such as the index of refraction. The impact of NIM and ZIM would be much larger if one can realize negative refraction at optical frequencies. For example, super/hyper lenses, which can beat the diffraction limit, could lead to revolutionary breakthroughs not only in imaging of biomedical objects, but also in optical storage applications and lithography techniques. This is the reason why a great research effort has been devoted recently to overcome this problem by designing more suitable structures with ε and μ negative [SHAL 05]. Initially these new metamaterial structures were following the classical double-resonance scheme but as it has been mentioned before, working in the vicinity of resonances typically increases loss. The first attempt to elude high losses at optical frequencies relied on the fabrication of a pair of subwavelength hole arrays drilled in very thin metallic plates [ZHAN 05], [DOLL 06] (that is, avoiding sources of losses), but they were beyond the scope of ET (fishnet structures). Other solutions based upon stacked layers of semiconductors or U-shaped SRRs have been proposed [HOFF 07] and [LIU 08]. Hence, at that time it was thought that properly engineered SSHAs under EOT would further minimize losses, as was pointed out and experimentally verified for millimetre-waves by Beruete et al. [BERU 06c]. Besides, this work showed for the first time the relationship between ET, EBGs and LHM/NRI. 
[image: ]
Fig. 5. Numerical simulation and practical demonstration of negative refraction in a prism of stacked subwavelength hole arrays [NAVA 08]. 

Thanks to the breakthroughs of metamaterials at microwaves, researchers have been attempting to come up with a low-loss metamaterial that allows tailoring the electric permittivity ε and the magnetic permeability μ for impedance matching suitable for high frequencies. Among other resonance-based approaches, where the negative index of refraction is achieved via resonant response in ε (usually exploiting Drude dispersion) and μ (Lorentz-like dispersion), fishnet structures [ZHAN 05], [DOLL 06] have the best performance. However, losses can be further minimized by designing those fishnet layers under extraordinary optical transmission (EOT) criteria, [EBBE 98] as was reported for millimeter waves. [BERU 06]. Encouraged by the success of the extraordinary optical transmission metamaterial (EOTM) and its effective negative index of refraction, which was confirmed by wedge experiments at different wavelengths, [NAVA 08], [BERU 09], [VALE 08], [BERU 09]. These phenomenon are shown in Figs. 5 and 6. 
[image: ]
Fig. 6. Numerical simulation and prototype of birrefringent prism of stacked subwavelength hole arrays [BERU 09]. 
Then, the pursuit of beam-forming applications based on EOTM technology has been afforded [BERU 08], [NAVA 09], [NAVA 10] and  [NAVA 11] even for lenses when its effective negative index of refraction approaches zero, as in Fig. 7. Previously, starting from the first experimental confirmation by Smith’s group [SHEL 01] of a NRI medium at microwaves using arrays of metallic wires to get negative dielectric permittivity [PEND 96], mixed with arrays of split rings resonators (SRRs) to obtain negative magnetic permeability [PEND 99], several attempts have been done to achieve such geometrically profiled lenses. For instance, planoconcave lenses exhibiting negative index of refraction have been built using negative index metamaterials [PARA 04] and photonic crystals with constant index of refraction [VODO 05], [GRAL 05]. Even, RF lenses with gradient index of refraction have been reported in several works: without any geometrical profiles [SMIT 05], and also with cylindrical geometry [GREE 05], [PARA 06]. Lastly, at microwave frequencies, spherical negative index metamaterial lenses with physical curvature and flat gradient index of refraction lenses  [GREE 07] have been proven.
Finally, alternative structures emerged quite recently performing their negative refraction or even LH behaviour by just combining one resonance (in ε or μ) and a second optical feature such as anisotropy [HOFF 07], chirality [PEND 04b], [DEME 09] or exploiting the dispersion diagram of surface plasmon polaritons SPPs [LEZE 07], [MAIE 07], [RAMA 09], [SOLY 09]. 
A pedagogic and rigorous historical perspective of the broad variety of unit cells used in metamaterials and the range of operation along with their main features can be found in [SOLY 09] and references therein. And from a more critic perspective to metamaterials examine [HAO 09], [MUNK 09].
Today, there is an increasing interest for media with effective index n → 0 (from both negative and positive values) [ENOC 02], [ENOC 03], [ZIOL 04], [ALÙ 05], [MART 06], [SILV 06], [ALÙ 07]. At such extreme low effective index of refraction in the vicinity of the plasma frequency, there are no sharp resonances in the Drude and Lorentz model, and therefore, according to Kramers-Krönig relations, less ohmic losses than near resonant frequencies (where classical double-resonance NIM are designed) are expected [LAND 84]. Moreover, effective index of refraction close to 0 means that the EM fields in the medium take on a static character in space, yet remain dynamic in time, which in plain words indicates that there is zero phase variation within the medium. Thus, the phase front of any EM wave outgoing from a slab with such characteristic would follow the face of the medium. This property can be advantageous for the design of high directive antennas if one uses a flat slab: the field radiated from it would propagate away orthogonally to the face of the slab (according to Snell’s law, the transmitted wave must have a transmitted angle equal to zero for any angle of incidence when the index of the incident medium is zero), and thus, a cylindrical wave generated inside the slab would be converted into a plane-wave [ENOC 02], [ZIOL 04]. 
In addition, zero refractive index materials can be realized by dielectric photonic crystals, at the same time, which can exhibit Dirac cone dispersion at the center of the Brillouin zone at a finite frequency by employing accidental degeneracy. This means that such structures can be related to the media with many interesting properties intrinsic to a Dirac cone dispersion [SEPK 07], [WANG 09], [DIEM 10], besides possessing effective zero permittivity and permeability as well as lossless. 
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Fig. 7. Example of stacked subwavelenght hole arrays negative refraction biconcave lens  [NAVA 11].
Surface impedance is another important property of a material interface. If the impedance of the suface is very low (high), the interface will reflect electromagnetic wave with (without) phase reversal [ZOUH 09]. Creating media with extreme value of surface impedance is desired in many applications. In practices, it is highly desirable to find a material that simultaneously shows high surface impedance and a surface wave band gap [SIEV 99], [ZHOU 04]. Recently, scientists successfully fabricated such composite materials [COCC 99], [ZHOU 03], [MCVA 04]. The structures possessing high impedance surface properties usually consist of planar periodic metallic arrays printed on a metalbacked dielectric slab either including vertical vias or not. This special kind of metamaterials exhibits two interesting electromagnetic properties. First the phase of the electromagnetic reflected by them varies continuously from 180o to -180o versus frequency, indicating that the system must reflect the EM wave in-phase at a specific frequency. Second, the surface waves with both polarizations are completely suppressed in a particular frequency window. Owing to these two fascinating properties, Such metamaterials have found several interesting applications in practice, such as being the ground planes for antennas [SIEV 99], [COCC 99], [ZHOU 03] or working as the side walls of sub-wavelength cavities [LI 06], [ZHOU 05], [OURI 06]. For example, such ideas can be used to break the size restrictions imposed strictly on convential cavities. An all-metamaterial-based cavity operates on subwavelength modes, the smallest cavity thickness being of the order of λ / 60 [OURI 06]..

A very interesting research topic for metamaterials remains in the terahertz band where many interesting applications related with sensing and imaging are under development. In this way, metamaterial absorbers in the THz frequency range have been reported recently [TAO 08]. Also, metamaterials have been used as antireflection coatings in the infrared as a promising solution to avoid classical multi-layered solutions, see [CHEN 10], [WAGN 06], [HUAN 07] and [CHEN 09].
A follow-up of the above research line is related with dynamically and actively switchable and frequency tunable metamaterials wich are pursuived in order to enhance functionalities and enable real devices, see for example [PADI 06] and since that time, the field is growing continuously, particularly at terahertz bands. 
Another recent result at terahertz spectral region is that of [CHOI 11] where they estimate that a very high index of refraction — of a few hundred — could be achieved by further shrinking the gaps and embedding the layers of metamaterial in a sub-strate exhibiting a higher refractive index than polyimide, for instance strontium titanate. In this way, an important amplification of the refractive indices of nature’s materials could be obtained. Nevertheless, the requested precision of 10–50 nano- metres in the fabrication of metallic structures into a large (centimetre-scale) area of metamaterial, need to be solved. A drawback of the previous result is caused by the fact of its sensitivity to the polarization of impinging radiation. In spite of the fact that they fabricated an isotropic two-dimensional metamaterial, which are insensitive to polarization, it is a problem to obtain realistic isotropic three-dimensional metamaterials with a very high refractive index being indepent on polarization. 
The previous discussion introduces us into a much more challenging topic, is that of isotropic 3D metamaterials. In spite of the fact that several attemps have been reported in 2D, the results for real 3D isotropic metamaterials is very scarce. The work of Prof. Federico Capasso is noticeable [FAN 06] because thanks to the method of self-assembly of colloids as an alternative to top-down processing that enables the fabrication of nanostructures. He shows that self-assembled clusters of metal-dielectric spheres are the basis for nanophotonic structures. By tailoring the number and position of spheres in close-packed clusters, plasmon modes exhibiting strong magnetic and Fano-like resonances emerge. This cluster concept can be generalized to other functional 2D and 3D structures. One example is the tetrahedral cluster, which supports isotropic electric and magnetic resonances in three dimensions and can be used as a building block for isotropic metamaterials.
The “bodies” with high absorption properties are of much importance at present in many fields of science and technology. For example, perfect absorbers can be used as photodectors, microbolometers, and thermal images. Another much important application of the perfect absorber is in the field of thermalphotovoltaic solar energy conversion [COUT 99], [REPH 09]. The perfect absorbers with broad spectrum features or narrow band responses are both necessary. The former possesses blackbody-like behaviors and can be utilized to absorb solar energy effectively from infrared frequency regime to visible frequency regime. The latter is selective emitter, which displays strong emission in the desired frequency region where narrow band gap photovoltaic cells could convert photons to electricity [REPH 09]. Metamaterial is a kind of ideal candidate for realizing such perfect absorbers. Quite recently, there have been many studies demonstrating metamaterial absorbers [LAND 08], [LAND 09], [HAO 10], [LIU 10a], [LIU 10b], [HAO 11], in which the loss portions of the optical constants have been sufficiently exploited rather than the real ones. The experimental demonstrations of such effects have been performed from microwave to near-infrared frequencies. In addition, in [LIU 10b], the authors demonstrated metamaterial perfect absorber can be used to achieve both a frequency and spatially selective absorption, since in some sepecific case, it is required to specify a particular spatial pattern to be detected and the other component to be strongly absorbed.  The results in [LIU 10b] suggest an alternative way to achieve spatial light modulation, information coding, and single-pixel imaging. Interestingly, by combining the MPA with dynamical control, 

Following  [ZHEL 11], it seems that the next stage of metamaterials development will be the widespread use of active (gain-assisted, controllable and nonlinear) metamaterials and metamaterials for sensing and energy applications. Loss also severely degrades the cloaking effect of the device designed by transformation optics and optical conformal mapping. Gain-assisted is necessarily introduced to overcome the loss porblem in invisibility cloaks [HAN 11]. 
A radical advance is expected in expanding the metamaterial paradigm will occur when the arrays of classical plasmonic resonators found in today’s metamaterials are replaced with arrays of superconducting quantum interference devices to create truly quantum artificial electromagnetic media [ZHEL 11]. 
The mixture of gain media with metamaterials has attracted increasing attention of researchers due to its key role in developing novel laser sources. Recently, it has been experimentally confirmed that hybridizing a gain medium (semiconductor quantum dots or quantum well structures) with a plasmonic metamaterial can lead to a multi-fold-intensity increase and a narrowing of their photoluminescence spectra. This luminescence enhancement comes from the quantum Purcell effect being controlable whith the designed metamaterial. The goal consists in the development of metamaterial-enhanced gain media and the “lasing spaser”: a “flat” laser with emission fueled by plasmonic excitations in an array of coherently emitting metamolecules. On the other hand, conventional lasers working at wavelengths of proper natural atomic or molecular transitions, the lasing spaser’s emission wavelength can be controlled by metamolecule design [ZHEL 11].
It is expected that electrically pumped semiconductor gain media could be a practical solution for metamaterial-based lasers at visible and telecom frequencies, while quantum cascade semiconductor amplifiers show promise for compensate losses and providing gain in the infrared [ZHEL 11]. Also, electrically and optically pumped graphene is hoped to show strong plasmonic amplification in the terahertz. The introduction of gain into metamaterials compensates for the joule losses that attenuate plasmons in metalic nanostructures. Reducing losses is essential for waveguides, spectral filters, delay lines, etc.
Switchable and tuneable metamaterials are very important topics of metamaterials research. For the case when high speed switching is not the main goal, metamaterials can be reliably and reversibly controlled by microelectromechanical (MEMS) actuators that reposition parts of the metamolecules [ZHEL 11]. This has been confirmed for terahertz and far-infrared metamaterials. Reconfigurable optical metamaterials require moving components on the scale of a few tens of nanometers (NEMS actuators) to realize a profound change in optical properties. 
Metamaterials where metal nanostructures are combined with nonlinear and switchable dielectrics or semiconductors provide a method for fast changes compared with mechanical solutions. Semiconductors and semiconductor multiple-quantum-well structures substrates for a metallic framework, carbon nanotubes and fullerenes implanted into the fabric of the metama- terials and organic nonlinear media are envisaged solutions [ZHEL 11].
It has been shown the possibility to modify metamaterial’s response at terahertz frequencies by injection or optical generation of free carriers inside gallium-arsenide substrates. The extremelly fast nonlinear response of silicon is highly enhanced using a metamaterial layer. Single-wall semiconductor carbon nanotubes deposited on metamaterials present an order-of-magnitude higher nonlinearity than the already extremely strong response of the nanotubes themselves, due to a resonant plasmon-exciton interaction [ZHEL 11].
Chalcogenide glasses have been used in rewritable optical disk technology for years due its fast and reproducible changes in optical properties caused by excitation. Phase transitions between crystalline and amorphous states allow this property and may be engaged by optical or electrical stimulation: A nanoscale metamaterial electro-optical switch with chalcogenide glass was shown. [ZHEL 11]. Nearly equal properties are exhibited by transition metal oxides, like vanadium dioxide; or by modification in the dielectric properties of a nanometer-thick layer of conductive oxides if one injects free carriers; or by using graphene an electro-optical capability is added to metamaterials, at IR and THz.
Also the application of metamaterials for sensing is another research hot topic because detection of low-concentration of sugar, hydrogen, etc., via changes in the transmission and reflection response of a metamaterial is a real promise [ZHEL 11].A brand new possibility for metamaterials consists into the introduction of superconducting materials. This creates a new paradigm for data processing and information technologies. One can expect a formidable reduction of losses and, simultaneously, an extraordinary sensitivity of the superconducting state to electromagnetic excitation, and the extraordinary nonlinearity of superconductors (several times that of diodes). In this way, this opens the possibility of low energy switching at the subattojoule level [ZHEL 11]. It could be suitable to switch from the classical excitations of conventional plasmonic and metamaterial devices to quantum excitations by flux quantization and quantum interference effects. It is assumed that applications of superconducting metamaterials remain in the microwave frequencies for niobium-based metamaterials, and to the terahertz if one employs high-temperature superconductors. The reason is due to is the fact that higher frequencies break the superconducting phase.
Moreover, the invisibility cloak has been selected as one of the breakthroughs from Science in 2006. Artificially structured metamaterials have enabled unprecedented flexibility in manipulating electromagnetic waves and producing new functionalities, including the invisibility cloak. This "metamaterial" that refracts light with refraction index below 1 offers a possibility that light could bend completely around an object, making it effectively invisible. A key factor in the design of necessary metamaterial is the ability to reduce the "index of refraction" to less than 1. Refraction occurs when electromagnetic waves, including light, bend when passing from one material into another, see Fig. 8(b). Natural materials typically have refractive indices greater than 1. The new metamaterial design should reduce the refractive index to values gradually varying from zero at the inner surface of the cloak, to 1 at the outer surface of the cloak, which is required to guide light around the cloaked object, see Fig. 8(a). 
The strategic objective to develop new metamaterials for cloaking also means opening a new branch of research in the multidisciplinary field of material physics, electromagnetics, radio engineering, and electronics which can surmount in a near future the current problems associate with this technology in order to advance this research field towards more efficient and intelligent systems, see [SCHU 06].
It has to be noted that, under the umbrella of metamaterials many other fields or applications have flowered such as transformation optics, whose potential to transform the space in such a way to engineer invisibility or cloaking [PEND 06], [SCHU 06], [LAI 09], [NOVI 09], has caused a deep impact not only in science community but also in the society. In [URZH 11], they give a review of several approaches to optical invisibility designed using transformation optics (TO) and optical conformal mapping (CM) techniques and the performance of the various cloaks is evaluated and compared using a universal measure—the total (all-angle) scattering cross section. In the same direction, experimental quantitative scattering cross-section (SCS) measurements for a metamaterial cloak where a maximum reduction in the SCS of 24% has been reported, see [KUND 10].
Needless to say, “plasmonics”, an until now independent research line but, at present, a closely related topic to metamaterials, has a lot to say also in this discussion. Paraphrasing Pendry regarding metamaterials and likely plasmonics too: “We have opened the door into the secret garden”.
Multiple papers are been published in connection with the topic of invisibility and it is very difficult to cite all of them but the work related with transformation optics is connecting Maxwell to Einstein, this means that a the abstract general relativity theory could find applications in engineering, see [LEON 11] and the references given there.
As a final discussion, we consider the fact that it seem impossible to advance in metamaterials research unless further developments in fabrication are done. We need innovative technological processes in order to arrive to a close-to-molecular perfection in nanostructures, and all this needs to be at low cost. Electron-beam lithography, focused ion beam milling and nano- imprint capabilities have to be surpassed. Up to now, practically all the fabricated metamaterials are two-dimensional structures or few layers. The great challenge is real three dimensional metamaterials. Sophisticated two-photon resist polymerization techniques and next metalizing the dielectric framework or directly releasing metallic silver from a silver halide through a two-photon absorption process are being employed together with membrane projection lithography, allowing the fabrication of quasi arbitrary metamaterial unit cells with metal inclusions (like split-rings) along each of the coordinate axes. Also three-dimensional indented (“intaglio”) or raised (“bas-relief”) subwavelength “continuous-metal” metamaterials offer interesting chances for controlling the electromagnetic properties of surfaces which can be manufactured in a simple way by focused ion-beam milling or high-throughput nanoimprint lithography. The possibility to produce complicated volumetric metamaterial structures provides exciting possibilities like the exploitation of toroidal electromagnetic excitations.
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Fig. 8. (a) Practical cloaking structure and (b) simulation of the evolution of an electromagnetic wave impinging on a cloak structure (from D. SMITH). 
Self-assembly could be one of the most promising paths for advanced metamaterial fabrication. In this sense, it can help to surpass the limitations of two-dimensional lithographic processes by means of a transformation of prepatterned lithographic templates into mechanically robust and precisely patterned three-dimensional nanoscale structures, see [ZHEL 11].
Nevertheless, a realistic advancement in photonic metamaterials will need novel techniques placed in between chemical processes controlled by selforganizing forces on the truly molecular level and the less accurate, top-down methods of metamaterial metalworking, which have are able able to build metamaterials to almost any blueprint. For example, bioengineering approaches such as DNA scaffolding or protein-driven crystallization for fabricating nanoparticle superlattices, the self-assembly of semiconductor quantum dots and magnetic nanocrystals or the casting of metal nanostructures around liquid crystalline frameworks and colloidal frames are considered, see [ZHEL 11]. Even metals could be substituded as agents of conductivity by using selfassembled carbon nanotubes or patterned graphene, making stretchable and flexible metamaterials. Some oxides, semicondutors and perovskites could be employed for infrared applications.
Following [ZHEL 11], the current trend is to view metamaterials as devices, where the structuring of metal and the hybridization with functional agents brings new functionality and response becomes tuneable, switchable or nonlinear. In the near future, it will be possible to deal with quantum metamaterials. Even more, by exploiting the concept of transformation optics, metamaterials with spatially variable parameters and active metamolecular switches imbedded in the strategic location would permit combining complex quantum-level switching and memory functions with the waveguiding of electromagnetic radiation across through the metamaterial volume. Then, one could start to consider metamaterials as dynamic systems. In Fig. 9 one can explore a summary of the expected future evolution of metamaterials technologies and fabrication methods together with several important milestones. 
We do not like to avoid a short discussion on acoustic metamaterials because their interest in sonar applications. Fluid-like metamaterials or metafluids with negative constitutive parameters offer a new insight into acoustic wave propagation. Single negative metamaterials (SNM), in which either the mass density or the bulk modulus is negative [LIU 00], [FANG 06], [YANG 08], can be used, for example, designing of surface-like acoustic lens to overcome the diffraction limit [AMBA 07], [DENG 09] or for the design of acoustic panels [YANG 10]. Double negative metamaterials (DNM) [LI 04], [CHEN 08], [LEE 10] present negative refraction [VESE 68], [PEND 00], [SMIT 04], [SHAL 07] and, as it is well known from electromagnetic wave theory, they can also be used to increase the resolution of conventional lens  [JACO 06], [ZHAN 08], [LI 09]. In general, anisotropic fluid-like metamaterials with acoustic parameters both positive and negative are necessary in the field of transformation acoustics for the design of several types of acoustic devices based on sound propagation  [CUMM 07], [CUMM 08], [CHEN 10b], [BIN 10], [YANG 10b].
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Fig. 9. Evolution of metamaterials science and technology in different frequency bands, technologies of fabrication and several milestones, taken from [ZHEL 11],
	



4. LITERATURE REVIEW OF METAMATERIALS IN MILITARY SYSTEMS  
In fact, metamaterial technologies still need a significant progress at the concept and technological levels in order to introduce them on the market as it has been discussed in the report relative to the state-of-the-art. The requirements of today's radars for applications in aircraft, naval, and terrestrial navigation aids are related with miniaturization, reconfigurability and reasonable cost. Also, the use of micromachining and micro(nano)-electromechanical controllers, MEMS (NOEMS) has to be taken in account seriously.
Planar phased array antennas of radar systems can electronically steer their main lobe within a certain field of view. In an ideal case, outside of this angular region no radiation or reception is desired. However, due to the antenna’s finite dimensions, this cannot be avoided completely and other systems may interfere with the radar system. This way the radar system may cause unwanted disturbance into other systems when transmitting or, it may be disturbed by them when receiving. On the other hand, active jammers may cause a degradation of radar performance even if they are located behind the radar antenna. These scenarios apply for radar systems on moving platforms as well as stationary systems. During recent years, many publications have pointed out the capability of so-called EBG surfaces or high impedance surfaces (HIS) to reduce the back- and side-radiation of planar phased array antennas.
Also, the introduction of metamaterials can reduce the coupling between radiating elements with consequent improvement of radiation patterns and in particular the elimination of blind spots. 
The distribution of RF in transmit mode and its combination in receive mode of active electronically scanned array (AESA) front-ends is accomplished by means of a so-called RF Feeding network (FN). For wide-band applications corporate or parallel FNs are used and for flexible antenna aperture tapering intentional losses (e.g. lumped resistors) are incorporated in the FN. However, corporate FNs are space consuming and thus cost intensive.  On the other hand, series FNs can be compact and low-cost. Their disadvantages are that their transmission phase stability is narrow-band and that it is difficult to incorporate intentional losses for active reflection coefficient reduction at the FN’s antenna ports in receive mode. For limited aperture tapering flexibility no extra losses are needed (see patent DE 10 2007 037 252 B4) but for military applications this may not be sufficient. With the MTM approach the disadvantages of series FNs can be ameliorated. Recently published works have shown that the usable frequency band with respect to the phase stability can be increased. In this direction, it is noticeable the patent US 2005/0225492 filled by Lucent technologies Inc., where a Phased Array Metamaterial Antenna System is proposed in a context where the use of Monolithic Microwave Integrated Circuits (MMIC’s) and a proper beamforming lens are employed.  
Also, we are conscious of the works of Prof. D. Smith (Duke University) and Raytheon Missile Systems, Sensor Metrix, and Navair Program where they have produced new radome structures seeking to obtain a material with electromagnetic properties matched to free space and looking for a conformal shape (US 6,788,273), see Fig. 10. Solution to the problems of bore sight error, side lobe reflection, and polarization effects inherent in current systems is desired. The use of a metamaterial based radome (metaradome) could improve the out of band interference and, simultaneously, the in-band back- and side-radiation will be reduced. Also, it is expected a reduction of the aberration error. These facts are confirmed in well established references, see KOZA 10 or the very relevant paper of Prof. David Smith SMIT 10. Also, very recently, they have proposed the use of transformation optics and complementary metamaterials to reduce the size of Rotman lenses for potential beamforming antenna applications, see HUNT 11.
Some studies on metamaterials have been proposed, in a very preliminary way, for Radar Cross Section reduction at US Naval Postgraduate School, see COTU 05, JENN 05 at the Sandia National Laboratories, see JORG 06, and at the Defence R&D Canada, see VARG 04.
The application of metamaterials for scanning lens antenna design in military applications has been detected based upon the US Patent 7,218,285 filled by the Boeing Company. 
It is expected an increasing impact of metamaterials science and technology during the next future for military applications as soon as they surpass some of the problems under analysis. In order to illustrate the strong US activity, one can make a public search at DoD SBIR FY09.1 - SOLICITATION SELECTIONS where metamaterial related awarded projects appear (see the web: http://dodsbir.net ): NanoSonic, Inc., “Advanced Concepts and Material Solutions for Conformal Antennas”, Eclipse Energy Systems, Inc., Metamaterial Countermeasure and Defeat Program (MCDP)”, SensorMetriX, “Performance of EM and Acoustic Metamaterial Applications”, NanoSonic, Inc., “A Low-Cost, Lightweight MTM Enhanced Conformal Antenna for GPS/Communication Systems”, REMCOM, INC., “Radio Frequency Communications for Unattended Ground Sensor and Munitions Systems”, SPECTRA RESEARCH, INC., “Advanced Multi-Band Electronic Surveillance Measure (ESM) Antenna”, and “Miniature GPS Antenna System”, RM ASSOC., “Super-Efficient Omni-Directional Antennas for Low Power Wireless Ammunition”.
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Fig. 10. (a) Silicon Nitride Radome under electromagnetic testing (from Ceradyne, Inc.) and (b) Metamaterial radome (from Sensor Metrix).
Following the previous Spanish MOD public document MDESP 11, EDA in its the European Defence Research and Technology Strategy (EDRTS), see http://www.eda.europa.eu/rtreferencedocuments.aspx , envisages that metamaterials could help meet the operational requirement of reduction and control of signature, and one can consider that metamaterials are covered by some of the priority Research and Technology áreas (R & T). It relates metamaterials with the following priority areas: R&T/MS-08-04 "Modelling Structural Design & Through Life Support” (Development of material), R&T/GS-08-13: "Ground mounted Platforms and platform technologies systems' (land application platform), R&T/SA-08-28 "platform technologies Aerial Including Helicopters and UAVs" (Use in unmanned aerial platforms). It is generally considered to apply technology to reduce detectability of all terrestrial platforms, aerial or naval both manned and unmanned.
EDA has opened several activities on metamaterials, like the proposed by the EDA CapTech ESM01 (Environment, Systems and Modelling Naval Systems and their Environment) where it was contracted in 2009 an “Study on Electro-Magnetic Signature Reduction,” and made by BAE SYSTEMS. In this document, appears an annex done by Prof. Sir John B. Pendry, on Metamaterials & Cloaking.
Also, the EDA CapTech GEM01 (Guidance, Energy and Materials, Materials and Structures) signed in 2010 the Technical Arrangement TA of the type B project “Metamaterial Inspired Miniaturised Conformal Radar Antennas (MIMiCRA)” where UK and France will participate during 36. The objective of this Project is to improve radar sensors capabilities in aeronautical platforms by using high-impedance metamaterial inspired surfaces for wheight and signature reduction of antennas operating at lower frequencies for communications applications and broadband surveillance antennas. The reduction of size and profile in such antennas will be essential in the reduction of the Radar Cross Section (RCS) and the aerodynamic resistance of these platforms.
EDA has also started the support to metamaterials research activitities for military applications in the EDA 2nd and 3rd Calls of the JIP-ICET. One example is METALESA project related with the use of Metamaterials for Active Electronically Scanned Arrays.
At national Spanish level, following the information given in MDESP 11, the development of metamaterials could contribute to the military objective of “Enhancing protection of the force deployed in operations through the provision of portable media, masking facilities and platforms for ground forces, naval and air" collected in the public document “New Planning for Defense System” (Years 2005-2008).
From the technological point of view, within the framework of the Technology and Innovation Strategy for Defense (ETID), see www.mde.es/Galerias/politica/armamento-material/ficheros/DGM_ETID_v5d.pdf, metamaterials could contribute in the Platforms Performance Area aligned with the Traversal Effort in Functional Materials. The technological goal include would be: To develop new materials and structures for effective signature reduction (radar, IR, visible, acoustic, etc.) acting on a wide range of frequencies.
The development of detection systems increasingly more advanced requires to improve the systems of signature reduction. One solution consists into obtain new materials with improved properties and capable of absorbing radiation over a wider range of frequencies.
For applications in the Platforms Activity Area, the following technology goals emerge: firstly, to develop technologies for the integration of systems, active and passive, of protection of platforms. Second, to maintain and develop technologies for structural design of terrestrial platforms. Suspensions, and mobility requests and transport, low observability. Finally, to develop technologies that improve the survival of ground platforms in close combat scenarios. Shields,active protection systems, identification in combat, etc., MDESP 11.
Thermal imaging in the infrared wavelenth regime is used extensively for military and civilian purposes for high-resolution night vision and identification in near and total darkness. The infrared wavelengths are an important focus of military and defense research and development because so much of surveillance and targeting occurs under the cover of darkness. The short- and mid- wave infrared spectra (from 1.4 μm to 8 μm) bridge the gap between visible wavelength and peak thermal sensitivtiy of infrared, scattering less than visible wavelengths and detecting low-level reflected light at longer distances –ideal for imaging through smoke and fog [COFF 11]. It is found that microbolometers are modified by metallic resonant absorber elements, leading to an enhanced responsivity at selective wavelengths. The dissipative energy absorption of tailored metamaterials allows for engineering the response of conventional bolometer microbridges. The absorption peak position and height can be tuned by the geometrical dimensions of the metematerial. The metamaterial-based bolometers are suitable for multispectral thermal imaging systems in the infrared and terahertz regime [MAIE 09], [HAO 10], [LIU 10a], [LIU 10b].
      



























5. LITERATURE REVIEW ON THE FORECAST UP TO 10 YEARS AND LOCALIZATION  

Metamaterials are artificial periodic (or quasi-periodic) composites engineered to exhibit unprecedented controlled EM properties and functionalities unattainable with naturally-existing materials. 
This approach seemed to be inherently limited to RF and microwave frequencies and this is the reason of the enormous amount of activities, publications in journals and conferences and patent applications in this domain. Nevertheless, this has changed after the successful extension of discrete LC elements designed at optics with plasmonic structures (“metatronics”) [ENGH 07]. 
Also, we can mention that future applications related with super/hyper lenses, which can beat the diffraction limit, could lead to revolutionary breakthroughs not only in imaging of biomedical objects, but also in optical storage applications and lithography techniques. 
The pursuit of beam-forming applications based on EOTM technology has been afforded [BERU 08], [NAVA 09], [NAVA 10] and  [NAVA 11] even for lenses when its effective negative index of refraction approaches zero. Previously, starting from the first experimental confirmation by Smith’s group [SHEL 01] of a NRI medium at microwaves using arrays of metallic wires to get negative dielectric permittivity [PEND 96], mixed with arrays of split rings resonators (SRRs) to obtain negative magnetic permeability [PEND 99], several attempts have been done to achieve such geometrically profiled lenses. For instance, planoconcave lenses exhibiting negative index of refraction have been built using negative index metamaterials [PARA 04] and photonic crystals with constant index of refraction [VODO 05], [GRAL 05]. Even, RF lenses with gradient index of refraction have been reported in several works: without any geometrical profiles [SMIT 05], and also with cylindrical geometry [GREE 05], [PARA 06]. Lastly, at microwave frequencies, spherical negative index metamaterial lenses with physical curvature and flat gradient index of refraction lenses  [GREE 07] have been proven.
Very sophisticated structures emerged quite recently performing their negative refraction or even LH behaviour by just combining one resonance (in ε or μ) and a second optical feature such as anisotropy [HOFF 07], chirality [PEND 04b], [DEME 09] or exploiting the dispersion diagram of surface plasmon polaritons SPPs [LEZE 07], [MAIE 07], [RAMA 09], [SOLY 09].
Today, there is an increasing interest for media with effective index n → 0 (from both negative and positive values) [ENOC 02], [ENOC 03], [ZIOL 04], [ALÙ 05], [MART 06], [SILV 06], [ALÙ 07]. At such extreme low effective index of refraction in the vicinity of the plasma frequency, there are no sharp resonances in the Drude and Lorentz model, and therefore, according to Kramers-Krönig relations, less ohmic losses than near resonant frequencies (where classical double-resonance NIM are designed) are expected [LAND 84]. Moreover, effective index of refraction close to 0 means that the EM fields in the medium take on a static character in space, yet remain dynamic in time, which in plain words indicates that there is zero phase variation within the medium. Thus, the phase front of any EM wave outgoing from a slab with such characteristic would follow the face of the medium. This property can be advantageous for the design of high directive antennas if one uses a flat slab: the field radiated from it would propagate away orthogonally to the face of the slab (according to Snell’s law, the transmitted wave must have a transmitted angle equal to zero for any angle of incidence when the index of the incident medium is zero), and thus, a cylindrical wave generated inside the slab would be converted into a plane-wave [ENOC 02], [ZIOL 04]. 
As we mentioned in introduction, metamaterials consisting of artificial dielectric permittivity and the magnetic permeability of the homogenised structure in such a way that ones can offer aribitary effective electromagnetic parameters, including extremely high refractive index. As shown in Fig (1), it is of sufficient importance to expand the refraction index into a high positive regime, which will provide more design flexibility for many applications [SHEN 05], [SHEN 05], [CHOI 11]. Media with such properties are potentially beneficial for miniaturations of optical or electromagnetic devices and for improving resolution in imaging. Furthermore, slow light effect can be obtained as a result of increasing the refractive index, which can be used to enhance the storage capacity of delay lines as well as spectral sensitivity in interferometers.  Except for a few semiconductors and insultors, naturally existing materials possess small positive indices of refraction, especially in infrared and optical frequency regime. Broadband high-refractive index metamaterial structures were theoretically investigated and expermentially realized from large-area, free-standing, flexible terahertz metamaterials composed of strongly coupled unit cells.
A very interesting research topic for metamaterials remains in the terahertz band where many interesting applications related with sensing and imaging are under development. In this way, metamaterial absorbers in the THz frequency range have been reported recently [TAO 08]. Also, metamaterials have been used as antireflection coatings in the infrared as a promising solution to avoid classical multi-layered solutions, see [CHEN 10], [WAGN 06], [HUAN 07] and [CHEN 09].
A follow-up of the above research line is related with dynamically and actively switchable and frequency tunable metamaterials wich are pursuived in order to enhance functionalities and enable real devices, see for example [PADI 06] and since that time, the field is growing continuously, particularly at terahertz bands. This is one of the topics that can be forecasted to have an important expansión during the next ten years.
Following  [ZHEL 11], it seems that the next stage of metamaterials development will be the widespread use of active (gain-assisted, controllable and nonlinear) metamaterials and metamaterials for sensing and energy applications.
A radical advance is expected in expanding the metamaterial paradigm will occur when the arrays of classical plasmonic resonators found in today’s metamaterials are replaced with arrays of superconducting quantum interference devices to create truly quantum artificial electromagnetic media [ZHEL 11]. 
The mixture of gain media with metamaterials has attracted increasing attention of researchers due to its key role in developing novel laser sources. The goal consists in the development of metamaterial-enhanced gain media and the “lasing spaser”: a “flat” laser with emission fueled by plasmonic excitations in an array of coherently emitting metamolecules. On the other hand, conventional lasers working at wavelengths of proper natural atomic or molecular transitions, the lasing spaser’s emission wavelength can be controlled by metamolecule design [ZHEL 11].
It is expected that electrically pumped semiconductor gain media could be a practical solution for metamaterial-based lasers at visible and telecom frequencies, while quantum cascade semiconductor amplifiers show promise for compensate losses and providing gain in the infrared [ZHEL 11]. Also, electrically and optically pumped graphene is hoped to show strong plasmonic amplification in the terahertz. The introduction of gain into metamaterials compensates for the joule losses that attenuate plasmons in metalic nanostructures. Reducing losses is essential for waveguides, spectral filters, delay lines, etc.
Switchable and tuneable metamaterials are very important topics of metamaterials research. For the case when high speed switching is not the main goal, metamaterials can be reliably and reversibly controlled by microelectromechanical (MEMS) actuators that reposition parts of the metamolecules [ZHEL 11]. This has been confirmed for terahertz and far-infrared metamaterials. Reconfigurable optical metamaterials require moving components on the scale of a few tens of nanometers (NEMS actuators) to realize a profound change in optical properties. 
Metamaterials where metal nanostructures are combined with nonlinear and switchable dielectrics or semiconductors provide a method for fast changes compared with mechanical solutions. Semiconductors and semiconductor multiple-quantum-well structures substrates for a metallic framework, carbon nanotubes and fullerenes implanted into the fabric of the metama- terials and organic nonlinear media are envisaged solutions [ZHEL 11].
It has been shown the possibility to modify metamaterial’s response at terahertz frequencies by injection or optical generation of free carriers inside gallium-arsenide substrates. The extremelly fast nonlinear response of silicon is highly enhanced using a metamaterial layer. Single-wall semiconductor carbon nanotubes deposited on metamaterials present an order-of-magnitude higher nonlinearity than the already extremely strong response of the nanotubes themselves, due to a resonant plasmon-exciton interaction [ZHEL 11].
Chalcogenide glasses have been used in rewritable optical disk technology for years due its fast and reproducible changes in optical properties caused by excitation. Phase transitions between crystalline and amorphous states allow this property and may be engaged by optical or electrical stimulation: A nanoscale metamaterial electro-optical switch with chalcogenide glass was shown. [ZHEL 11]. Nearly equal properties are exhibited by transition metal oxides, like vanadium dioxide; or by modification in the dielectric properties of a nanometer-thick layer of conductive oxides if one injects free carriers; or by using graphene an electro-optical capability is added to metamaterials, at IR and THz.
Also the application of metamaterials for sensing is another research hot topic because detection of low-concentration of sugar, hydrogen, etc., via changes in the transmission and reflection response of a metamaterial is a real promise [ZHEL 11].
A brand new possibility for metamaterials consists into the introduction of superconducting materials. This creates a new paradigm for data processing and information technologies. One can expect a formidable reduction of losses and, simultaneously, an extraordinary sensitivity of the superconducting state to electromagnetic excitation, and the extraordinary nonlinearity of superconductors (several times that of diodes). In this way, this opens the possibility of low energy switching at the subattojoule level [ZHEL 11]. It could be suitable to switch from the classical excitations of conventional plasmonic and metamaterial devices to quantum excitations by flux quantization and quantum interference effects. It is assumed that applications of superconducting metamaterials remain in the microwave frequencies for niobium-based metamaterials, and to the terahertz if one employs high-temperature superconductors. The reason is due to is the fact that higher frequencies break the superconducting phase.
Moreover, artificially structured metamaterials have enabled unprecedented flexibility in manipulating electromagnetic waves and producing new functionalities, including the invisibility cloak. This "metamaterial" that refracts light with refraction index below 1 offers a possibility that light could bend completely around an object, making it effectively invisible. A key factor in the design of necessary metamaterial is the ability to reduce the "index of refraction" to less than 1. Natural materials typically have refractive indices greater than 1. The new metamaterial design should reduce the refractive index to values gradually varying from zero at the inner surface of the cloak, to 1 at the outer surface of the cloak, which is required to guide light around the cloaked object. 
The strategic objective to develop new metamaterials for cloaking also means opening a new branch of research in the multidisciplinary field of material physics, electromagnetics, radio engineering, and electronics which can surmount in a near future the current problems associate with this technology in order to advance this research field towards more efficient and intelligent systems, see [SCHU 06].
It has to be noted that, under the umbrella of metamaterials many other fields or applications have flowered such as transformation optics, whose potential to transform the space in such a way to engineer invisibility or cloaking [PEND 06], [SCHU 06], [LAI 09], [NOVI 09], has caused a deep impact not only in science community but also in the society. In [URZH 11], they give a review of several approaches to optical invisibility designed using transformation optics (TO) and optical conformal mapping (CM) techniques and the performance of the various cloaks is evaluated and compared using a universal measure—the total (all-angle) scattering cross section. In the same direction, experimental quantitative scattering cross-section (SCS) measurements for a metamaterial cloak where a maximum reduction in the SCS of 24% has been reported, see [KUND 10].
Needless to say, “plasmonics”, an until now independent research line but, at present, a closely related topic to metamaterials, has a lot to say also in this discussion. 
As a final discussion, we consider the fact that it seem impossible to advance in metamaterials research unless further developments in fabrication are done. We need innovative technological processes in order to arrive to a close-to-molecular perfection in nanostructures, and all this needs to be at low cost. Electron-beam lithography, focused ion beam milling and nano- imprint capabilities have to be surpassed. Up to now, practically all the fabricated metamaterials are two-dimensional structures or few layers. The great challenge is real three dimensional metamaterials. Sophisticated two-photon resist polymerization techniques and next metalizing the dielectric framework or directly releasing metallic silver from a silver halide through a two-photon absorption process are being employed together with membrane projection lithography, allowing the fabrication of quasi arbitrary metamaterial unit cells with metal inclusions (like split-rings) along each of the coordinate axes. Also three-dimensional indented (“intaglio”) or raised (“bas-relief”) subwavelength “continuous-metal” metamaterials offer interesting chances for controlling the electromagnetic properties of surfaces which can be manufactured in a simple way by focused ion-beam milling or high-throughput nanoimprint lithography. The possibility to produce complicated volumetric metamaterial structures provides exciting possibilities like the exploitation of toroidal electromagnetic excitations.
Self-assembly could be one of the most promising paths for advanced metamaterial fabrication. In this sense, it can help to surpass the limitations of two-dimensional lithographic processes by means of a transformation of prepatterned lithographic templates into mechanically robust and precisely patterned three-dimensional nanoscale structures, see [ZHEL 11].
Nevertheless, a realistic advancement in photonic metamaterials will need novel techniques placed in between chemical processes controlled by selforganizing forces on the truly molecular level and the less accurate, top-down methods of metamaterial metalworking, which have are able able to build metamaterials to almost any blueprint. For example, bioengineering approaches such as DNA scaffolding or protein-driven crystallization for fabricating nanoparticle superlattices, the self-assembly of semiconductor quantum dots and magnetic nanocrystals or the casting of metal nanostructures around liquid crystalline frameworks and colloidal frames are considered, see [ZHEL 11]. Even metals could be substituded as agents of conductivity by using selfassembled carbon nanotubes or patterned graphene, making stretchable and flexible metamaterials. Some oxides, semicondutors and perovskites could be employed for infrared applications.
Following [ZHEL 11], the current trend is to view metamaterials as devices, where the structuring of metal and the hybridization with functional agents brings new functionality and response becomes tuneable, switchable or nonlinear. In the near future, it will be possible to deal with quantum metamaterials. Even more, by exploiting the concept of transformation optics, metamaterials with spatially variable parameters and active metamolecular switches imbedded in the strategic location would permit combining complex quantum-level switching and memory functions with the waveguiding of electromagnetic radiation across through the metamaterial volume. Then, one could start to consider metamaterials as dynamic systems. In Fig. 9, one can explore a summary of the expected future evolution of metamaterials technologies and fabrication methods together with several important milestones.
We do not like to avoid a short discussion on acoustic metamaterials because their interest in sonar applications. Fluid-like metamaterials or metafluids with negative constitutive parameters offer a new insight into acoustic wave propagation. Single negative metamaterials (SNM), in which either the mass density or the bulk modulus is negative [LIU 00], [FANG 06], [YANG 08], can be used, for example, designing of surface-like acoustic lens to overcome the diffraction limit [AMBA 07], [DENG 09] or for the design of acoustic panels [YANG 10]. Double negative metamaterials (DNM) [LI 04], [CHEN 08], [LEE 10] present negative refraction [VESE 68], [PEND 00], [SMIT 04], [SHAL 07] and, as it is well known from electromagnetic wave theory, they can also be used to increase the resolution of conventional lens  [JACO 06], [ZHAN 08], [LI 09]. In general, anisotropic fluid-like metamaterials with acoustic parameters both positive and negative are necessary in the field of transformation acoustics for the design of several types of acoustic devices based on sound propagation  [CUMM 07], [CUMM 08], [CHEN 10b], [BIN 10], [YANG 10b].






















6. LITERATURE REVIEW ON THE FORECAST FROM 10 TO 20 YEARS AND LOCALIZATION  

It is much more difficult to scan serious literature in order to make the most long term forecast and, therefore, the personal opinión of the authors of this report can give some biass to the following choice.
We highligh the work of Prof. Nader Engheta as one of the most advanced in metamaterials research. In fact, he uses the term Metactronics: Metamaterial-Inspired Nanoelectronics, Circuits with Light at Nanoscale to describe a new paradigm where, following their words, they have developed the concept of new forms of optical circuitry in which a tapestry of subwavelength nanometer-scale metamaterial structures and nanoparticles may provide a mechanism for tailoring, patterning, and manipulating local optical electric fields and electric displacement vectors in a subwavelength domain, leading to possibility of optical information processing at the nanometer scale. By exploiting the optical properties of metamaterials, these nanoparticles may play the role of 'lumped' nanocircuit elements, e.g., nanoinductors, nanocapacitors, and nanoresistors, analogous to microelectronics. This paradigm brings the tools and mathematical machinery of the circuit theory into optics, may link the fields of optics, electronics, plasmonics, and metamaterials, and may provide road maps to future innovations in nanoscale optical devices, components, and more intricate nanoscale metamaterials. They have extended this notion to more complex nanocircuits such as parallel and series combinations of nanoelements, nanofiltering, nanoinsulators, nanoconnectors, optical nanotransmission lines, and optical 'shorting' wires, see for more details [ENGH 07].
Optical nanoantennas and nanoarrays, and the exploration of the possibility of transplanting some of the antenna concepts from the RF and microwave regimes into the nano-optical domains using the plasmonic phenomena. They have analyzed several optical nanoantenna concepts such as Yagi-Uda-type optical nanoarrays, "self-similar" optical nanoantennas, loading and tuning the nanoantenna radiation and scattering properties using the concept of optical lumped circuit elements, to name a few. These studies will lead to the development of the concept of "Photonic Wireless at Nanoscales", providing a paradigm for connecting elements of nanoworlds together, and bridging the "nanoworlds" with the "macroworlds", using optical signals. Moreover, it will open doors to innovative potential applications such as "nanoscale spectrometers" for molecular spectroscopy and chemical and biological probing and sensing, and will allow complex nanoantenna designs with high efficiency for nanoscale detection, see [ALÙ 08].
Metamaterials with near-zero parameters exhibit unconventional properties in their interaction with electromagnetic and optical waves. The concepts of supercoupling, tunneling, and energy squeezing through narrow channels and tight bends in waveguides. These results suggest that ENZ materials may have interesting potential applications in improving the transmission efficiency of waveguides with sharp bends or discontinuities, or in concentrating energy in a small subwavelength cavity with an enormous field enhancement. Moreover, the ENZ and ZIM materials may provide interesting possibilities in tailoring the wave fronts of arbitrary sources, since due to the 'static-like' behavior of the fields inside the ENZ and ZIM materials, the phase fronts tend to be conformal to the shape of the ENZ and ZIM objects, even for moderately sized objects. This property allows envisioning the possibility of controlling the phase fronts in the near-field. They have developed algorithms to synthesize a lens that transforms a given incoming wave front into another prescribed wave front. Furthermore, they have investigated methods for constructing matched zero-index material (with both epsilon and mu near zero) by embedding non-magnetic dielectric particles in an ENZ host medium. Matched zero-index metamaterials may help improving the transmission through waveguide bends or tight channels. In some waveguide scenarios, the scattering parameters may be completely independent of the specific arrangement of the inclusions and of the granularity of the crystal. Different metamaterial realizations were investigated, and it was shown that a properly loaded metallic waveguide near cut-off mimics in many ways the properties of such zero-index metamaterials, as it is described in [SILV 06].
Another promising research topic for the future is the work of Prof. Ulf Leonhardt. For example, Fiber Optical Black Holes can be created as optical analogues of the event horizon. The first small step of demonstrating in the laboratory the physics of horizons for light has been done. They observed a classical optical effect, the blue-shifting of light at a white-hole horizon. We also show by theoretical calculations that such a system is capable of probing the quantum physics of horizons, in particular Hawking radiation, see [PHIL 08].
By using geometrical concepts, Prof. Leonrardt, claims that broadband invisibility could be posible because their implementation does not demand extreme optical properties such as infinities or zeros of the speed of light. In virtual space, light propagates at the speed of light in vacuum. Physical space represents a deformed image of virtual space; the speed of light follows this deformation. Expressed in quantitative terms, if an infinitesimal line element in virtual space is n times longer than its image in physical space, then the refractive index in the corresponding direction in physical space is n. In Figure 11, it is  shown that the ratio of the line elements is neither infinite nor zero. Even at a branch point the spatial deformation in any direction is finite, because here the coordinate grid is only compressed in angular direction by a finite factor, in contrast to optical conformal mapping, see [LEON 11].
[image: ][image: ]
Fig. 11. Three dimensional representations of invisibility, from [LEON 11].

The topic of bio-inspired metamaterials can fit in a futuristic use of metamaterials. For example, Silk optical material has been proposed by researchers at the Tufts University School of Engineering and Boston University that have fabricated and characterized the first large area metamaterial structures patterned on implantable, bio-compatible silk substrates. This is a promising path towards the development of a new class of metamaterial-inspired implantable biosensors and biodetectors. The team focused on metamaterial silk composites that are resonant at the terahertz frequency. This is the frequency where many chemical and biological agents show unique "fingerprints," which could potentially be used for biosensing. The resonance response could be used as an implantable electromagnetic signature for contrast agents or bio-tracking applications. The researchers conducted a series of in vitro experiments that examined the electromagnetic response of the silk metamaterials when implanted under thin slices of muscle tissue. They found that the metamaterials retained their novel resonance properties while implanted. They say, "Our approach offers great promise for applications such as in situ bio-sensing with implanted medical devices and the transmission of medical information from within the human body," says Omenetto. "Imagine the benefits of monitoring the rate of drug delivery from a drug-eluting cardiac stent, making a perfect absorber that can be implanted to attack diseased tissue by heat, or wrapping an 'invisibility cloak' around an organ to examine the tissue behind it.", see details in [TAO 10].
The research was funded in part by the Air Force Office of Scientific Research, the Department of Defense/U.S. Army Research Laboratory and the Defense Advanced Research Projects Agency. It is based upon work supported in part by the Army Research Laboratory, the U.S. Army Research Office and DARPA-DSO.
Continuying in this direction, we can cite the Biologically Inspired Metamaterials for Nano/Optoelectronics being under research at Drexel University by Prof. MinJun Kim (see http://www.pages.drexel.edu/~mk489/research.htm). This is another research sponsored by the US Department of Defense. For example, flagella isolated from Salmonella typhimurium can be used as a template for the formation of TiO2 nanotubes, which is accomplished through recent advances in low temperature ceramic film processing. TiO2 is precipitated onto or attracted to the flagellar surface in aqueous solution, a mechanism which is similar to the formation biominerals in nacre, sea urchin, and sponge spicule. In this research we not only develop flagellar functionalization for attachment and mineralization, but also characterize the electrical/electronic response of engineered flagellar nanotubes in chemically, thermally, or electrically loaded and unloaded conditions with an interdigitated electrode array to create a field effect transistor device based on the flagella as the semiconducting element.
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Fig. 12. (Left) SEM image of (a) bare flagellar filament, (b) TiO2-coated flagellar filament (crystalline phase formed at 50 degree celcius), and (c) TiO2-coated flagellar filament (amorphous phase formed at 40 degree celcius). (Right) Plot of the current as a function of applied voltage between the source and drain electrodes (noted S/D on the insert). Sensitive to light is noted, as the current recorded was found to be higher with irradiation with a source of white light. (see http://www.pages.drexel.edu/~mk489/research.htm).
They have also developed a photon-to-thermal conversion nanosystem to rapidly elevate temperature in poorly thermally conducting media using irradiation of gold nanorods. They synthesize Au nanorods and study optothermal properties of these nanoparticles. In bulk media, these nanoparticles can easily raise the temperature beyond 100 degree celcius under continuous wave laser irradiation, enabling immediate cell lysis. Consequently, the pathogenic bacteria, Escherichia coli, within the sample solution are lysed by irradiation of the sample using a near infrared laser. This also results in the successful demonstration of a one step DNA extraction for real-time PCR pathogen detection in a microfluidic chip without removal or changing of reagents.
Another example is the organic-inorganic pore project, in collaboration with Dr. John Kasianowicz's group at the National Institute for Standards and Technology, which is focused on the development of arrays of nanopores which are made up of protein pores fixed within solid state pores. These organic/inorganic hybrid pores will potentially allow a defined array of multiple well-characterized low-noise biological and synthetic pores for parallel analysis and screening of various proteins or macromolecules. To accomplish this, a self assembled monolayer (SAM) is depoisted onto a solid state nanopore to encourage lipid bilayer formation over its pore, with in a custom chemically inert, sealed (air free), and quickly assembled flow cell. Once the bilayer is established, protein monomer are injected and allowed to self assemble and insert into the lipid bilayer. These hybrid pores should show enhanced signal to noise ratio as well as more robust experiment durations as compared to standard lipid bilayer suspending apertures.
We have identified in Europe the activity of the Max Planck Institute of Colloids and Interfaces in Postdam, Germany. Current research topics are polymeric films, membranes, microcapsules, organic and inorganic nano- structures, biomineralization, nano- and microreactors, molecular motors and filaments as well as chemistry and biology of carbohydrates. Biomimetic research is at the core of the Institute’s activity. Common goal is to learn from nature how to build hierarchical materials or active systems with new functionalities, with adaptive, self-healing or self-assembling properties.




7. METHODOLOGIES AND APPROACHES

Firstly, regarding the reference methodologies we propose to make in-deep search of the relevant public activities related with metamaterials science and technology applied in military systems. A relevant methodology is to analyse the literature and patent applications. This activity will conduct to a technology forecast on how the performance of the technology is likely to evolve in two ways, the first one related with the evolution from today and ten years ahead, and the second one from ten years ahead to 20 years ahead.
Because it is very important to quantify the forecasts in order to give an assessment of how performance parameters of the studied systems are likely to develop, e.g. detection distance or RCS reduction, we will do a review of the metamaterials science and technology state-of-the-art and to identify possible military applications and projects. In this way we will be able to argue the forecasts with proper references. In this sense, the probable geographic localisation of the leader of a certain development could be identified.
Because the proposed methodology, it will be possible to assess the possible impact that the forecasted technology developments may have on the future performance of military systems and new capabilities that do not exist today will be identified.
The following approaches will be applied for the realization of the proposed project: firstly the identification of the technological limits that metamaterials science and technology can achieve and therefore they will be evaluated in order to consider them for military systems and to produce the desired forecasts above mentioned. The search of publications in journals and patent applications is a relevant approach to be followed. 
The search of projects and patents on metamaterials in military applications has been the main employed methodology. In particular, the aspect of potential military applications of these patents will be highlighted. The sections typically contain a paragraph or sentence on the patent(s), followed by possible military applications. The sections finish with figures and their description, as well as any additional remarks. We have examined about 100 patents on metamaterials investigated in the literature review, 12 have been short listed as particularly relevant for possible military applications.
Firstly, regarding the reference methodologies we propose to make in-deep search of the relevant public activities related with metamaterials science and technology applied in military systems. A relevant methodology is to analyse the literature and patent applications. This activity will conduct to a technology forecast on how the performance of the technology is likely to evolve in two ways, the first one related with the evolution from today and ten years ahead, and the second one from ten years ahead to 20 years ahead.
Because it is very important to quantify the forecasts in order to give an assessment of how performance parameters of the studied systems are likely to develop, e.g. detection distance or RCS reduction, we will do a review of the metamaterials science and technology state-of-the-art and to identify possible military applications and projects. In this way we will be able to argue the forecasts with proper references. In this sense, the probable geographic localisation of the leader of a certain development could be identified.
Because the proposed methodology, it will be possible to assess the possible impact that the forecasted technology developments may have on the future performance of military systems and new capabilities that do not exist today will be identified.
The following approaches will be applied for the realization of the proposed project: firstly the identification of the technological limits that metamaterials science and technology can achieve and therefore they will be evaluated in order to consider them for military systems and to produce the desired forecasts above mentioned. The search of publications in journals and patent applications is a relevant approach to be followed. For the geographic localization of these activities we have followed a similar approach and we have concentrated in Europe.


8. RESULTS OF METAMATERIALS IN MILITARY SYSTEMS  

In order to proceed to the identification of Metamaterials Applications in Military Systems, apart of the identification of research projects related with military applications of metamaterials, we have examined about 100 patents on metamaterials investigated in the literature review, 12 have been short listed as particularly relevant for possible military applications.

8.1. Electromagnetic Cloaking

Since many years, defence involved agents abroad, devote significant research efforts and financial resources to achieve a relevant reduction of detectability of their platforms in front of the enemy sensors, with the aim of increasing their survival chances in the battlefield. To reduce the detectability, several strategies are employed to reduce signature involved in radar, infrared, visible, acoustic, etc. Therefore, invisibility would be the ultimate goal of footprint reduction, thus, a platform would be completely invisible undetectable by enemy sensors. Although the term "stealth" refers strictly to the spectrum of optical frequencies of the visible range, can also be extended to other ranges of the spectrum, and talk of "radar invisibility”, “acoustic invisibility", etc., see MDESP 11.
It is well known that electromagnetic wave object detection can be achieved thanks to two types of phenomena: firstly wave reflection from the object, and second, the shadow produced by this object on the background electromagnetic waves. An object would be quite invisible, in a certain range of the electromagnetic spectrum, if it does not reflect or scatter the impinging waves and no shadow is created, so that the object behaves transparent to the waves MDESP 11.

                 [image: US2010110559 Cloaking 03]  
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Figure 11. Schematic of the principle of cloaking CAI 10

One way of achieving such transparency would be covering the object with a structure that allows electromagnetic waves to surround it in such a way the the waves emerge on the opposite side as if they had traversed an empty space. With this strategy, the object with the overlying structure would be effectively invisible. Metamaterials could help in the synthesis of artificial structures to build coatings being able to curve in a controlated way the trajectory of electromagnetic waves around an object in order to make it invisible MDESP 11. In some cases it is sufficient to remove only one effect (reflection or shadow). Thus, for radar, it sufices to reduce the reflection of radiation electromagnetic in the radar direction, because the background radiation at those  frequencies is, in most cases, very weak, and, therefore, no one could detect an object by its shadow over the background MDESP 11.
Another kind of electromagnetic concealment can be achieved at the entrance of an enclosure thanks to a "superscatter" based upon metamaterials. The superscatterer can be defined as a structure that appears greater than its actual size at the desired wavelengths [LUO 08] and MDESP 11.
Several patents have been filed and granted regarding the use of metamaterials for cloaking CAI 10, [KARE 09] and WERN 09.  Military applications for cloaking most prominently include making objects invisible in either the spectrum of visible radiation or for radio frequencies.

Figure  shows a schematic of the principle of an invisibility cloak. Radiation, stylized as lines from left to right, is bent around an object and continues its path on the right side as if the distortion region would not exist. An object in the center of the circle would thus become undetectable from either direction.
Figure displays a different use for cloaking: The coupling and interference between two antennas is removed by placing an electromagnetic cloak around one of the antennas, so that it becomes invisible to the other antenna element.


[image: US2009201221 Claim1!!! 01]
[bookmark: _Ref289420757]Figure 12. Cloaking of an antenna to reduce interference WERN 09

Even in case a perfect cloak cannot be designed, combining cloaking for some frequency ranges with current stealth technology could significantly improve the performance of stealth aircraft.

8.2 Signature reduction

Despite of the early advances in the use of metamaterials for invisibility applications, there are still several major difficulties at the technological level in order to be competitive. Thus, the prototypes made to date generally work in a narrow range of frequencies and there are serious doubts about its practical suitability for realistic land vehicle, aircraft or ship applications MDESP 11. However, metamaterials could find a more immediate and realistic as absorbent materials that are capable to reduce radar and infrared signatures. The synthesized metamaterial structures can be used to develop materials with specific absorption properties in some frequency bands. Thus, these metamaterials could be used to manufacture radar absorbing materials (RAM) suitable to coat the surface of military platforms.

8.3 Acoustic Cloaking

The previous concept of invisibility for electromagnetic waves can be transferre to mechanical waves in general and in particular to sound. Thus, we could design acoustic metamaterials being able to absorb and manipulate acoustic waves in such a way that submarines will be invisible for a sonar. These metamaterials could also be used in order to reduce the acoustic signature of ships surface MDESP 11.
Different theoretical solutions have proposed the development of a hypothetical layer for acoustic invisibility, see CUMM 07 and TORR 08 while FARH 08 and ZHAN 11  have developed the first invisibility cloak surface acoustic waves in a fluid (see Figure 13).
In this direction it is noticeable the project founded by the Office Naval Research of the Pentagon (ONR) for Prof. José Sánchez-Dehesa, UPV, Spain with scientists from the University of Kansas during three years.
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Figure 13. Acoustic cloaking experimental set-up (a), wave propagation in absence of the cloak (b), effect of the cloack (c) and fabricated prototype by using transformation techniques (d) ZHAN 11.

8.4 Radome

The patent proposes to offset the bore sight error [SCHU 04] (already cited in the METAFORE annex). The error occurs due to the refraction of electromagnetic waves traversing through the material of the radome. By adding a metamaterial layer with a negative index of refraction of the same absolute value as the refractive index of the radome, the error can be compensated.
The invention can be applied to vehicles with radomes such as missiles or planes.
Figure 14 is a sketch of a missile and Figure 15 depicts the two cases for the surface of a radome (without (a) and with (b) refraction compensation). 
[image: us6788273 Radome 01]
[bookmark: _Ref289425533]Figure 14 Sketch of a missile as an example of a craft that could make use of the metamaterial compensated radome [SCHU 04]
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[bookmark: _Ref289425535]Figure 15 (a) uncompensated radome with bore sight error, (b) compensated radome consisting of an additional layer of negative index material [SCHU 04]

In this area of FSS metamaterials work, we will highlight the US ARL grant R&D 1374-CE-01, Contract No. W911NF-09-1-0575, received by Prof. Stefano Maci, University of Siena, Italy, with the objective of obtain a homogenization technique has been developed for the important class of metamaterials consisting of stacks of planar periodic structures. This model provides physical insight into the problem, simplicity in calculations and easy determination of the dispersion surfaces of the metamaterial.

8.5 Miniaturisation

Patent [TANI 09] describes an electrically small antenna, which consists of an antenna that is surrounded by a metamaterial sphere.
The patent specifically mentions that such an electrically small antenna could be used to detect and map underground tunnel systems as it has significantly smaller dimensions compared to the wavelength at its frequency of operation. It also provides a resolution of λ / 100.
In addition to this tangible application, miniaturisation itself is of interest for military applications.

8.6 Increase the bandwidth

A judicious combination of conventional materials and metamaterials in the synthesis of RF devices can increase the bandwidth of these devices. This feature has been used successfully in the development of various devices dual-band antennas, filters, couplers, phase shifters, etc. This increase in bandwidth can be of great interest to RF future defense systems, whose multifunctionality requirements devices will need to have high RF bandwidth. Multifunction RF systems are those that can perform different electromagnetic functions of the platform (radar, communications, electronic warfare, etc..) using a common RF hardware, see MDESP 11.

8.7 Improving antenna gain

Metamaterials can also be applied to different types of antennas in order to achieve an optimization of its radiation characteristics, like an improved directivity and therefore gain of the antennas. This increased directionality can be achieved using metamaterials having refractive indices close to zero, with obtained a concentration effect or radiation approach the antenna and, consequently, an increase in its efficiency. This fact increases the operating range of RF systems using such antennas in radar, communications, etc., MDESP 11.
For example, Boeing International Corporation has filled a patent [LAM 09] where it is claimed a method and apparatus for a negative index metamaterial lens, see details in Fig. 16. The method is used for creating a negative index metamaterial lens for use with a phased array antenna. A design is created for the negative index materials lens that is capable of bending a beam generated by the phased array antenna to around 90 degrees from a vertical orientation to form an initial design. The initial design is modified to include discrete components to form a discrete design. Materials are selected for the discrete components. Negative index metamaterial unit cells are designed for the discrete components to form designed negative index metamaterial unit cells. The designed negative index metamaterial unit cells are fabricated to form fabricated designed negative index metamaterial unit cells. The negative index metamaterial lens is formed from the designed negative index metamaterial unit cells.
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Figure 16. Metamaterial lens antenna (left) and details of the unit cell (right) LAM 09.


[image: ]Figure 17. Metamaterial near zero index of refraction lens antenna [NAVA 11]

In this direction, thanks to  a research project of the Air Force Office of Scientific Research, Air Force Material Command, USAF, under Grant No. FA8655-10-1-3078 to Prof. Mario Sorolla, UPNA, Spain, directivity enhancement has been reported by a short-focal-length plano-concave lens, as in Figure 17, engineered by stacked subwavelength hole arrays (fishnet-like stack) with an effective negative index of refraction close to zero, n→0, that arises from ε and μ near-zero extreme values whith the possibility of perfect matching, see [NAVA 11], and the references given there, for more details and configurations.

8.8 Phased Array

Different phase arrays employing metamaterials have been developed. These phase arrays exhibit advantageous properties like low loss, reduced side lobes and high dynamic range [METZ 05]. In a patent that was financially supported by DARPA, a wide angle impedance match layer - consisting of metamaterial particles - has been positioned above a phased array [SAJU 10p].
Figure 18 shows the left handed metamaterial transmission line, which is used in the phased array. Figure 19 shows the phased array with a wide angle impedance matching layer, consisting of metamaterial particles, on top.
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Figure 18. Metamaterial left handed transmission line for the phased array [METZ 05] 
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Figure 19. Phased array with wide angle impedance match layer on top [SAJU 10p]

8.9 Horn Antenna

A horn antenna for different frequency bands is presented in ZARR 06. The horn antenna consists of multiple horns stacked inside of each other. The walls of these horns are made from frequency selective surfaces, so that they are reflective at the frequency of operation of the horn and transmissive at other frequencies, which are suitable frequencies for the other horns.
Applications that require multiple horns, for instance communication with different uplink- and downlink frequencies, could make use of the multi-band horn antenna, which is shown in Figure 20.
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Figure 20. Multi-band horn antenna ZARR 06.

Another patent document referring to horn antennas with metamaterials is LIER 10, where a horn antenna includes a conducting horn having an inner wall and a first dielectric layer lining the inner wall of the conducting horn. The first dielectric layer includes a metamaterial having a relative dielectric constant of greater than 0 and less than 1. The horn antenna may further include a dielectric core abutting at least a portion of the first dielectric layer. In one aspect, the dielectric core includes a fluid. A waveguide including a metamaterial is also disclosed.

8.10 Terahertz Radiation

The terahertz frequency range, extending approximately between 300 GHz and 3 THz, offers a high potential for various applications both in civil and the military. From the point of view of defense, terahertz waves have a central role to provide the following key military capabilities: first one is that of remote detection and identification of explosives and biochemical threats, probably the most important military application of terahertz and the second is the detection of hidden threats (under clothes, inside other objects, etc.) using terahertz scanners, as well as millimeter wave, because terahertz waves can penetrate various materials and also provide greater resolution for identification of threats MDESP 11. Due to the technological limitations of terahertz technology, at the source and detector levels, it is expected that metamaterials could contribute to bypass the so called terahertz gap.
Different methods for producing terahertz radiation are presented in patents BARK 06, IBAN 08, CHEN 09, and CHOW 10. The limitation of current terahertz sources (see IBAN 08 and CHOW 10) is the low power in the range of micro Watts. Different approaches based on metamaterials were taken to remedy this. The terahertz source of BARK 06 makes use of the Purcell effect and further enhances it with a negative index metamaterial. Another method is to use optical rectification and exploit the higher density of photonic state of photonic crystals IBAN 08. A schottky diode, with a metamaterial array as the metal side, was used as a terahertz modulator CHEN 09. The last patent CHOW 10 does not specifically mention the Purcell effect, but employs illumination of a negative index metamaterial as well. Figure 21 (a) - (d) show the different approaches.
Similar to terahertz imaging for security purposes at airports, terahertz imaging devices could also be used at military check points.
Also, we have to note that from microwave to terahertz frequencies, it has been shown by the group of Los Alamos, that a geometrically modifiable resonator, which is comprised of a resonator disposed on a substrate and a means for geometrically modifying the resonator. The geometrically modifiable resonator can achieve active optical and/or electronic control of the frequency response in metamaterials and/or frequency selective surfaces, potentially with sub-picosecond response times. Additionally, the methods taught here can be applied to discrete geometrically modifiable circuit components such as inductors and capacitors. Principally, controlled conductivity regions, using either reversible photodoping or voltage induced depletion activation, are used to modify the geometries of circuit components, thus allowing frequency tuning of resonators without otherwise affecting the bulk substrate electrical properties. The concept is valid over any frequency range in which metamaterials are designed to opérate, see [O’HARA 10].
Moreover, in the terahertz and infrared bands, it has been proposed a thermally powered source of radiation that combines low dimension nano-scale oscillators such as nano-wires and nano-tubes with micro-scale photonic crystal resonant defect cavities for efficient generation, coupling and transmission of electromagnetic radiation. The integration of nanoscale emitters with micro-scale photonic crystal defect cavities creates a new class of metamaterials that more efficient generate radiation, see [OWEN 10].
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Figure 21. Different methods to generate terahertz radiation; a) Purcell effect combined with negative index metamaterial BARK 06, b) optical rectification improved by photonic crystals IBAN 08, c) THz modulator based on Schottky diode with metamaterial array CHEN 09, d) negative index metamaterial [OWEN 10].
8.11 Superresolution

One of the potential applications of metamaterials is the possibility to construct optical systems whose resolution was not limited by the used wavelength (superresolution). These systems could cause an unprecedented technological revolution in areas such as the microelectronics and nanoelectronics MDESP 11. 
One of these areas is that of the fabrication of integrated circuits with very high density of integration. Most microprocessor manufacturing processes are based on photolithography or optical lithography. The achievable finest detail that can be recorded is limited by the wavelength of used light in the fabrication process, due to the diffraction limit. However, if it were technologically feasible to use a superlens in photolithography processes, it would be possible to record more details and, then, a drastically increase of the number of transistors per chip could be obtained surpassing Moore law. Also one could increase the amount of information that can be stored on optical discs such as DVDs MDESP 11.
Other scientific disciplines that could have a revolution thanks to the metamaterial superlens are microbiology and medicine. Thus, a superlens could be used to make an optical microscope having a resolution so high that they would be able to distinguish the movement of individual viruses or DNA molecules inside an human cell MDESP 11.

8.12 Acoustic superresolution

The concept of a superlens can also extend the scope of acoustic waves, so that is also theoretically posible acoustic imaging with a resolution greater than the used wavelength. A demonstration of this concept with an acoustic superlens capable to resolve an object details as small as the seventh of the acoustic wavelength has been done in ZHAN 09.
To finish this section, one can say that some patents (or papers) provide alternatives to current methods, others optimize and improve techniques and yet others provide completely new functionalities and options. The importance of metamaterial research for military applications can be gauged by the fact that many patents explicitly mention and highlight military uses.

8.13 Light processing

In the patent document BRAT 09, it is described a metamaterial estructure for light processing includes a light guide and a composite resonant electromagnetic (EM) structure having a resonant frequency. The composite resonant EM structure is arranged to interact with light propagating along the light guide to upconvert a frequency of the light to the resonant frequency, which generates second and higher harmonics of the light frequency. Method of processing light are also disclosed, see Fig. 22.
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Figure 22. Structure for ligh processing using a metamaterial BRAT 09.








9. FORECAST UP TO 10 YEARS AND LOCALIZATION  

The first forecast for the short term (3 to 5 years) is the confirmation that electromagnetic (mostly at RF and Microwaves) metamaterials areable to produce real improvements in conventional state-of-the-art antenna, filter, radome, and signature reduction technologies. Enhanced antenna gain, increase of bandwidth, low loss, among others, is the aimed goal. 
This is a very important objective because up to now this issue is still under discussion due to the existence of cases where this has been confirmed and other cases where conventional technologies has not been beated. 
Therefore, an important research effort to elucidate this question is still necessary. In particular, zero index metamaterials could be a revolutionary technology if they are able to surpass the above cited goals.
The case of Terahertz, Infrarred and optical metamaterials are at a less mature level and this implies that their real demonstration of effectiveness to surpass today’s state-of-the-art will need more time. In this sense, the forecast will be placed at 5 to 7 years for terahertz metamaterials and for infrared and optical ones we envisage a time horizon of 5 to 10 years.
For acoustic metamaterials, as we have mentioned in the previous documents, it has to be taken in account that they are in a less mature phase and, for this reason the forecast for their confirmation can be placed for the next 5 to 10 years.
The case of cloaking is still more difficult because it is very improbable that a real invisibility can be achieved for all the electromagnetic spectrum and much more modest results have to be expected. Nevertheless, the extracted lessons could be very useful for the obtention of invisibility at some especific frequencies. The forecast can be placed from the next 5 to 10 years.
It can be expected that the next stage of metamaterials development will be the widespread use of active (gain-assisted, controllable and nonlinear) metamaterials and metamaterials for sensing and energy applications. The forecast can be placed for the next 3 to 8 years.
From our point of view, a radical advance is expected in expanding the metamaterial paradigm will occur when the arrays of classical plasmonic resonators found in today’s metamaterials are replaced with arrays of superconducting quantum interference devices to create truly quantum artificial electromagnetic media. This forecast, is expected to be competitive in the next 8 to 10 years due to the requested fabrication developments as it has been described in the previous reports. 
Based upon the previous point, we will be allowed to enter into the 10 to 20 years forecast which is a much more complex and especulative task.

Another question is the probable localization of the activities in the time interval from now up to the next 10 years. This is a very complex task but we can give some highlights based on the relevance of the researchers community active in metamaterials and, simultaneously, we will try to discern the general topics.
If one looks into the distribution of the participation in the past Metamaterials conference in Karlsruhe, Germany, last October 2010, the more active countries can be easily visualized, see Fig. 23, From these figure, it is clear the leading position of the USA in the field and the increase of the participation of China, but the European position is the most important. 
However, the European activities are fragmented and the number of European projects in the topic is scarce compared with the strong support for this research in the USA. The leading position is for Germany, followed by UK, Spain, France, Italy, and other European countries.
Now, we can analyse each one of these countries from the point of view of the main topics of research and, therefore, this could have a correlation with the location of the above cited forecast.
The case of Germany presents a strong activity in infrared and optical metamaterials having an intense experimental profile. We will highlight the activities at Karlsruhe Institute of Technology (KIT) and at the University of Stuttgart among many other excellent centers. Also, the activity in the Terahertz region is very relevant in several centers. The activities in the microwave part of the spectrum for military applications are covered by the Frunhofer Institute (FHR) and by other centers related with Aerospace activities. Also they have some industries with potential activity like EADS. This is an important consideration for the localization of future developments in metamaterials in Europe.
United Kingdom has a different profile. They have very relevant activities at the theoretical level and we have to remark the invisibility and cloaking fundamental research. The Imperial College of London is one of the most active among many others like Cardiff, Southampton, and others. The experimental research at infrared and optical wavelengths is also relevant at Imperial College, Southampton, Glasgow, and others. Terahertz activity is also important because they have some industries as it is the case of Thomas Keating Ltd., and others. The activities in microwaves are more distributed, we will mention Belfast, Imperial College, Bath, etc. The british industry is also involved in metamaterials applications for defense like BAE and Quinetic. As in the analysis of the previous country, this is a very relevant point for the localization of future developments in metamaterials technology in Europe.
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Fig. 23. The Metamaterials 2010 Conference held in Karlsruhe (Germany) attracted more than 380 participants and 314 papers were presented during the four days of the conference, with authors coming from 44 countries, see the distribution of participants. Taken from the web page of the Conference.

The case of Spain is very interesting because its relevant position is in contrast with its position in other research fields. The explanation can be the numerous community of researchers working in applied electromagnetics: antennas, microwaves, etc., since decades. The pioneers are Sevilla University more involved in fundamental research, the Autonomous University of Barcelona active in planar circuit technology and the Public University of Navarra active in experimental research on antennas, radomes, and terahertz. They have Spin-Offs active in metamaterials for defense and security. Other relevant experimental activities are in acoustics, infrared and optics at Politechnical University of Valencia and CSIC in Valencia and Madrid. Also the ICFO in Barcelona and Nanogune in San Sebastian are active in optics. 
The community working in metamaterials in France is concentrated in the universities and the CNRS of the Paris region, also in Marseille, in Lille, and Toulouse, among other important research centers distributed in the country. The activities extend from the RF and microwave experimental research, terahertz technology, and optics. The presence of institutions related with defense, like ONERA, being active in metamaterials research is a strong point. Also, a big defense involved company, THALES, participates in several projects where metamaterials are being considered. This is again a very relevant point for the localization of future developments in metamaterials technology in Europe.
The community of researchers active in metamaterials is also very big in Italy since decades and they have an important community in the USA. The profile is concentrated in applied electromagnetics with a relevant involvement in numerical methods for computational electromagnetics. The universities of Roma region, Siena, Peruggia, and others are very active in theoretical electromagnetics, antennas, microwaves, etc. The presence of industries like SELEX and Finmeccanica, interested in metamaterials research is also relevant.
To conclude this section, we can highlight some other European countries active in metamaterials, Finland has an active community in fundamental and applied electromagnetics and this explains its relevant position in the topic. Portugal, Denmark, Poland and other countries have also activity.
Also, we have to highlight the need of coordination of the different institutions which are founding metamaterials research in Europe like the European Union Research and Development Programs, the European Research Council, NATO, the European Space Agency, the European Southern Observatory, among others. It is important to define a, serious and open in mind, European Union plan for metamaterials research with the aim to develop this topic to be able to take advantage of the brilliant ideas generated at European level and to help to consolidate the research potential that is being threathened by the economical shortcuts due to the crisis.














































10. FORECAST FROM 10 TO 20 YEARS AND LOCALIZATION  


In spite of the fact of the previously cited difficulties to discern serious literature in order to make the most long term forecast, we will try to give some general guidelines.
One of the hot topics can be Metactronics: Metamaterial-Inspired Nanoelectronics, Circuits with Light at Nanoscale where new forms of optical circuitry leading to possibility of optical information processing at the nanometer scale. This could connect, even more, the fields of optics, electronics, plasmonics, and metamaterials, and may provide road maps to future innovations in nanoscale optical devices, components, and more intricate nanoscale metamaterials. The use of graphene can be an additional technological key point. Optical nanoantennas and nanoarrays and the concept of "Photonic Wireless at Nanoscales" could be possible. Moreover, they opened innovative potential applications such as "nanoscale spectrometers" for molecular spectroscopy and chemical and biological probing and sensing, and will allow complex nanoantenna designs with high efficiency for nanoscale detection.
Extreme or near zero materials could open potential applications in improving the transmission efficiency of waveguides with sharp bends or discontinuities, or in concentrating energy in a small subwavelength cavity with an enormous field enhancement, or in tailoring the wave fronts of arbitrary sources. This property allows envisioning the possibility of controlling the phase fronts in the near-field. Also, matched zero-index metamaterials may help improving the transmission through waveguide bends or tight channels. 
Another promising research topic for the future is that of Optical Black Holes created as optical analogues of the event horizon and, therefore, a plethora of unexpected applications could appear.
And again, the “Holy Grial” of Broadband Invisibility could be posible in such a long term period of time provided novel advances in transformation optics and fabrication technologies would be available at this time.
Bio-inspired metamaterials are a futuristic goal of metamaterials. For example, Silk optical material as a promising path towards the development of a new class of metamaterial-inspired implantable biosensors and biodetectors at the terahertz. There, many chemical and biological agents show unique "fingerprints," which could potentially be used for biosensing. The resonance response could be used as an implantable electromagnetic signature for contrast agents or bio-tracking applications. 
In the same sense, Biologically Inspired Metamaterials for Nano/Optoelectronics for a one step DNA extraction for real-time PCR pathogen detection in a microfluidic chip without removal or changing of reagents. And, the use of arrays of nanopores which are made up of protein pores fixed within solid state pores for parallel analysis and screening of various proteins or macromolecules. 
The localization of these activities in the European Union is not uniform and, as it follows from the patents analysis, a weak support to metamaterials research activities leads to the abandon of pioneering patents and, what is worse, the emergence of new patents outside the European Union using concepts previously published or patented (and later abandoned) in Europe. This can be discussed during the progress meeting and particular examples will be given.
We highlight the activities in UK related with invisibility and plasmonics where Imperial College of London, Cardiff University, and Southampton University are in a leading position. Germany is another relevant country for optical, terahertz, and plasmonics advanced metamaterials, being leaded by Karlsruhe Institute of Technology, Stuttgart University, Frankfurt, and many others research centers. These activities could also have several actors in France where IEMN-CNRS in Lille could be a key center together many other centers in the Paris región. Also, the Netherlands and Spain are very active in plasmonics.
Extreme or near zero materials could be developed in Spain, where the Public University of Navarra in Pamplona has an strong cooperation with Prof. Nader Engetha in the US. Partnerships with Imperial College of London and IEMN-CNRS in Lille, are under development in order to be able to fabricate at optical wavelenghts in Europe.
Bio-inspired metamaterials could be, in principle, be developed in all the European Union due to the existence of excellent research centers with cutting edge fabrication capabilities but we highlight the identified activity of the Max Planck Institute of Colloids and Interfaces in Postdam, Germany. 
To conclude this section, we would like to express our opinión that it is a very difficult task to make a realistic forecast in such so long time scale and, probably, the reality will give us many surprises. Regarding the geographic localization, the task is even much more complicated because there are additional factors to take in account. For example, the different funding level for this research in the European countries, the funding guidelines at European Union level like the European Union Research and Development Programs, the European Research Council, NATO, the European Space Agency, the European Southern Observatory, among others. It is important to involve in this research other institutions working in materials, biological sciences, in order to establish an interdisciplinary framework for this research field.
As a conclusion, it urges to define a, rigorous, open to all excellent research, and broad scope, European Union plan for metamaterials research with the aim to be leading the topic and to do not be surpassed by the activity in the USA, China, and Japan.



















































11. ASSESSMENT OF IMPACT IN FUTURE MILITARY SYSTEMS

























































12. IDENTIFIED UNKNOWN NEW CAPABILITIES

























































13. DISCUSION

Despite these promising results, there are still important technological difficulties to overcome in order to implement a 'layer invisibility "truly effective. Thus, the prototype of Figure 2.4 is very dispersive and causes great losses in the signal passing through it which facilitates the detection of the object is to hide as well have an operating frequency band very small (so that invisibility to be effective must be implemented within a broad band of frequencies). Another major inconvenience is related to fundamental physical limitations: the waves traveling through the interior invisibility layer should be faster than waves traveling outside it, which is impossible in the event that they Latest travel at the speed of light. The solutions proposed for overcome this problem dramatically complicates the design of metamaterials and cast doubt on its practical viability.
Compared with electromagnetic invisibility, concealment theory or acoustic invisibility is in a more preliminary development. 
Despite the theoretical and experimental results in the field the superresolution with metamaterials, it is important to note that a controversy exists in the scientific community about the interpretation and real significance of these results, and future practical application. Many scientists have questioned the surpass of diffraction limit, arguing that such breach would result in the violation of well-established physical principles like uncertainty Heisenberg. 
From the standpoint of defense, military electronic systems would benefit directly from the microelectronics revolution caused by the superlens. The ability to process large volumes of real-time information will become increasingly crucial in future operating scenarios where the level of technification is growing continously. Thus, the increased speed and capacity of computation of microprocessors permits the design of manned vehicles exhibiting more autonomy and intelligence. This would increase the situational awareness by real-time processing of large numbers of data coming from multiple sensors would increase the effectiveness of weapons systems MDESP 11.
The superlens could also be part of optical systems for airborne surveillance in air or space platforms. These components would increase the capacity of resolution of these devices over conventional optical systems MDESP 11.
The case of acoustic superlens could have important applications in the defense. As for its optical counterpart, it could be used to improve resolution acoustic images obtained by sonar. Another possible application would be to use these devices to focus and amplify sound waves to generate acoustic pulses with compact high-energy ('bullets sound”). These "bullets" could be used as part of future weapons systems (for anti-submarine warfare, they could be an effective substitute for conventional torpedoes), see MDESP 11.
The first area where metamaterials technology was used is that of the devices and components in RF systems: antennas, filters, amplifiers, etc. The introduction metamaterials techniques in the design of of these components has led to significant improvements in performance of such devices and to develop new types components. RF systems are, today, essential equipment in military platforms providing capabilities considered critical for military purposes like tactical wireless communications, long-range detection and surveillance objectives using all-day radar, guided missiles, intelligence gathering, etc., see MDESP 11. During the next years it is expected that metamaterials will continue to play a leading role in RF systems for various operational scenarios, improving current capabilities and providing new capabilities (for example, directed energy weapons RF).
Miniaturization of RF components will provide important operational improvements to a number of defense systems like: radar sensors on board of small airborne platforms, such as mini and micro UAV, or radio communications equipment of limited size, or small disposable devices for the deployment of wireless sensor networks, or radar and ESM portable sensors for operations in urban environment, etc., see MDESP 11.
On the other hand, the ability to synthesize metamaterial structures with arbitrary values of the constitutive parameters ( and ) opens the possibility of designing frequency selective surfaces (FSS Frequency Selective Surface) with extraordinary benefits, which could be used to get noticeable improvements in the characteristics of antenna radiation, MDESP 11.
Finally, it is believed that metamaterials could have a very important role in the development of terahertz devices. One of the most interesting applications is the synthesis of magnetic materials in terahertz, which could be used to develop new devices for sensing biological, biomolecular fingerprint, etc. The interest in magnetic materials in terahertz comes from the fact that they are virtually non-existent in nature MDESP 11.
A first important comment can be done from the previous information, it is related with the fact that probably the first period of time, from now up yo the next 5 years will be centered into the confirmation of the fact that electromagnetic (mostly at RF and Microwaves) metamaterials are able to produce real improvements in conventional state-of-the-art antenna, filter, radome, and signature reduction technologies. 
Later on, will came other technological breakthroughts like zero index metamaterials, cloaking, and Terahertz, Infrarred and Optical metamaterials which are at a less mature level.
The situation of Acoustic metamaterials can be placed at a more temporal distance.
Active (gain-assisted, controllable and nonlinear) metamaterials and metamaterials for sensing and energy applications are in the last part of the ten years. In this sense the replacement of arrays of classical plasmonic resonators found in today’s metamaterials by means of arrays of superconducting quantum interference devices to create truly quantum artificial electromagnetic media constitutes a very important long term objective at the frontier of this first ten year period and the second placed in between the next 10 to 20 years. As it has been said in the previous text, this second time interval is more complicated for the realization of forecasts and will have a more especulative carácter.
Looking to the probable localization of the activities in the time interval from now up to the next 10 years, from our previous analysis, the European leading countries in metamaterials research have been identified: Germany, followed by UK, Spain, France, Italy, and other European countries. Also, its areas of expertise and its potential of industry involvement have been highlighted.
As an important point, we wish to note that the European activities are very fragmented and the number of European projects in the topic is scarce compared with the strong support for this research in the USA. 
The coordination of the different institutions founding metamaterials research in Europe like the European Union Research and Development Programs, the European Research Council, NATO, the European Space Agency, the European Southern Observatory, among others is compulsive in order to help for topic maturation and to take advantage of the brilliant generated ideas at European level and to help to consolidate the researchers potential that is being threathened by the economical shortcuts due to the crisis. 


14. CONCLUSION

The possible applications of metamaterials in military systems have been discussed in this report, based upon the analysis of several sources of information like research projects having defense purposes  that have disclosed some information, the search and the corresponding analysis of patent applications where applications of metamaterials to defense systems have been recognized and from some research papers. This information helps us to identify a relevant list of topics where metamaterials could improve some of the today’s limitations of defense systems and give us some paths for future evolution of such systems. The support of EADS D&S is being an important aid to evaluate the impact of metamaterials technology in future military systems.
It has been presented some forecast for metamaterials development during the period of time comprised from now up to the next 10 years and its probable geographic in the European Union. The description of the areas of expertise by countires is given with their relevant actors and possible industry involvement. Up to now, the usefulness of metamaterials is still under discussion due to the existence of cases where they have succeeded and other situations where conventional technologies have not been surpassed. RF, microwave, millimetre wave, terahertz, infrared, optical and acoustic metamaterials have been analysed giving a time scale of probable developments. The introduction of gain and controllable structures have been discussed and placed in the final part of the time axis. Advanced metamaterial technologies have been placed into the end of the ten years time period due to the needed fabrication methods advances to reach such devices. They overlap precticaly with the next forecast for a period comprised in between the next 10 to 20 years. The forecast for the 10 to 20 years period has been done with its estimated geographical localization in the European Union.
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16. LIST OF ABBREVIATIONS


AMC Artificial Magnetic Conductor
ARO Army Research Office
CRLH Composite Right/Left Handed
DARPA Defence Advanced Research Projects Agency
DNM Double Negative Material
EBG Electromagnetic BandGap
EBL Electron Beam Lithography
EDA European Defence Agency
EDRTS European Defence Research and Technology Strategy
EOT Extraordinary Optical Transmission
ESM Environment, Systems and Modelling
ET Exploratory Team
FIB Focused Ion Beam
FSS Frequency Selective Surfaces

GEM Guidance, Energy and Materials
GPR Ground Penetrating Radar
GPS Global Positioning System
HIS High Impedance Surface
ICET Innovative Concepts and Emerging Technologies
IL Interference Lithography
JIP Joint Investment Programme
LHM Left-Handed Material
MEMS Micro-Electro-Mechanical-Systems
MIM Metal-Insulator-Metal
NIL NanoImprint Litography
NIM Negative-Index Material
NRI Negative Refractive Index
PBG Photonic BandGap
PEC Perfect Electric Conductor
RCS Radar Cross Section
RFID Radio Frequency IDentification
RTO Research & Technology Organization
SET Sensors and Electronics Technology
SPR Surface Plasmon Resonance
SRR Split-Ring Resonator
UAV Unmanned Aerial Vehicles
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