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1 Abstract 

This document contains the Strategic Research Agenda and an outline of the Road Map of the 

Nanoarchitectronics (NTX) CSA. Building on the NTX position paper (document D4.1) which placed 

the research field of Nanoarchitectronics in the landscape of information and communication 

technologies, with impact in several industrial areas, here the research topics are specified with a 

focus on the research needed for Nanoarchitectronics to contribute to meet the challenges posed by 

omni-frequency communication based on nanotechnology and the latest advances in, e.g., RF, optics, 

metamaterials, nanomaterials, photonics, nanoelectronics and phononics. 

The Strategic Research Agenda provides a top level view of the state of the art in NTX according to 

the strands of NTX, namely, extreme scale electromagnetic interaction (EXEMI), metratronics 

(MTX), surfacetronics (SFX), nanoscale materials engineering (NAME) and multiscale design 

modelling (MDM). While the emphasis is on nanoscale science and technology, where the nanoscale 

defines the dimensions of the key features where the interaction of electrons, photons and phonons 

determines the properties of these artificial materials, the main focus is the actual interface. In NTX 

the interface is engineered following targeted functionalities aided by advanced simulation and design 

and realised by high-resolution nanofabrication techniques. Since the science and engineering covers 

nine orders of magnitude in length scales, and thus potentially would lends itself to omniconnectivity 

in the frequency domain. The research landscape includes linear and non-linear regimes, trivial and 

non-trivial topological states, the use of dynamic transformation optics, of multiphysics modelling 

and the experimental and engineering tools to realise such interfaces. 

The outline of the Road Map, starts by considering the overarching challenges of this broad research 

field. Then, using the State of the Art data and the SWOT analysis entries, a time line is presented for 

the main areas of each research strand. 

The document includes a Conclusion section and advances a set of Recommendations for future 

research to consolidate European leadership in key areas and to strengthen it in others that are 

emerging in the quest for a research programme in omni-connectivity using the advantages offered 

by nanostructured surfaces and interface layers. A research program that will impact not only 

communications, but the agenda of digital Europe and several societal challenges. 
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2 Introduction 

The Strategic Research Agenda and an outline of the Road Map of the Nanoarchitectronics (NTX) 

research field are presented. Nanoarchitectronics is also the name of the European H2020 FET Open 

Coordinated and Support action contract number 737135 (2017-2018) and this document, the 

Strategic Research Agenda and the outline of the Road Map of Nanoarchitectronics, is part of the 

CSA NTX commitments.  

2.1 Vision 

Nanoarchitectronics is the study, development and applications of concepts converging towards 

Omni-connectivity, based on nanoscale features, natural or engineered, of material and, more 

specifically, NTX interfaces (NTX-I) .  NTX-I will be the key-enabling breakthrough on NTX: a non-

invasive wireless ultraflat functional system, which communicates with other NTX-I-networks from 

local up to satellite by using the whole frequency spectrum from microwave frequency to optics (Fig. 

1). NTX-I will be applicable to any surface on any physical item and thereby exponentially diversify 

and increase connections among humans, wearables, vehicles, and everyday objects.  

 

Fig. The Vision of Omniconnectivity 

 

Fig. 1 Vision of omni-connectivity  
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At the heart of it, coupled excitations such as electrons, photons and phonons, in the context of wave 

description spanning several orders of magnitude and covering practically the whole frequency 

spectrum are at play.  The Omni-connectivity vision of NTX encompasses real-time communication, 

sensing, monitoring and data processing among people, objects and their environment. It is 

inextricably linked to the internet of things, the digitalisation of the economy, health, climate 

monitoring and defence, among others1. The vision of Omni-connectivity incorporates people in a 

new sphere of extremely simplified, intuitive and natural communication. All ICT users, in particular 

the most vulnerable groups in our societies, will benefit from this new experience and will see their 

quality of life enhanced in their every-day living and practice. 

 

Figure 2 The scales of NTX Interface (NTX-I) 

 

In the long term of the NTX-I will be a highly complex hierarchical bidirectional (transmitting/ 

receiving) system, extremely thin at human scale, and complex at nanoscale (see Fig. 2). NTX-I will 

integrate enhanced connection/elaboration capabilities and sensor functionalities at different scales 

(nano-, micro, meso-, macro-scale). It will be intrinsically secure by  material construction, 

energetically self-sufficient by ad hoc energy harvesting integrated modules and cognitive/adaptive 

by environment awareness. Its size at human scale will depend on the operational frequency range: it 

may have a size of up to several centimetres for an individual NTX-I, and unlimited virtual 

dimensions when connected to cooperative NTX-I networks.  

  

                                                 
1 See, for example, the NTX document D4.1, Nanoarchitectronics Position Paper, 

http://www.nanoarchitectronics.com/d4-1.pdf  

Intelligent Meso-scale units and  

high-level connections in the NaI 

Nanoscale reception, elaboration and transmission of information delivered by different 
carriers (EM waves, phonons, photons, spinwaves, plasmons) 

Macro scale 

(1-10 cm) 

Human scale 

(0,1-5 m) 

World scale 

(> 5 m) 

NaI applied to 
objects, systems and persons 

NanoEngineered Interface with 
locally periodic boundary 
conditions to EM field 

Meso scale 

(10 microns-1 cm) Micro scale 

(500 nm- 10 microns) 

Nano scale 

500 nm-0,5 nm 

NaI Micro-units:  complete micro systems with cognitive 
intelligent capabilities 

http://www.nanoarchitectronics.com/d4-1.pdf
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2.2  NTX-Interface attributes  

The creation of NTX-I requires an extraordinary and long-term effort in heterogeneous 

integration, both of material nano-fabrication and multiscale modelling/design.  In the long term, 

NTX-I will boost omni-connectivity by reducing the inteaction with hand-held ICT to a minimum 

and finally making it “transparent” to its user.  NTX-I  will be composed of nano-objects, forming 

elemental architectural items, aggregated/integrated in different shapes and scales (from sub-

nanometer to human-eye scale) with the possibility to stop the final visible scale at different 

dimensions depending on the application and operational frequency range.   

To operate successfully across the whole range of frequencies and functionalities, NTX-I will be: 

¶ Transmitting/Receiving: able to transmit/receive electromagnetic (EM) waves to communicate 

with other devices and other NTX-I  

¶ Transparent: non-invasive in the mid-term (before 2030) and not perceivable by the user in the 

long-term (before 2040), with seamleass integration into surface structures of everyday objects  

¶ Interoperative with the user: capable to seamlessly perceive a stimulus from a user, make a 

decision and a consequent action or response  

¶ Reconfigurable: able to change electronic configuration in ultra fast (below ns) time-scale 

¶ Multifrequency: able to cover a wide range of frequencies for different connectivity purposes  

¶ Upscalable: covering large scale surfaces by wave interaction with other NTX-Is and by cloud-

communication  

¶ Adaptive: able to adapt spontaneousy to changes in the environment 

¶ Smart: able to perform simple compution tasks, and massive computation in cooperation with 

other NTX-Is. 

¶ Cognitive: able to learn from its environment by collecting information from other NTX-Is  

¶ Secure: protected against hacking or other digital aggression 

¶ Efficient: enabling extremely low loss and power consumption, and full autonomy in the long-

term 

Today this may sound impossible, but recent breakthroughs in nanoengineering show the way to 

make this real. 

NTX-I will exploit EM waves for transmitting/receiving information to/from the environment and 

will use heterogenous wave-type physical mechanisms to transfer the information between different 

points of the nano-structured material. The EM wave transmission/reception functionality will be 

accomplished, depending on frequency, by dynamic reconfigurability and adaptation of the EM 

boundary conditions at the interface with the free-space, or by creating a virtual effective sensitive 

surface through communication with other NTX-Is. In reception mode, the NTX-I reconfigurability 

will be performed adaptively in order to maximize the coupled energy on a large scale of frequency 

matching the boundary with the spatial change of the external EM signal. The transfer of information 

between different points of the NTX-I at nanoscale distances will explore the emerging properties of 

quasi-particles (spins, magnons, phonons, etc.) as information carriers to make the NTX-I cognitive. 

The ground-breaking unifying approach is the use of all wave phenomena almost in their entirety, 
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deploying the state variables best suited for a given information processing task, at component, 

system and network level. 

2.3 Scientific areas and challenges   

The Nano-Engineering Flagship paradigm tackles grand Science and Technology challenges 

relying on a cohesion of a range of disciplines and communities. The scientific foundation of NTX  

is collocated among the research macro-areas of Metamaterials (MTM) Spintronics2, Nanophononics, 

Nanophotonics and Nanoelectronics. Today, 

metamaterials are going to merge to 

nanoelectronics and nanophotonics/phononics in 

NTX. The core aspects of Spintronics today are 

storing, sensing, computing and communicating3, 

essential aspects in NTX-I. The research and 

technology subtopics, framed in the macro-areas, 

are shown in Figure 2. The external ring shows the 

operational frequency range (RF/microwave, 

TeraHertz, infrared and optics) whereby the 

technologies closer to the external ring are suited 

to the indicated frequency range. The topics 

toward the centre are applicable to a more 

extended range of frequencies. The Nano-

Engineering Flagship will drive the peripheral technologies toward the centre of the figure, where the 

technology is suitable for a broad frequency range.  

The NTX-I concept is underpinned in particular by recent fundamental research advances and new 

phenomena in EM Metamaterial (MTM), Spintronics and Nanophotonic/phononics metasurfaces 

(MTS):  

¶ Topological edge-state propagation  

¶ Photoconductive/photovoltaic effects  

¶ Surface-waves to leaky-wave transitions in reconfigurable systems using new materials 

¶ Nanophotonics metamaterials and metasurfaces and control of the photon dispersion   

¶ Optical nano-antennas for storage and control of magnetic information at femtosecond  

¶ Reconfigurability of microwave antennas based on light-matter interaction at the nanoscale 

¶ Transformation Optics models and devices, and its use in reconfigurable systems   

¶ Transformative Metatronics and Surfacetronics (new achievement in Nanoarchitectronics) 

¶ Non-reciprocity (time-reversal symmetry breaking) by time modulations of macroscopic EM 

parameters 

                                                 
2 Spintronics led to the Nobel Prize in Physics 2007 to Albert Fert and Peter Grünberg “for the discovery of Giant 

Magnetoresistance”. 
3 Priority themes identified by the SPINTRONICFACTORY network (www.spintronicfactory.eu). 

 

Figure 3 Nano-Engineering Flagship research and technology areas, 

specific topics and range of operational frequencies.  
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¶ Neuromorphic computing and spin-wave electronics (magnonics) 

¶ Topological magnetic skyrmions and all-optical switching for ultrafast storing and manipulating 

information  

¶ Spin-based sensors (e.g. Tunnel Magneto Resistance) and spin-based devices combining energy 

harvesting  

¶ Control of thermal flux in nanophononics  

Some of these technologies are still at very low Technology Readness Level (TRL2), like those 

associated to Topological concepts4  or Transformation Optics, and will be dramatically improved by 

this initiative.  

2.4 Methodology used in this document  

The methodology used for this document involved the study of previous documents, especially those 

concerning with the first steps of bringing together diverse sets of concepts into the main strands of 

NTX: D1.1 on extreme scale electromagnetic interaction (EXEMI), D2.1 on metratronics (MTX), 

D3.1 on surfacetronics (SFX), D3.2 and D1.2 on nanoscale materials engineering (NAME) and D2.2 

multiscale design modelling (MDM). It also included participation in a range of meetings and 

workshops, mainly those organised by and or related to the CSA NTX and the network FORESEEN5. 

Discussions and remote working played an integral part. The NTX members responsible for each of 

the research strands were asked to summarise the state of the art and to attempt a SWOT analysis. 

These are included in the appendices and the information has served to write the Outline of the Road 

Map section of this document. Finally, with the preparation of the preparatory action for a possible 

flagship CSA Nanoengineering), efforts were made to iterate and define a high-level set of science 

and engineering challenges, which have been included in this document with minor edits. 

This document reflects, to some degree, how far the NTX community has come and how much further 

it needs to go. Homogenisation of concepts and the terminology were paramount early in the project. 

Developing a common vision and appreciation of priorities, and challenges and the European position 

in the field were mainly the targets of the second year during which this document has been worked 

on. Research topics include, e.g., RF, optics, metamaterials, nanomaterials, photonics, 

nanoelectronics and phononics, among others. 

The Strategic Research Agenda provides a top level view of the state of the art in NTX according to 

the strands of NTX, namely, EXEMI, MTX, SFX, NAME and MDM. While the emphasis is on 

nanoscale science and technology, where the nanoscale defines the dimensions of the key features 

where the interaction of electrons, photons and phonons determines the properties of these artificial 

                                                 
4 Nobel Prize in Physics 2016 to D.J. Thouless, F.D.M. Haldane and M. Kosterlitz for theoretical discoveries of 

topological phase transitions and topological phase of matter. 
5 https://eledia.science.unitn.it/foreseen/  

https://eledia.science.unitn.it/foreseen/
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materials, the main focus is the actual interface. In NTX the interface is engineered following targeted 

functionalities aided by advanced simulation and design and realised by high-resolution 

nanofabrication techniques. Since the science and engineering covers nine orders of magnitude in 

length scales, and thus potentially would lends itself to omniconnectivity in the frequency domain. 

The research landscape includes linear and non-linear regimes, trivial and non-trivial topological 

states, the use of dynamic transformation optics, of multiphysics modelling and the experimental and 

engineering tools to realise such interfaces. 

The outline of the Road Map, starts by considering the overarching challenges of this broad research 

field. Then, using the State of the Art data and the SWOT analysis entries, a time line is presented for 

the main areas of each research strand. 

The document includes a Conclusion section and advances a set of Recommendations for future 

research to consolidate European leadership in key areas and to strengthen it in others that are 

emerging in the quest for a research programme in omni-connectivity using the advantages offered 

by nanostructured surfaces and interface layers. NTX should strive for a large-scale research program 

that will impact not only communications, but also the agenda of digital Europe and several societal 

challenges. 

3 Strategic research agenda 

3.1 Extreme scale electromagnetic interactions (EXEMI) 

By covering the complete electromagnetic spectrum from microwaves to IR region, the EXEMI 

concept is built on an approach for homogenization/generalization of matter/materials properties 

leading to EM wave functionalities such as propagation, emission, detection, modulation, and 

processing such as filtering. The most common EM energy transfer routes are known to be 

exponentially enhanced by ultimate matter confinement, this strategy imposes by itself the definition 

of the most accurate scale reference such as suggested at the atomistic level. Following this evidence, 

to be functional at all operating wavelengths, the technical challenges intervene first in the 

capture/manipulation of elementary particles/quasiparticles and their potential mutual 

interactions/coupling at the nanoscale and their final promotion to equivalent or superior/larger scales. 

Furthermore, in some specific frequency regions, downscaling induce EM problematics such as 

extreme spatial and wavelength aspect ratio at the frontier of classical physical laws eligibility.6  

                                                 
6 R. Carminati, A. Cazé, D. Cao, F. Peragut, V. Krachmalnicoff, R. Pierrat and Y. De Wilde, Electromagnetic Density of States in 

Complex Plasmonic Systems, Surf. Sci. Rep. 70, 1–41 (2015).   
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The Table below describes the key topics of the EXEMI area. 

NTX 
strand Subdvision Topics 

EXEMI  

Quantum effects 
in EM systems 

Dynamics of single photon sources 

Coupling quantum sources through surface plasmons 

Control of quantum coherence and collective effects 

RF concepts 
transferred at 

nanoscale   

Design and Characterization of Optical Antennas 

Superconductor Quantum Interface Filter  

Carbon nanotube-based antennas and circuits analogy  

2D-material based antennas and circuits 

Nanostructured transmission lines and BFN  

EM control based 
on nanoscale 
interactions  

Optical reconfiguration  

Microwave metasurfaces devices with optical interaction 

Electrical reconfigurability  

 

 

 

(a)                                                                          (b) 

Fig. (a) 4 Sub-wavelength chessboard metasurface combining capacitive (left) and inductive (right) 

elements for broad-band non-dispersive transmission7 . and optical control ; (b) measurement set up 

Local density of states (LDOS) engineering is one of the main tools to modify and control the 

basic processes of light–matter interaction, such as spontaneous emission, thermal emission and 

absorption.8 New possibilities are emerging for the design of efficient sources and absorbers of visible 

and infrared radiation, for optical storage and information processing with ultrahigh spatial density, 

and for the development of nanoscale markers for biomedical imaging and therapy. The key issue is 

to develop simulation and design tools and fabrication processes to realise nanostructures with desired 

properties and methods to characterise local properties at nanoscale and in the near field. Coupling 

                                                 
7 D. González-Ovejero, M- Mencagli, E. Martini, B. Loiseaux, C. Tripon-Canseliet, J. Chazelas, S. Maci, Basic Properties of 

Checkerboard metasurfaces” AWPL. vol. 14, October 2014, pp 406-409   
8 ] L. Aigouy, A. Cazé, P. Gredin, M. Mortier and R. Carminati, Mapping and quantifying electric and magnetic dipole 

luminescence at the nanoscale, Phys. Rev. Lett. 113, 076101 (2014).   
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of nanostructures with their LDOS to form a sought after cross density of state (CDOS) is becoming 

an important field to realise sub- and super-radiant detectors and sources, and for quantum 

information processing.i9 

Carbon nanotubes form a natural nanoscale building block for electromagnetic devices.10 They 

can act as antennas and can be exploited in passive and active devices, such as interconnects, filters 

and transistors, with the projected operation frequencies up to THz range.11 Impedance matching to 

50 W has already been demonstrated. To exploit fully the properties of CNTs requires still better 

control of the CNT production, i.e., controlled production of metallic or semiconducting nanowires, 

and production of multi-walled CNTs with suitable impedance levels for antennas at desired 

frequencies. In addition, dedicated design tools for circuitry based on CTNs is missing 

Two-dimensional materials, such as graphene, black phosphorus, MoS2 and other metal 

dichalcogenides,12,13 provide an interesting avenue for sub-wavelength and reconfigurable 

applications (see SFX). However, there are still plenty of materials research and development to be 

carried out. Graphene is a high mobility material but with no band gap, thus is not suitable for 

switching devices. Chalcogenides can have a large band gap but the mobility is low. Stacking of 

nanolayers has proven to be one way to realise structures with new properties and may turn to be 

essential for all variants of metamaterials. Here, development of theory, modelling and 

characterisation tools, and fabrication processes to capitalise the potential of the new, partially 

artificial, materials, are needed.     

3.2 Metatronics (MTX) 

The metatronics concept was introduced by Nader Engheta in 2005–2007. 14,15,16. This concept 

unifies the fields of electronics and photonics under one umbrella, the “Unified Paradigm of 

Metatronics”. It is expected that with this new mindset, bridging the gaps among these different fields, 

will allow us to create novel devices and components by learning features from one field and applying 

them to the other. The main idea is based on modularization of optical components, introducing 

                                                 
9 A. Canaguier-Durand and R. Carminati, Quantum coherence of light emitted by two single- photon sources in a 

structured environment, Phys. Rev. A 93, 033836 (2016).   
10 M. Schröter et al in 2016 IEEE 16th Topical Meeting on Silicon Monolithic Integrated Circuits in RF Systems (SiRF) (2016), 

pp. 97–100.   
11 P.L.McEuen et al, IEEE Trans. Nanotechnology, vol 1, no.1, pp 78 - 85, March 2002.   
12 Q. H. Wang et al Nat Nano. 7, 699–712 (2012).   
13 D. Jariwala et al . ACS Nano. 8, 1102–1120 (2014).   
14 N. Engheta, A. Salandrino, and A. Alu, Circuit elements at optical frequencies: nanoinductors, nanocapacitors, and nanoresistors, 

Phys. Rev. Lett. 95, 095504 (2005)  
15 A. Alu and N. Engheta, Three-dimensional nanotransmission lines at optical frequencies: a recipe for broadband negative-

refraction optical metamaterials, Phys. Rev. B 75, 024304 (2007)  
16 M.G. Silveirinha, A. Alu, J. Li, and N. Engheta, Nanoinsulators and nanoconnectors for optical nanocircuits, J. Appl. Phys. 103, 

064305 (2008)  
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“circuit elements” for light (photons), in analogy with circuit elements used in electronics: capacitors, 

inductors, transistors, etc. This can open a way for creation of optical circuits for optical signal 

processing, building a new paradigm of nanophotonics circuitry upon the mature electronics 

technology, eventually unifying the two domains. The enabling technology for future metatronics 

devices is in the field of metamaterials and metasurfaces: artificial materials with engineered and 

optimized electromagnetic properties. The concept of Metatronics can be further extended. MTX 

brings a new dimension to metamaterial research with emerging challenges to make material 

properties dynamically controllable in both space and time. This would open a multitude of new 

applications and scientific explorations like: creating space/time transformation materials, artificial 

non-reciprocity, and “computational metamaterials”, in addition to emulating electronic circuits at 

optical frequency based upon waves interacting with nanoparticles. In this framework, 

“computational metamaterials” represents an innovative way for performing mathematical operations 

on signals: the mathematical operation is performed directly through the interaction of the 

electromagnetic wave signals with a proper engineered metamaterial. 

The Table below describes the key topics of the MTX area. 

NTX 
strand Subdvision Topic 

MTX 

Optical MTX 

Analogue of Passive Circuit in Optics  

Analogue of Active Circuit in Optics  

Epsilon Near Zero  MTX 

Tunable MTX 

Electrically tunable MTX 

Mechanically tunable MTX 

Thermally tunable MTX 

Optically tunable MTX 

Transformative 
MTX 

Transformation Optics (TO) 

Hybrid TO/ tunable MTX 

Space-time MTX 

Time varying metalenses 

Non-reciprocal MTX based on time modulation 

MTX for emulating moving media  

Computational MTX 
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Fig. 5 Lumped optical nanoscale 

subwavelength elements emulating L, C, 

and R in electronics. 

Optical nanoparticles and their clusters can, emulate all circuit elements.17 When a metatronic 

circuit incorporated into an optical waveguide is excited by an optical signal, a spatial distribution of 

local optical electric fields and optical displacement currents is produced, analogously to the pattern 

of voltage and current distributions in a conventional radio-frequency circuit. 

An important and promising direction in studies of metatronics is the development of epsilon-near-

zero (ENZ) metamaterials.18 In such a material, both real and imaginary parts of the complex 

permittivity are much smaller than unity within the frequency band of operation. In the limit of zero 

permittivity, the wavelength inside the medium tends to infinity, so that there is no phase delay for 

propagating waves. Due to this property, many electromagnetic phenomena resemble the phenomena 

under static conditions, i.e., equations are the same as if there would be no time dependence, while 

the fields depend on time and propagation of energy is possible. Emulating static field distributions 

in dynamic scenarios is exactly what is needed for effective realization of metatronics components, 

and this is the main reason why ENZ media are considered as one of the most promising platforms 

for creation of metatronics devices. Unfortunately, optical ENZ materials that could be broadband 

enough for practical signal processing have not been created since the initial work was published. Up to 

now ENZ materials have been engineered only at microwaves wavelengths.  

Graphene and other emerging 2D materials can provide a platform for the development of 

metatronics components, using, e.g., surface plasmon polaritons.19,20 

                                                 
17 N. Engheta, Taming light at the nanoscale, Physics World 23, 31-34 (2010).  

 
18 M. Silveirinha and N. Engheta, Theory of supercoupling, squeezing wave energy, and field confinement in narrow 

channels and tight bends using epsilon-near-zero metamaterials, Phys. Rev. Lett. 97, 157403 (2006)  
19 M.I. Katsnelson, Graphene: carbon in two dimensions, Cambridge University Press, Cambridge, UK (2012)  
20 G. Hanson, J. Appl. Phys. 103, 064302 (2008)  
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Metatronics concept can be further extended by including materials whose properties can be 

dynamically controled in both space and time. This will open ways to realise a multitude of new 

applications and scientific explorations such as creating space/time transformation materials, artificial 

non-reciprocity, and “computational metamaterials”. This leads to tunable metatronics, where the 

tuning cen be electronic, mechanic, thermal or optic.  Eventually, by combing transformation optics 

and tuneable metatronics, will provide a new realm of research field, including topological and 

computational metatronics. To reach this requires plenty of effort in material research and 

characterisation methods, and especially in building the theoretical framework. 

3.3 Surfacetronics (SFX) 

The Surfacetronics concept was introduced by the Nanoarchitectronics community, SFX aims at 

conception, analysis and realization of reconfigurable, sensorial, adaptive and cognitive “skins” for 

sensing, communications, radar, and cloaking as a basis of NTX-I. The size across the surface is sub-

wavelength and the surface forms the boundary condition, both functionally and mathematically. The 

“skins” are typically multi-layered, and the layers across the surface are both lumped (e.g. using vias) 

or contain distributed intelligence (sensing, cognitive, control and adaptability). Various technologies 

are emerging to provide with modulation of metasurface responses using mechanical, electrical, or 

optical control. Reduced dimensions allow to realise unconventional devices without volumetric 

counterparts. We aim at developing a next generation of nanostructured metasurfaces as artificial and 

bio-inspired “skins”, able to adapt themselves to the environment, being cognitive and reconfigurable 

as well. We will exploit the area of dynamic metasurfaces to achieve time-varying properties and 

their conceivable applications as “Surfacetronics”. SFX aims to combine sensing and/or 

transmit/receive antenna functions for future communication beyond 5G. Similar technology can 

accomplish radar or cloaking functions as well. Although the general purpose of these approaches is 

to obtain tuneable versions of static metasurfaces, recent studies have shown that the impact of 

dynamic metasurfaces far exceeds tuneability alone and comprises new physical effects such as 

Lorentz non-reciprocity. 
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The Table below describes the key topics of the SFX area. 

NTX 
strand Subdvision Topic 

SFX 

Space modulated 
SFX 

Huygens MTS for space wave control 

Phase gradient MTS for surface wave and dispersion 
control  

Local periodic modulation for radiation control  

Topological MTS and edge modes 

Space gradient MTS  

SPP control with graded index BC 

Improved plasmonic materials for MTS  

Topological edge modes   

Reconfigurable 
SFX 

Structural Control (mechanical, microfluidic, thermal)  

Material State Control (including LC) 

Electronic Control  (diodes, MMS, ferrites)  

Non reciprocal MTS based on time modulation  

Structural Control (streachable, flexiblae, nanofludic 
substrates, LC)  

Material State Control 

Optical Control  

 

 

 

Fig.6 Schematic view of electromagnetic 

wave interaction with a smart skin. 

 

The principles of SFX operation at all frequencies have been set, including reconfigurable 

surfaces, time modulation and creation of topological modes.21 Theoretically, the skins can be passive 

or active, and the reconfiguration is based on structural, state of the material or circuit configuration 

modifications.  

Technological solutions that have been proposed up to now have some limitations.22 Tunable 

                                                 
21 S. Maci, G. Minatti, M. Casaletti and M. Bosiljevac, “Metasurfing: Addressing Waves on Impenetrable 

Metasurfaces,” in IEEE Antennas and Wireless Propagation Letters, vol. 10, no., pp. 1499-1502, 2011. 
22 E. Martini, M. Mencagli, D. González-Ovejero and S. Maci, “Flat Optics for Surface Waves,” in IEEE Transactions 

on Antennas and Propagation, vol. 64, no. 1, pp. 155-166, Jan. 2016. 
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materials suffer of high losses, low speed, large temperature sensitivity and small tuneability range. 

Active standard electronics components are characterized by non-negligible losses and high 

complexity of the bias network, and electromechanically driven devices have low reliability.  

Antennas can be reconfigured in a way that is exactly similar to changing the periodicity of the 

structure on the substrate, leading to beam steering and other dynamic optical responses. Other 

morphological nanostructures such as kirigami structures can also be used.23 

Reciprocity is a fundamental principle in electromagnetism and optics, requiring that the response 

of a transmission channel is symmetric when source and observation points are interchanged. It is of 

major significance because it poses fundamental constraints on the way one process optical signals. 

Non-reciprocal devices, which break this symmetry, have become fundamental in photonic systems. 

Recently it has been demonstrated in quantum theory and experimentally verified that two electrons 

with opposite spin propagates independently in opposite directions on the edge of a topologically 

protected insulator.24 This is part of the more general field of topologically protected electromagnetic 

insulators, properly designed to exhibit opposite spin-orbit interactions. Such structures do not allow 

back scattering and, therefore, only unidirectional propagation is possible according to the 

polarization state of the signal.25 In electromagnetism, several approaches have been proposed to 

emulate this behaviour, such as bi-anisotropy and magnetic photonic crystals,26 coupled ring 

resonators, synthetic magnetic fields,27 just to name a few. Within the NTX consortium, a meta-

waveguide based on bi-anisotropy where the routing property is given by the interaction between the 

structure and the circularly polarized field was proposed recently [142]. 

3.4 Nanoscale material engineering (NAME) 

Nanoscale material engineering is a transversal research field, common to each of the focus areas 

of Nanoarchitectronics. It concentrates to provide technologies to realise new engineered materials 

and structures in the nano-scale range (<100nm). The nanoscale structures allow unprecedented ways 

to manipulate electromagnetic waves, and, in addition, allow also introducing new phenomena, e.g., 

valleytronics features, exploitable for improved mechanical, thermal and electrical properties. The 

                                                 
23 Y. Hou, R. Neville, F. Scarpa, C. Remillat, B. Gu, and M. Ruzzene, “Graded conventional-auxetic Kirigami 

sandwich structures: flatwise compression and edgewise loading,” Composites Part B 59, 33–42 (2014); K. Saito, F. 

Agnese, and F. Scarpa, “A cellular kirigami morphing wingbox concept,” J. Intell. Mater. Syst. Struct. 22, 935–944 

(2011). 
24 C. L. Kane and E. J. Mele, “Quantum Spin Hall Effect in Graphene”,Phys. Rev. Lett. 95, 226801 –November 2005 
25 Wang, Y. Chong, J.D. Joannopoulos, and M. Soljacic, “Observation of unidirectional backscattering immune 

topological electromagnetic states,” Nature, Vol 461, p. 772, 2009. 
26 T. Ma, A. B. Khanikaev, S.H. Mousavi, and G. Shvets, “Guiding electromagnetic waves around sharp corners: 

topologically protected photonic transport in metawaveguides,” Phys. Rev. Lett., Vol. 114, p.127401, 2015. 
27 M. Hafezi, S. Mitttal, J. Fan, A. Migdall, and J.M. Taylor, “Imaging topological edge states in silicon photonics,” 

Nat. Photonics, Vol. 7, p. 1001, 2013. 
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variety of materials and layer stacks used in EM devices is relatively broad and in many cases not 

CMOS compatible, leading to the use of a broad spectrum of different processing techniques, ranging 

from PCBs to e-beam lithography. Eventually, it would be beneficial to move from various individual 

lab scale fabrication processes to the use of rather standard micro/nanoelectronics facilities to 

guarantee the implementation of the innovations sprouting from NTX. Alternative approaches, such 

as nanoimprinting, additive lithography and self-assembly may provide new possibilities, but the 

reproducibility is still an issue. 

One of the crucial topics is the development of new 2D materials and artificial composites. These 

form the interesting platform for sub-wavelength devices, exploiting both 2- and 3-dimensional 

structures. The new materials facilitate the realisation of metamaterials, beam shaping devices, and 

are essential to the “skins” in Surfacetronics. In addition to the 2D materials, carbon nanotubes are 

suitable building blocks to sub-wavelength antennas and circuits. CNTs provide a good platform for 

proof-of-concept demonstrations. In the long run, more reproducible fabrication processes and/or 

alternative building bricks are probably required.  

When the sub-wavelength dimensions form the basis of the new applications sprouting from NTX, 

experimental tools to probe the local density of states and excitations are becoming essential. 

Currently, the options are various kinds of scanning probes, such as atomic force microscope (AFM) 

and its variants, scanning near field microscopy (SNOM) and scanning tunnelling microscopy (STM), 

and electron microscopy (SEM and TEM). Here one could imagine that short wavelength excitations, 

like phonons, can provide a way, a kind of extension to ultrasonics, to probe the states of nanoscale 

objects inside the devices. This would need a huge amount of theoretical and simulation efforts, but 

eventually could support the development of the more and more important aspects of reverse 

engineering.  

Furthermore, other excitations in addition to electromagnetic waves, like spins and phonons, 

together with charges and all their combinations, provide a huge palette for novel opportunities not 

yet explored. All this is within a reach, thanks to the nanofabrication processes.          

3.5 Multiscale Design Modelling (MDM) 

The Multiscale Design Enabling Modeling (MDM) provides the grounds to establish the 

theoretical and computational background and methods for electromagnetism at nanoscale, unifying 

the multilevel physics, quantum mechanics and Maxwellian electromagnetism.  
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Fig 7 Schematics of the theoretical-computational platform of Nanoarchitectronics, including ab-initio simulations 

performed at atomistic level, and transfer and integrate the results into/with the larger scale models by constitutive 

equations/relations. 

The modelling and design problems for these materials span spatial scales ranging from microns 

to meter already in the linear (passive) part alone for microwave applications, making an accurate 

and reliable simulation nearly unreachable with existing modelling tools. Going beyond this 

limitation requires insertion of the intrinsic multi-scale nature of the working phenomena into the 

mathematical and computational description. No matter how challenging this task alone, it is not 

sufficient to address the material design phase, which is intimately connected to the conception of the 

material function. The latter typically requires consideration of a direct and an inverse 

homogenisation procedure. The direct homogenisation is a process in which the microscale features 

are approximately considered as a local boundary condition, typically resorting to a local periodic 

approximation. The inverse homogenisation is the process of finding what microscale geometry is 

necessary to have a given behaviour (boundary condition) at the larger scales. 

The theoretical-computational platform proposed by Nanoarchitectronics, aimed at modelling and 

simulating real devices, sub-modules and system interfaces, will be developed and optimized for specific 

issues and challenges, mainly i) the investigation of low-dimensional materials and ii) the coexistence of 

multiphysics phenomena, e.g., electromagnetic, charge propagation, quantum transport and thermal 

diffusion, iii) the implementation of numerical techniques and/or the use of fullwave solves for the design 

of real devices/system.  

In order to deal with the above issues, we will develop appropriated models based on the solution of 
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coupled systems of equations dealing with the combined electromagnetic-transport phenomena, i.e., using 

Schrödinger/Dirac, Maxwell-Boltzmann, etc, approaches. This novel theoretical and computational 

platform, takes into account the different aspect-ratios between nano-structured materials and the device 

environment, bridging the atomistic models to the continuum scale - extreme multi-scale analysis. Low 

dimensional (1D-2D) nano-structured materials (carbon nanotubes, graphene/beyond graphene) exhibit 

unprecedented electro-thermo-mechanical properties in wide frequency range, including radio-

frequencies (RF), microwave and optics, thus providing an enormous and yet widely undiscovered 

opportunity for the engineering community. Since the core structural property of nano-materials is, just, 

to have, at least, one dimension of the order of nanometer, they first have to be investigated, by using 

classical methods/solvers based on quantum mechanics thus meaning Schrödinger and Schrödinger-like 

equations. 

4 NTX Road Map 

4.1 Introduction 

Based on the Strategic Research Agenda, the time line and top-level research targets are presented 

here over a >10-year time span. A colour code is adopted to indicate the current perception of the 

degree of maturity of the area, expressed in terms of technology readiness level (TRL) and its foreseen 

dynamics.  

4.2 Top-level future research challenges 

The Top Level research Challenged linked  

4.2.1 Unification of the phenomenology of NTX-I from microwave to THz and to 

optical frequencies. 

 

The challenge involves the homogenisation of the depth of understanding and unification of 

nanoarchitectronics concepts expressed in a range of physical phenomena. With omniconnectivity in 

mind, nanoarchitectronic devices and circuits may use one or more of information carriers be them, 

e.g., electrons, photons, phonons or spins. In general information needs to be transmitted within a 

layer, across layers involving, for example, engineered interfaces. Which information carrier will 

carry the information will depend on several factors including integration, easiness of generation, 

minimum losses, power efficiency and impact on the overall design, fabrication and operation of the 

device, circuit or system. Interactions by different types of propagators and their transitional 

behaviour (i.e., from surface- to leaky-waves) have to be formalized and modelled across a large 

frequency range, from microwaves to THz and optical frequency, taking into account the generation 

of the individual wave-type, the power efficiency and the perturbation introduced to the dominant 
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phenomena. One has to define common parameters to compare and link different functionalities based 

on different technologies (by modelling and experiments) 

 

4.2.2 Bridging the gap between quantum and electromagnetic models. 

The science underpinning the nanoarchitectronics concept presents an enormous theoretical and 

computational challenge, that must be met if modelling and simulations of real devices, sub-modules 

and system interfaces are to be addressed and optimised for specific functions and applications. For 

example, this includes research on low-dimensional materials, the co-existence of several types of 

physics (electromagnetism, electron transport, thermal transport) and the implementation of 

numerical techniques and or the use of full-wave solvers. This requires the development of adequate 

models based on solutions of coupled systems of equations with the electromagnetic-transport 

phenomena. These include Schrödinger and Dirac equations, Maxwell and Boltzmann equations as 

well as integral equations, finite element and finite difference methods. The relevant output will 

bridge the present gap between quantum and EM models increasing in unprecedented and unified 

manner the descriptive capability of Nano-engineering problems across scales which differes about 

10 orders of magnitude, from sub-nanometer to meter-scale.  

 

4.2.3 Analysing and validating extreme subwavelength systems on multiscale. 

Simulation and modelling over 10 orders of magnitude, from the nanometre to the metre-

scale, requires powerful multiphysics tools. The atomistic quantum models of, e.g., scattering rates 

and effective mass, need to become transferable to constitutive equations involving electro-

magnetics, permeability, electronic and thermal conductivity at continuum level and further 

incorporate them in classical electromagnetic simulations. This would then allow the enlargement on 

an unprecedented manner the descriptive capability of engineering problems. The building block is 

the nano-object placed at or being an integral part of the interface. In addition to multiphysics tools, 

emerging methods emanating from artificial intelligence and machine learning are expected to 

provide another dimension to the efforts to meet this challenge. To date this methodology does not 

exist and any attempt will need to be validated experimentally at an early stage, which in turn will 

require metrology-compatible characterisation methods. 

 

4.2.4 Matching EM boundary conditions with nano-scale features and power 

handling 

The wave reception of EM waves with NTX-I will be performed over a wide range of frequencies 

and directions of wave arrivals from other NTX-Is. In reception, this leads to three challenges: i) how 

to maximise the received power by adapting the boundary conditions to the external EM fields (or 

viceversa by reciprocity); ii) how these boundary conditions are able to transfer EM waves into the 
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NaI material; iii) how the NTX-I nanoscale features couple its energy to other wave types (e.g., 

photons, phonons, spinwaves). In transmitting NaI, we have the reciprocal (and then equivalent) 

challenges, plus the problem of handling a sufficient and non-redundant power for linking other 

systems.  

 

4.2.5 Modeling the inter NTX-I propagation and coupling in multifrequency 

channels 

Multi-channel EM propagation in the near-field environment will be challenging in terms of  NTX-

channel modeling due to the presence of human body and/or other complex objects in the near 

vicinity. With respect to the present Body Area Network (BAN) problem, the modeling is much more 

cumbersome due to the presence of space-variable boundary conditions associated with the NaI-field 

interafaces. The modeling should take into account the rapid  changes in time and space in order to 

suitably modeling the multi-frequency and multi-channel effects.  

 

4.2.6 Development of scalable artificial low-dimensional materials. 

The material revolution brought about by 2-dimensional (2D) materials and the exponentially 

increasing knowledge of wave-matter interactions are crucial factors to enable adaptive 

reconfigurability of nanometre-defined interfaces. The control of artificial nanofeatures as in, for 

example, 2D bi- and heteromultilayers on the one hand, and nanopatterned or nanofabricated 

interfaces, requires atomically precise material growth and sub-nanometre controlled nanofabrication 

on wafer-scale. Moreover, the assessment of critical dimensions will have to rely on characterisation 

methods both, with atomic precision while being accessible and compatible with dimensional and 

chemical metrology. 

 

4.2.7 Development of metrology-compatible advanced nano-characterisation 

techniques. 

The novel materials, specially the properties with prospects to be used for a function, and 

engineered nanostructured interfaces must be characterised using methods that are reproducible and 

above all, traceable to international standards. This would ensure that progress is made on solid 

ground using metrology-compatible methods, most of which must be developed anew. This sine qua 

non condition will enable not only the validation of the advanced modelling but also underpin future 

component, circuit and subsystem design, realisation and characterisation. While initially large 

research infrastructures will necessarily be used, the aim must be to have scalable, and standard 

laboratory-compatible methods, to meet the eventual manufacturing challenges. 
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4.2.8 Encoding computation and cognitive capabilities into the material 

Research effort is required to define and propose alternative ways of computing using the material 

itself, along line that have been opened by Metatronics. This material itself will ultimately solve real 

time differential equation problems, by blending the software and hardware in the NTX-I. In an 

advanced scheme, NTX-Is will perform embedded computations for simple tasks, while a network of 

NTX-Is and a cloud will perform calculations for medium and heavier tasks, respectively 

The connectivity issues raised by circuit designs involving engineered nano-scale interfaces, 

especially if endowed with cognitive capabilities, present a heretofore unexplored territory. The 

research and priorities will need to be continuously reviewed considering progress made in meeting 

the other challenges, in particular for reliable and efficient functions of the circuit and subsystem.  

 

4.2.9 Large scale picture 

To wrap up the drift in Nanoarchitectronics, we can expect passing three stages: i) development 

of passive surfaces with functions emerging from the phenomena based on metatronics, metasurfaces 

and topological structures, ii) have all these controllable via electronics or photonics inputs, i.e., have 

reconfigurable interaction with electromagnetic waves, and iii) to realise intelligent and autonomous 

surfaces and structures that react to the stimuli or signals from the environment. The last one requires 

development of new ways to energy management, storage of information and, especially, local data 

processing and information distribution.   

4.3 Summary of research challenges time scale. 

Based on the Strategic Research Agenda, the State of the Art and the SWOT analysis in Annexes, 

an estimate of the timeline of the strands of NTX is presented below.  

 

Table 4.1: Colour code for the timeline of the examples of scientific and technological challenges. 
 Basic research 

TRL 1-2 

 Appl. Research 

TRL 2-3 

 First Application 

TRL 3-4 

 

Table 4.2: Time line and maturity level of the top-level challenges in nanoarchitectronics. 

 

Overarching challenges to be addressed < 5 

years 

5-10 

years 

>10 

years  

Quantum effects in EM systems    

RF concepts transferred at nanoscale    

EM control based on nanoscale interactions     

Optical metatronics    

Tuneable metatronics    

Transformative metatronics    

Space-time metatronics    

Space and time modulated surfacetronics    

Reconfigurable surfacetronics    
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5 Conclusions 

The research field of nanoarchitectronics is wide and very rich, and holds the promise of 

omnicommunications, i.e., all-embracing information processing and data transfer technology not 

available currently. While there is increasing consensus at the conceptual level, the NTX community 

would benefit from further exploration of the unification of concepts and terminology and a critical 

assessment of existing and future theoretical and experimental methods. Otherwise the risk of 

defocusing may threaten the potential of NTX to form a unified research area and becoming a truly 

omniconnectivity technology. 

The topics in each strand are strongly interlinked and further discussions are needed to ensure that 

while a focus is worked on, the rich potential of its diversity is not lost. This is by no means an easy 

task. The reluctance or absence of figures of merits and consequently of numerical values required 

for benchmarking probably reflect the need for reliable characterisation techniques. One approach 

could be to internalise the concept of metrology, which is in general absent to many academic 

communities and yet crucial for the uptake of potential technologies eventually by industry. 

Metrology is crucial to compare and benchmark, although for research at low TRLs reliable 

characterisation methods may be sufficient in an early phase. It will be important to establish links to 

national metrology centres to elaborate a research plan of benefit to NTX and to advance metrology 

in the nm- and sub nm-ranges. 

The nanometre and atomic scales dominating the interface phenomena require multiphysics 

models, which are predictive, and therefore the values from characterisation experiments need to be 

reliable. The models are crucial for the design of multi-layered materials for novel functions as well 

as for the nanofabrication of patterns on the surface, e.g., for metasurfaces.  

A key aspect in the nm and sub-nm length scales is the role of fluctuations, which must be factored 

in the models. On its own, this is already a formidable task in computing power and strategies will be 

needed for this to be done. Here a link to the European High Performance Computing initiative may 

be an option. Moreover, the design of experiments to test the potential of artificial intelligence and 

machine learning may prove a fruitful endeavour. 

For the nanofabricated surfaces and interfaces, novel processes will need to be developed as optical 

and thermal waves are extremely sensitive to disorder. The role of NAME cannot be underestimated 

and it requires much more intense discussion that heretofore. Linking to a selected set of laboratories 

with nanofabrication facilities and a record of process development at the nanoscale will be crucial 

for the advance of NTX. This means exploitation of the modern micro and nanoelectronics fabrication 

lines and processes to guarantee the reproducibility of the experimental results and to pave the way 
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to standardisation, essential to implementation of the novel ideas related to omniconnectivity.  

The efforts of the NTX community, including the network FORESEEN and MVI, in training the 

next generation of researchers, by means of schools and workshops, is commendable and must 

continue. The glamour-factor is sometimes missing, and NTX has to identify areas for dissemination 

and attraction of the attention of the research policy makers. The overlap with fields such as health, 

environment monitoring, IoT, etc, dilutes the recognition of the urgency of the NTX research. The 

dialogue with a wider industrial sector is crucial to learn more about industrial stakeholders priorities 

especially those connected directly to the core of NTX: radar, photonics, electronics, IoT, 5G, etc. 

There has been outreach activities to flag the NTX,28 and a proposal to build a flagship on 

omnicommunitivity was submitted in Horizon2020,29 and potentially a Mission proposal in Horizon 

Europe will follow.  

Electromagnetism is a complex field to explain to a layperson. If we now add transformation optics 

and topological matter, the effort of public dissemination becomes huge. Thus, the priority of 

conceptual clarification of unifying concepts and terminology remains paramount. On the 

technological front, the needs to be met include real-time reconfigurability, cognition and 

adaptability, sustainable operation, amenable to simplicity and easiness of integration, energy 

efficient, secure and robust. To make this happen needs development of design tools, fabrication 

processes and metrology, and especially integration with the existing technologies 

6 Recommendations 

¶ NTX community would benefit from further exploration of the unification of concepts and 

terminology and a critical assessment of existing and future theoretical and experimental 

methods. 

¶ It is important to merge the methodologies of Quantum Engineering and Electromagnetic 

Engineering to coer the broad multiscale range.   

¶ It is important to react to the need for reliable characterisation techniques. 

¶ When reliable characterisation methods are available, the next thing is to internalise the 

concept of metrology, which is in general absent to many academic communities and yet 

crucial for the uptake of potential technologies eventually by industry. 

¶ The development of multi-dimensional and multi-physics models is crucial for the design of 

new materials for novel functions at sub-wavelength. 

                                                 
28 The Electromagnetic framework of “Nanoarchitectronics”, in 2018 IEEE International Symposium on Antennas 

and Propagation and USNC-URSI Radio Science Meeting 8-13 July 2018 Boston, Massachusetts 
29 https://www.nano-engineering.eu/ 
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¶ The exploitation of the modern micro and nanoelectronics fabrication lines and processes to 

guarantee the reproducibility of the devices and experimental results, paving the way to 

standardisation, is essential to implementation of the new ideas related to omniconnectivity. 

¶ Finally, NTX has to identify areas for dissemination and attraction of the attention of the 

research policy makers and various stakeholders. 
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Annexes 

Annex 1: State of the art challenges and needs - summary tables 
 

Research Area EXEMI: Quantum effects in EM Systems 
 

Key knowledge established ¶ Insertion of quantum aspects in EM modeling 

¶ Single photon sources 

Scientific Challenges ¶ Dynamics of single photon sources 

¶ Bridging the gap between quantum and EM modelling  

Needs of theoretical and 

experimental methods 
¶ Local Density of State (LDOS) Engineering  

¶ Characterization techniques 

¶ Dynamics of single photon sources 

Key technologies: current and 

future needs 
¶ Quantum technologies for quantum sensing and computing 

 

Timeline of foreseen 

applications  
¶ Radar and telecommunications (From 6 to 10 years)  

 

 

Research Area EXEMI: RF concepts in the nanoscale  

Key knowledge established ¶ RF devices based on nanoscale technologies 

¶ Superconducting technology and devices 

¶ Optical antennas based on nanoparticles 

¶ Optical semiconducting antennas 

¶ Standard SNOM and near-field fluorescence probes 

Scientific Challenges ¶ Nanostructured transmission lines and BFN  

¶ Design and Characterization  of Optical Antennas 

¶ Superconductor Quantum Interface Filter 

¶ Carbon nanotube-based antennas and circuits analogy  

¶ Heterogeneous integration of low-dimensional material 

¶ Time-varying materials and structures 

Needs of theoretical and 

experimental methods 

¶ Characterization of nanoscale material 

¶ Metrology for optical antennas 

Key technologies: current and 

future needs 
¶ CNTs and 2D materials for antenna applications 

¶ Energy harvesting by NTX-I 

Timeline of foreseen 

applications  
¶ CNTs and 2D antennas for airborne applications (2030) 

¶ TeraHertz sensors for satellite applications, e.g. CubeSats 

 

 

Research Area EXEMI: EM control based on nanoscale interactions  

Key knowledge established ¶ Optically controlled RF switches  

¶ Light matter interactions in 1D and 2D materials 

¶ Vertically Aligned CNT based components  

Scientific Challenges 

questions 
¶ Electrical and optical reconfiguration of material  

¶ Microwave metasurface devices and antennas with optical 

interaction 
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¶ Negative epsilon materials design and realization 

Needs of theoretical and 

experimental methods 
¶ Numerical Modeling of  phase change materials  

Key technologies: current and 

future needs 
¶ Reconfigurable metasurfaces 

¶ Refractive index tuning of classical materials 

¶ Graphene hybrid interfaces  

¶ Strontium Titanate (SrTiO3), Vanadium dioxide (VO2)  

¶ New phase change materials 

¶ Liquid crystals for microwaves 

¶ High Tc Superconducting materials  

¶ Reconfigurable metasurfaces for beyond 5G applications 

Timeline of foreseen 

applications  

¶ Reconfigurable metasurfaces antennas beyond 5G (2025) 

 

 

Research Area MTX: Optical MTX 

 

Key knowledge established ¶ Epsilon Near Zero MTX 

¶ Nano-circuits theory 

Scientific challenged ¶ How to implement stereo circuits 

¶ How to realize analog of diodes in optics 

¶ How to realize analog of transistors in optics 

¶ How to obtain gain in MTX 

¶ Assess opportunities of inverse design engineering 

¶ Create material able to make computations 

Needs of theoretical and 

experimental methods 
¶ Moving from inverse engineering to inverse design methods 

¶ Nano-devices and Material by design for optical MTX 

 

Other specific properties ¶ Connection to Artificial Intelligence 

¶ Time varying and Space-time varying materials and 

structures 

¶ Polarization optics   

Key technologies: current and 

future needs 
¶ Non reciprocal optical devices 

¶ Non linear  optics 

Timeline of foreseen 

applications  
¶ High data-rate communications beyond 5G  (2027) 

¶ Remotely piloted and self-driving vehicles (2025)  

¶ Sensing in industrial robots 

¶ Bio-medical devices  

 

 

Research Area MTX: Transformative MTX 

Key knowledge established ¶ Electrically tunable MTX 

¶ Mechanically tunable MTX  

¶ Thermally tunable MTX  

¶ Optically tunable MTX 

Scientific challenged ¶ Optimization of the operation of components (energy, 

speed) 

¶ Combining trasformation optics with tunable MTX 

¶ Optimization the number of components for a given 

functionality (degrees of freedom in metamaterials) 
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¶ Tailoring the spatial dispersion and birefringence 

¶ Non-reciprocal MTX  

¶ Space-Time modulated MTX 

¶ Programmable MTX 

¶ Computational MTX 

Needs of theoretical and 

experimental methods 
¶ Multiscale Computational method for MTX 

¶ Time-domain methods for space-time modulated 

¶ Measurements techniques 

Key technologies: current and 

future needs 
¶ Time- and time-space varying materials and structures 

¶ Integration of components 

¶ Materials properties / stability 

Timeline of foreseen 

applications  
¶ Computation based on materials (2034) 

 

 

Research Area SFX: Surfacetronics 

Key knowledge established ¶ Principle of operation at all frequencies 

¶ Principles of reconfiguration, including time-modulation  

¶ Principles of topological protected modes of propagation 

Scientific Challenges ¶ Cognitive metasurfaces   

¶ All-frequency re-adaptation  

¶ Physical limits and degrees of freedom  

¶ Maximum adaptive coupling by time varying boundary 

condition  

¶ Metasurface reconfigurable antennas and sensors  

¶ Unidirectional edge modes in Topological metasurface 

junctions  

¶ SFX cloaking coating  

¶ Metasurfaces that make calculations   

Needs of theoretical and 

experimental methods 
¶ Metasurface inverse design  

¶ Reconfigurable and cognitive SFX with nanoscale operation 

of reconfiguration  

¶ Need of extensive experimental work 

Key technologies: current and 

future needs 
¶ Multiscale design-enabling modeling (MDM) 

¶ Low-power and/or ultrafast reconfigurability with 

nanoscale operation 

¶ Material characterization and innovation 

¶ Integration/embedding with other sensing/intelligence 

subsystems 

Timeline of foreseen 

applications  
¶ Several applications exist today at microwaves and optical 

frequencies. Application in low-power sensing and 

communications (2020) 

¶ Multiuser antenna applications (2025) 

¶ Automotive sensors (2023) 

¶ Cubesat and satellite constellations (2025)   

¶ NTX-I for omni-connectivity (2030) 
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Annex :2 SWOT analysis  
 

SWOT of EXEMI: Quantum effects in EM systems: 

 

Strengths 

Å Widely recognized teams in beyond 

Maxwell modeling  

Å Strong research base in LDOS 

characterization 

Weaknesses 

¶ Massive calculation required for purely 

numerical quantum and EM methods and 

risk of excessive simplifications   

Opportunities 

Å Insertion of beyond-Maxwell modeling 

inside  Maxwell modeling tools 

Threats 

¶ Difficulties in Inverse design  

 

 

SWOT of EXEMI: RF concepts in the nanoscale: 

 

Strengths 

Å Strong expertise in optical antennas and 

in superconducting devices 

Weaknesses 

Å Needs for increased development for 

improving the growth of CNT-based 

technologies 

Opportunities 

Å Collaborations with consortia in Europe 

working in RF nanodevices 

Threats 

Å Strong competition in US on CNT 

based nano-antennas 

 

 

SWOT of EXEMI: EM control via nanoscale interactions 

 

Strengths 

Å Wide knowledge in metasurfaces, and in  

optical control of metasurfaces 

Weaknesses 

Å Lack of studies on new Phase-

change materials and on ultimate 

metasurfaces based on 2D materials 

Opportunities 

Å Reconfigurable metamaterials  

Å Reconfigurable metasurfaces for antennas, 

microwaves and optical devices   

Threats 

Å Delay in standardization may slow-

down acceptance in market  
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SWOT of MTX: 

Strengths 

Å Strong community in Europe 

Å Wide theoretical advancements on the 

topic  

Å The interaction with other than optics/EM 

state variables by acoustoelectric, 

photoelastic, magneto-plasmonic moving 

boundaries and magnetostrictive 

mechanisms, envisages a myriad of novel 

signal-processing functionalities in hybrid 

systems 

Weaknesses 

Å Reduced bandwidth coverage for 

certain devices and applications 

Å Excessive expectation vs. maturity till 

now. 

Å Gap between quantum models and EM 

models  

 

 

Opportunities 

Å Cooperation among Physics, Engineering, 

and Material Science communities  

Å Development of new microwave and 

optical components for ICT Market   

Å Possible breakthrough in “intelligent 

material”, namely materials that can itself 

perform mathematical operations.   

Å Control and manipulation of wave-physics 

(heat transport , optics and EM, phonons)  

Å Opening “Beyond-Moore” research path 

Threats 

Å Lack of multi-scale and multi-

physics models  

Å Difficulties in inverse design  

Å Difficult dialogue among Physics, 

Engineering, and Material Science 

Scientists 

Å Long time to market 

 

 

SWOT of SFX 

Strengths 

Å Concepts well established and proven in 

existing realizations 

Å Recent theoretical results (topological 

protected modes, time modulation, etc.) 

open new application windows 

Å Strong community in Europe  

Å Applications on extremely broad range of 

frequencies  

Weaknesses 

Å Embedded Integration with other 

sub-systems not yet proved 

Å Regulatory framework (law) not yet 

clear 

Å Standardization not yet started 

Opportunities 

Å Standardization driver 

Å Very relevant in emerging security and 

safety scenarios (unmanned 

vehicles/crafts…)  

Å Breakthrough in Communication  beyond 

5G- Omni-connectivity by Nano-

engineered Interface 

Threats 

Å Delay in developing reconfiguration 

at nanoscale hampers applicability 

Å Strong competition with US and 

China (e.g.., large MURI studies on 

optical metasurfaces in US): lack of 

proper funding and policy focus may 

leave EU behind 
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Å Impact on space market satellite 

constellation (CubeSats) 

Å Biological hazard and health-care sensors 

 

 

List of contributors 
 

 

i  

                                                 

Name Affiliation 

Jouni AHOPELTO  VTT Technical Research Centre of Finland Oy 

Filiberto BILOTTI  METAMORPHOSE VI and Roma Tre university 

Remi CARMINATI ESPCI Paris Tech. 

Bruno CASSALI IDS Ingegneria Dei Sistemi S.p.A. 

Jean CHAZELAS  Thales Systemes Aeroportes S.A.S 

Charlotte TRIPON-CANSELIET ESPCI Paris Tech 

Yannick DE WILDE ESPCI Paris Tech.  

Alessandro GARIBBO Leonardo SpA 

Giampiero GERINI TNO Netherlands Organization for Applied Scientific 

Research 

Tom C. CONSTANDSE TNO Netherlands Organization for Applied Scientific 

Research 

Yang HAO Queen Mary College, University of London 

Stefano MACI Università degli Studi di Siena 

Davide MENCARELLI Università Politecnica delle Marche 

Giacomo OLIVERI  METAMORPHOSE VI and University of Trento 

Luca PIERANTONI Università Politecnica delle Marche 

Davide RAMACCIA METAMORPHOSE VI and Roma Tre university 

Konstantin SIMOVSKI METAMORPHOSE VI and Aalto University 

Clivia M. SOTOMAYOR 

TORRES 

ICN2 Catalan Institute on Nanoscience and 

Nanotechnology and ICREA. 

Sergei TRETYAKOV METAMORPHOSE VI and Aalto University 

Elfi VAN ZEIJL (TNO) TNO Netherlands Organization for Applied Scientific 

Research 

Giuseppe VECCHI Politecnico di Torino 

Stefano VELLUCCI METAMORPHOSE VI and Roma Tre university 

Anatoly ZAYATS King’s College, University of London 


