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Abstract—So far, the environment has been considered as a 

source of fading, clutter, blockage, etc., with detrimental 

consequences for the efficiency and robustness of communication 

systems. However, the intense research developed toward beyond-

5G communications is leading to a paradigm change, in which the 

environment is exploited as a new degree of freedom and plays an 

active role in achieving unprecedented system performances. For 

implementing this challenging paradigm, it has been recently 

proposed the use of intelligent surfaces able to control almost at 

will the propagation of electromagnetic waves. In this framework, 

metasurfaces have emerged as a promising solution, thanks to 

their field manipulation capabilities achieved through low-cost, 

lightweight, and planar structures. 

The aim of this paper is to review some recent applications of 

metasurfaces and cast them in the scenario of next-generation 

wireless systems. In particular, we show their potentialities in 

overcoming some detrimental effects presented by the 

environment in wireless communications, and discuss their crucial 

role towards the practical implementation of a smart 

electromagnetic environment.   

 
Index Terms—beyond-5G, cloaking, meta-gratings, 

metasurfaces, smart electromagnetic environment.  

 

I. INTRODUCTION 

N WIRELESS communications systems, signals captured by the 

receiver are typically highly affected by the environment  

(e.g., foliage, buildings, walls, human bodies, etc.), which 

interacts with the electromagnetic waves through different 

physical mechanisms, such as reflection, refraction, diffraction, 

and absorption, and causes degradation to the signal level 

compared to an ideal Line-of-Sight (LoS) scenario. This 

limiting effect is expected to grow in 5G and beyond-5G 

communications, where the mm-wave frequency range will be 

ever more used [1]. Indeed, the abundant spectrum available in 

this frequency range allows the support of wide-bandwidth 

services, such as video streaming, augmented/virtual reality 

(AR/VR), and vehicular communications. However, compared 

to sub-6 GHz communications, the system performance are 
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more susceptible to many environmental factors [2]-[4]. 

Furthermore, the concept of seamless connectivity for 

everybody and everything, which drives the development of 

beyond-5G communications, has introduced several new 

challenges, such as massive capacity, almost-zero latency and 

jitter, ultra-high reliability, and security. Facing these 

challenges by using the current 5G technology would require a 

huge number of access points/base stations and massive local 

computation. This is especially true in complex indoor 

environments where thousands of machines, wearable devices, 

fixed terminal, etc., dynamically exchange information at ultra-

high data rate. Solutions based on current technologies may rely 

on massive MIMO systems, Software Designed Networks 

(SDN) or Network Virtualized Functions (NVF). However, all 

of them involve a dramatic increase of computational resources 

and elaboration time, because of the virtualization of hardware 

functions at software level. For solving these issues and satisfy 

the key performance indicators (KPIs) of future wireless 

systems [5] a paradigm change is, thus, required. 

In this framework, a significant role as a key enabling 

technology (KET) for future communication systems can be 

played by metasurfaces [6]. They consist of a planar array of 

subwavelength-spaced and electrically small particles, whose 

electromagnetic properties can be locally controlled to tailor the 
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Fig. 1.  Time-line of the metasurface technology development: every ten years 
a new generation of metasurfaces has been introduced with novel and 

disruptive performances. 
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overall reflected/transmitted field. During the last twenty years, 

many groups worldwide have investigated the possibilities 

offered by metasurfaces, starting from improving the 

performances of existing EM components and devices [6]-[18] 

to inventing conceptually new ones (e.g. cloaks and illusion 

devices, etc.) [19]-[24], up to enabling tunability, 

reconfigurability, smartness, and awareness [25]-[36]. The 

time-line of the metasurface technology is reported in Fig. 1, 

where we can identify three different generations: the first 

generation of metasurfaces, here denoted as Metasurfaces 1.0, 

was characterized by regular homogeneous periodic structures, 

with typical applications in antenna systems (e.g. cloaking 

devices [19]-[23], lenses [10]-[11], polarization transformers 

[12]-[13], wide-angle impedance matching sheets [14], spatial 

filters [15], high-impedance surfaces [16], and artificial 

magnetic conductors [17], etc.). The second generation of 

metasurfaces, named Metasurfaces 2.0, was instead 

characterized by inhomogeneous structures with a 

quasiperiodic or gradient distribution of the amplitude and 

phase profile across its surface, exhibiting a surface impedance 

that varies point by point, i.e. spatially modulated metasurfaces 

[19]. In this case, the surface profile can be engineered for 

manipulating the reflected and transmitted electromagnetic 

field, controlling the scattered radiation. These devices enable 

further applications in antenna systems, such as the design of 

metasurface antennas [8] or metasurface lenses for pointing the 

main beam towards anomalous directions [10]. Finally, only 

very recently, a new degree of freedom has been used for 

widening the possibility offered by metasurfaces to control the 

interacting electromagnetic field: the temporal modulation. 

This led to a third-generation, i.e. Metasurfaces 3.0, which 

refers to either homogenous or inhomogeneous structures 

whose properties can be controlled in time. The possibility to 

act on the metasurface properties in both time and space allows 

increasing the possibilities in designing unique and novel 

electromagnetic devices, exhibiting tunable, time-modulated, 

reconfigurable, or programmable responses [25]-[36]. 

Moreover, the recent paradigm of “Metamaterial-by-Design” 

has further extended the application of metamaterial and 

metasurfaces to complex scenarios, by proposing a task-

oriented design approach [38]-[40]. Metasurfaces can be, thus, 

considered an enabling technology for controlling the wireless 

electromagnetic environment, making it at the service of the 

communication system. In this framework, the communication 

environment exhibits the required smartness for supporting the 

performances to be reached by the 5G and beyond-5G 

communication system. 

The aim of this paper is therefore to present and discuss the 

potentialities of metasurfaces in overcoming the most 

deteriorating effects presented by a wireless electromagnetic 

environment, such as the mutual blockage effect in 

overcrowded antenna systems, no-LOS communication due to 

large objects, and time-varying fading due to fast moving 

scatterers, just to name a few. Moreover, we show that the 

degrees of freedom offered by metasurfaces make the 

challenges of beyond-5G communication systems be moved to 

the physical layer, with the objectives of minimizing hardware 

virtualization and making the environment itself contributing 

actively to the system, i.e. conceiving a smart electromagnetic 

(EM) environment.  

The structure of the paper is as follows. According to the 

schematic representation reported in Fig. 2, which shows the 

 
Fig. 2.  Schematic representation of the increasing complexity of metasurfaces for different applicative scenarios. By increasing dimensions and movement speed 

of the objects, as well as, complexity of the operative environment, metasurfaces should be provided by higher degree of freedom, reconfigurable features and 

cognitive capabilities.  
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increasing complexity of metasurfaces for different applicative 

scenarios, in Section II, we show how passive metasurfaces 

enable innovative scattering-control approaches for radiators 

and structural elements in complex EM environments. In 

Section III, we discuss how it is possible overcoming the 

blockage effects of large objects in LOS microwave links. 

Then, in Sections IV and V, we show how increasingly adding 

complexity to the metasurfaces (i.e., by using non-linear, 

tunable, reconfigurable, or time-modulated structures) it is 

possible to obtain ever more advanced effects, such as zero 

fading from moving objects or radiating structures with an 

environmental-dependent behaviour. Finally, in Section VI, we 

discuss the possibility to exploit metasurfaces as extended 

environment coatings able to generate anomalous reflection and 

refraction to further extend the capabilities of a smart EM 

environment. 

II. SMART EM ENVIRONMENT WITH  

REDUCED SCATTERING FROM RADIATORS 

The never-ending demand for network resources enforces the 

use of ever higher frequency bands, massive densification of the 

site grid, and an increasing co-siting of different antennas. In 

parallel, the complexity of the radiating elements is 

progressively growing and multiple-antenna technologies, 

already adopted in the context of 5G, are expected to play a a 

key role in the next generation of wireless systems [5].  

The overcrowding of the telecommunication platforms 

introduces several undesired effects occurring at the physical 

level. Indeed, like any other non-transparent object, also the 

antenna re-radiates part of the EM energy impinging on it. This 

phenomenon, known as EM scattering, yields multiple effects, 

depending on the scenario under consideration (Fig. 3). For 

instance, when different antennas are co-sited in a limited area, 

antenna scattering is responsible for both blockage and 

coupling effects. The former effect results in the deterioration 

of the radiation patterns of the antennas, while the latter causes 

a degradation of the quality of the received signals. Similarly, 

when multiple antenna technologies are considered, antenna 

scattering causes crosstalk interferences between the array 

elements that may limit the maximum achievable performances 

by the system [38]. 

It is worth noticing that the issues introduced by the 

undesired antenna scattering are more challenging than the ones 

caused by the undesired scattering by objects without EM 

functionalities for several reasons: first, any radiator generally 

exhibits a higher scattering compared to the one of a passive 

object with comparable size and composed by the same 

materials because of the additional contribution caused by the 

antenna mode [42]. Furthermore, most of the conventional 

techniques used to reduce the scattering from passive objects, 

e.g., shaping, radar-absorbing materials and passive/active 

cancellations, cannot be successfully applied to antennas 

without affecting their performances. Finally, when an antenna 

is used in the receiving mode, fundamental bounds apply to the 

balance between absorption and scattering [43]. Therefore, it is 

impossible designing a passive antenna able to extract some 

power from the impinging field whilst exhibiting zero 

scattering. 

 
Fig. 3.  Illustrative sketch of some of the issues caused by antenna scattering in 

overcrowded communication platforms: i) blockage from structural elements of 

the platform; ii) mutual blockage and interference between different radiators; 
iii) self-interference between radiators in multiple-antenna configurations. 

 

In the above context, the research about antennas exhibiting 

reduced scattering and limited blockage towards nearby 

radiators play an important role in the development of the next-

generation radio platforms. In the last years, there have been 

several efforts towards this goal. For instance, it has been 

shown that a proper combination of electric and magnetic 

sources allows designing a radiating element exhibiting a 

Huygens-like pattern with zero back-scattering [44]. Similarly, 

the use of engineered ground planes has shown the potential to 

reduce the forward radar cross-section of printed antennas by 

re-distributing the scattered power in different directions [45]. 

Unfortunately, none of these techniques ensure a reduction of 

the total scattering cross-section of the antenna, which is 

defined as the integral of its radar cross-section over the entire 

solid angle [42]. As such, these antennas would still introduce 

blockage, coupling, and self-interference if a specific mutual 

orientation between nearby radiators could not be ensured. 

A radically different possibility for the design of low-

scattering antennas suitable for smart EM environments is 

based on the use of the so-called cloaking techniques [46]. A 

cloak is defined as a device capable of reducing the total 

scattering cross-section of an object, without increasing its 

absorption. This effect can be achieved relying on different 

techniques but the most suitable one for practical applications 

involving antennas is the so-called scattering cancellation. In 

this approach, the invisibility effect is obtained by covering an 

object with a coat specifically designed to re-radiate a field out-

of-phase with the field scattered by the object itself. To achieve 

such unusual behaviour, the cloaking device should exhibit 

negative polarizability compared to the one of the object to hide 

and, thus, can be realized only by relying on either volumetric 

metamaterials or ultra-thin metasurfaces [47],[19]. The latter 

solution is preferable given its reduced weight, space 

occupancy, and easiness of realization [48].  

In the following sub-sections, we briefly discuss the 

innovative degrees of freedom enabled by cloaking at the 

hardware level and emphasize their potential impact on the 

design of smart EM environments. 

A. Cloaking of structural elements 

As a first possible application of cloaking in a smart EM 
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environment, we consider the use of metasurfaces to minimize 

the blockage effects introduced by the structural elements of the 

communication platforms. As a case study, we discuss the 

design of a miniaturized satellite (1 cubic unit) equipped with a 

turnstile crossed-dipole antenna operating in the UHF amateur 

satellite band (435–438 MHz) and Langmuir probes used to 

measure the ionosphere electron density [49]-[51]. The probes 

are installed at the end of four metallic booms placed on the 

opposite sides of the satellite and deployed after its launch. As 

it can be appreciated in Fig. 4(a), these structural elements 

represent a near-field obstacle for the dipolar antenna and 

degrade significantly its radiation diagram that is expected to 

be as much isotropic as possible to minimize the average free-

space path loss between the space platform and the ground 

station. However, by covering the metallic booms with a 

properly engineered metasurface, consisting of a regular lattice 

of vertical metallic strips placed onto a dielectric layer, it is 

possible making their scattering cross-section equal to zero 

within the antenna bandwidth and restoring the original 

radiation diagram (blue line in Fig. 4(b)). The use of cloaking 

metasurfaces to minimize the blockage effects of structural 

elements and obstacles has been also successfully applied in 

different scenarios involving horn, reflector, and log-periodic 

antennas [52]-[55] 

 

 
Fig. 4.  (a) Miniaturized satellite (1 cubic unit) equipped with a crossed-dipole 

antenna and Langmuir probes. The metallic booms that support the probes are 

covered by an inductive metasurface (see the inset) placed onto a dielectric 
material with low water absorption and low outgassing suitable for space 

applications; (b) Radiation diagram of the crossed-dipole antenna when the 

metallic booms are undeployed (red line), deployed and uncloaked (black line), 
deployed and cloaked (blue line). For comparison, an ideal isotropic radiation 

diagram is also reported. 

 

B. Cloaking of co-located antennas 

An even more interesting possibility enabled by cloaking is 

related to the co-siting of different antennas within a limited 

space. Indeed, by properly engineering the cloaking 

metasurface, it is possible making an antenna completely 

transparent at a desired frequency outside its operation 

bandwidth, whilst maintaining the required radiative and 

electrical characteristics around its resonance frequency 

[56],[57]. Such a possibility allows tightly packing different 

antennas together in a highly dense platform, overcoming the 

interferences and blockage effects that would occur if cloaking 

were not used.  

As a relevant example, Fig. 5(a) reports a picture of an 

innovative radiative platform consisting of two monopole 

antennas working in the frequency range of the third and fourth 

generation of mobile communications (1900–2200 MHz and 

790-860 MHz, respectively). The 4G radiator is made invisible 

to the 3G antenna within its bandwidth through a metasurface 

made by horizontal metallic rings placed onto a dielectric 

substrate. The metasurface is designed to match the cloaking 

condition [48] within the 3G frequency range while being 

almost transparent to EM waves within the 4G bandwidth. 

Consequently, the 4G radiator still works correctly as the 

metasurface were not present but its blockage effect towards the 

nearby radiator is almost totally suppressed. In Fig. 5(b), we 

report the measured radiation diagram of the 3G antenna at f0 = 

2100 MHz when it is alone, in presence of the bare 4G radiator, 

and, finally, when the cloaking metasurface is applied to the 4G 

antenna. As it can be appreciated, the cloaking metasurface 

allows the 3G antenna operating as if the electrically long near-

field obstacle were not present. 

 
Fig. 5.  (a) New-generation radio-platform composed by two tightly-packed 

monopole antennas working at different frequencies. The 4G antenna is covered 

by a conformal cloaking metasurface; (b)  Measured gain diagram of the 3G 
monopole in the following scenarios: bare 3G monopole (top), co-located 

monopoles without cloaking metasurface (center), co-located monopoles with 

cloaking metasurfaces (bottom). 
 

The possibility to overcome the blockage effects between 

close antennas has been extended to other radiators and 

different conditions in [58]-[61]. In general, this approach 

returns dramatic advantages in terms of minimization of space 

occupancy and re-use of available radio platforms. 

C. Design of low-scattering antennas 

Another innovative degree of freedom enabled by passive 

cloaking for the next-generation wireless systems relies on the 

possibility to design antennas exhibiting a low in-band 

scattering cross-section. For this purpose, it is possible covering 

an antenna with a metasurface designed to hit the cloaking 

condition at its own resonance frequency. However, 

fundamental bounds between absorption and scattering of any 

passive scatterer apply [62] and, consequently, the reduction of 

the antenna scattering also implies a reduction of its capability 

to extract power from the incident field. The advantage of 

cloaking in this context is the possibility to design antennas 

exhibiting the best trade-off between absorption and scattering 

for any desired level of received power [63]. 
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To better explain this point, in Fig. 6 we show the 

performance of a half-wavelength dipole cloaked with a 

metasurface able to massively reduce its total scattering at its 

own resonance frequency. The plot reports the absorption 

efficiency of the antenna, defined as the ratio between its 

absorption and scattering cross-sections, as the level of the 

absorbed power increases. The grey area of the plot is forbidden 

for passive scatterers [62] and, thus, the boundary between the 

white and grey areas represents the best operative condition for 

a receiving antenna. The two lines in the plot are obtained by 

sweeping the value of the antenna load resistance. As it can be 

appreciated, in the cloaked scenario the dipole exhibits 

significantly higher values of the absorption efficiency 

compared to the bare dipole for the same load resistance. The 

behaviour of the antenna, thus, can be easily tuned within a 

wide range of possibilities, such as super-scatterer mode (when 

a low resistive load is used), maximum absorption mode (when 

the load resistance equals the radiation resistance), and low-

scattering mode (above this resistance value), depending on the 

desired operating conditions of the individual radiator.  

 
Fig. 6.  (a) An half-wavelength dipole antenna covered by a cloaking 

metasurface designed to reduce its scattering at the resonance frequency; (b) 
Absorption efficiency of the bare and cloaked dipole for different values of the 

power absorbed by the antenna. 

 

It is worth noticing that by using more advanced cloaking 

devices – based on non-linear and parity-time metasurfaces – it 

is even possible overcoming the fundamental bound and 

achieving a truly invisible sensor exhibiting zero scattering but 

still being able to receive the impinging signal [64]-[65]. Such 

zero-scattering antennas may be used to overcome the self-

interference issues in multiple-antenna configurations. 

III. SMART EM ENVIRONMENT WITH  

REDUCED SCATTERING FROM LARGE OBJECTS 

In a typical communication scenario, most if not all the main 

objects, such as buildings, vehicles, and infrastructures, are by 

far electrically large compared to the operating wavelength of 

the EM field supporting the communication. In the past 

generations (up to 4G), thanks to the longer operative 

wavelength of the EM carriers, the communication 

performances were not affected significantly in such complex 

and crowded environments. On the contrary, with the use of 

ever higher microwave frequencies, if not millimeter waves, the 

future generations, i.e., 5G and beyond, will be based on much 

shorter wavelengths that may rapidly attenuate in a complex 

environment where long propagation distances must be 

covered, and multiple scattering takes place. The wireless 

performances are thus affected by the Line-Of-Sight (LOS) 

conditions between the transmitter and the receiver, that, when 

preserved, guarantees the highest communication rate and 

reliability. In this framework, the smart EM environment can 

be designed to integrate advanced strategies to avoid the 

undesired presence of electrically large objects between the 

receiver and the transmitter.  

We recently proposed an electrically large carpet cloak for 

restoring the transmission beyond an electrically large obstacle 

as if it were not present [65]-[69]. Its operative principle is 

based on the EM signal tunneling between two, or more, sets of 

antennas properly interconnected among them to realize a 

seamless continuity of the wireless EM environment. To 

describe its application in a realistic scenario, in Fig. 7(a), we 

consider the case where the LOS wireless connectivity between 

two base stations is interrupted by the presence of a railroad 

tunnel. The proposed antenna-based carpet cloak can be used 

for by-passing the region of space where the large object is 

present, though a “capture-and-forward” strategy is realized by 

its specific design. Indeed, the proposed carpet cloak consists 

of at least two arrays of antennas that cover the entire device. 

The elements of the arrays are properly interconnected for 

realizing a complete passive structure, but with embedded 

smartness in restoring the wireless connectivity. The smartness 

is underneath the device surface: in Fig. 7(b) we show how the 

antennas are interconnected among them in case of an 

electrically large triangular bump on a reflective ground plane. 

It is covered by two antenna arrays, i.e., Array A and Array B. 

The goal of the antenna-based carpet cloak is to restore the 

reflection from the ground plane as if the bump were not 

present, obtaining a transmission angle φ always equal to the 

incident angle θ, realizing a self-adaptive behaviour to the 

environmental conditions. This is possible thanks to the 

properly designed passive network. The network has been 

inspired by both the transmission-line cloaking concept [70], 

where the incident energy is guided through lines from one side 

to the other of the cloaked object, and Van-Atta retroreflectors 

[71], which implement a self-adaptive response exploiting the 

delay of the phase fronts of the wave illuminating the antenna 

array. Moreover, the efficient energy transfer from one side to 

the other side of the electrically large cloak has been made 

possible by exploiting the enhanced transmission concept 

enabled by resonant elements connected through a matched 

transmission line [72]-[76]. In this case, the antennas act as 

resonant elements and realize a bridge from one side to the other 

of the triangular bump.  
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In [68], we demonstrated experimentally the operativity of 

the antenna-based carpet cloak covering a metallic electrically 

large triangular bump of dimensions 2.83 λ x5.6 λ with 14 patch 

antennas operating at 5 GHz interconnected with a VanAtta-

like configuration, as shown in Fig. 8(a)-(b). The numerical and 

experimental verifications showed that the proposed device was 

able not only to restore the phase fronts on the other side of the 

obstacle, but also to operate as an “illumination follower”. 

Indeed, as shown in Fig. 8(c)-(d), the device has been 

illuminated at the operative frequency with different 

illumination angles, ranging from the side illumination, i.e., θ = 

0°, to the normal illumination, θ = 90°. For each angular 

direction, the amplitudes of the normalized electric field for the 

cases of ground plane “without obstacle” and “with cloaked 

obstacle,” have been recorded over a similar angular range of 

the observation angle φ. As expected, in the absence of the 

obstacle, the maximum of the reflected field is centered around 

the specular reflection angle and, interestingly, a behavior very 

similar is achieved when the bump is covered by the antenna-

based carpet device.  

 
 

Complex wireless communication environments can surely 

benefit from the passive smartness of the proposed cloak for an 

electrically large object, mainly for avoiding multiple scattering 

effects and effective longer propagation paths for microwave 

and millimeter wavelengths and, when possible, restoring the 

LOS connectivity. In general, the forwarding performances of 

the proposed cloak in terms of frequency bandwidth and 

polarization are given by the antennas on its surface, which can 

be designed to operate in a narrow, multi or wide frequency 

band and under the desired polarization state. On the contrary, 

regardless of the antenna element, the wide operative angular 

behavior is ensured by the underneath Van Atta-inspired 

interconnection between elements that make this configuration 

of particular interest for realizing structures that reflect in a 

direction directly related to the illumination one. Finally, it is 

worth mentioning that the antenna-based carpet cloak can be 

theoretically scaled to any electrical size for adapting its surface 

to cover any arbitrarily large object in the EM environment. 

 
(a) 

 
(b) 

Fig. 7.  (a) Pictorial representation of an operative scenario of the antenna-based 

carpet cloak for electrically large objects: the railroad tunnel forbids the LOS 
wireless connection between two base stations located at the opposite sites, but 

the cloak can restore the connectivity by-passing the region of space where the 

obstacle is present. (b) Operation of the antenna-based carpet device applied to 
a triangular bump, which restores the reflection from a ground plane for any 

incidence angle. 

 

 
(a) (b) 

 
(c) (d) 

Fig. 8.  Realized antenna-based carpet and corresponding results. (a) Side view 

of the triangular antenna-based carpet device. The antenna elements are 
connected to each other with a set of  50-ohm coaxial cables of identical length. 

(b) Zoom on the patch antenna element operating in the sub-6 GHz frequency 

band. (c)-(d) Normalized electric field amplitude as a function of the incidence 
and observation angles for the cases: (c) ground plane without any obstacle; 

(d) in presence of an obstacle covered by the antenna-based carpet cloak. 
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IV. SMART EM ENVIRONMENT WITH  

ZERO FADING FROM MOVING OBJECTS 

In telecommunications, one of the most destroying effect 

limiting the performances of a wireless environment is 

represented by the fading [77], which occurs when attenuation 

appears unpredictably at undesired space and time coordinates. 

In the case of the EM environment with fast-moving objects, 

the fading observed at receiver terminals can be caused by the 

Doppler shift effect, which emulates an effective multipath 

propagation [78]: the relative speed of a moving source is 

different for different objects located at different places, and the 

scattering contributions by these objects may reach the receiver, 

where they are combined together in a received signal strongly 

affected by a time-dependent fading due to the relative motion 

of the objects in the wireless environment. As an example, let 

us consider a transmitter moving in a certain direction; the 

several contributions reaching the receiver would be at slightly 

different frequencies due to the relative Doppler shift 

experienced by the EM waves in their own path. In a way like 

the phase-shifted signals that cancel each other by destructive 

interference, the frequency-shifted signals interfere and create 

fading. As a side effect, the Doppler multipath causes jitter and 

an increased inter-symbolic interference (ISI).  

In this context, the Doppler cloak technology has been 

recently introduced for achieving an effective stationarity of 

moving objects through a time-modulated scattering response 

[79]-[82]. The original concept of the Doppler cloak has been 

proposed exploiting the intermodulation properties of the 

spatio-temporal modulated metamaterials, which are able to 

realize a temporal convolution between the illuminating signal 

and the dynamic permittivity function of the modulated 

artificial bulk metamaterials [79]. During the propagation 

within the modulated media, the illuminating wave is coupled 

to two, or more, modes supported by the system and perform a 

perfect energy transfer from the original frequency f of the 

incident signal to the shifted frequency f f  of the scattered 

field. This property has been initially exploited for breaking the 

reciprocity in antenna systems, i.e. having a different  realized 

gain in transmission and reflection, without the use of magnets 

[83]-[86], but the controllable frequency shift induced by the 

modulation represents also the key for compensating the 

Doppler effect and, therefore, vanishing the apparent motion of 

the objects [80].  

In the framework of smart EM environments, let us consider 

the realistic scenario depicted in Fig. 9 where Doppler cloak 

technology is applied to a car. Despite it is in motion, the 

reflected field by the red car is at the same frequency of the 

source and, obviously, of the city background; on the contrary, 

the blue car reflects a Doppler red-shifted frequency due to its 

motion away from the base station introducing the undesired 

time-dependent variation of the environment.  

The metamaterial-based Doppler cloak has been 

demonstrated to be effective in these cases, but in general, its 

application is limited by the electrical dimensions and the 

complexity in the modulation scheme of the bulk material 

properties. Therefore, in [87] an electrically thin reflective 

metasurface has been proposed for inducing an artificial 

Doppler shift acting on the time-depended surface properties 

(Fig. 9(b)). The operative principle is based on the single-side 

frequency translation achieved by a pure phase contribution in 

reflection imposed by the metasurface. Indeed, according to the 

signal theory, to shift a spectrum in frequency, the 

corresponding signal in the time-domain must be multiplied by 

a time-varying complex exponential  exp[ ]i t  [87]-[89]. To 

emulate it at the EM level, the incident and the reflected field 

should be related to each other by the following reflection 

coefficient as a function of time:    j f t
t e

 
  , where f  is 

the frequency shift imparted by the modulation. Such a 

reflection coefficient can be easily achieved by a time-varying 

metasurface exhibiting unitary reflection and time-varying 

phase. This can be implemented by exploiting the reflection 

response of a high-impedance surface (HIS) [90], that can 

exhibit any phase of the reflection coefficient between the two 

extreme conditions of a perfect electric conductor, whose 

reflection phase is 180  , to perfect magnetic conductor, 

whose reflection phase is zero. The dynamic tunability of the 

reflection phase at the operating frequency can be achieved by 

loading the surface with a set of reverse-biased varactors, as 

shown in Fig. 10(a). When the modulation signal is applied to 

the varactors, the response of the HIS is dynamically varied to 

make the surface able to exhibit the full phase coverage from -

180° to +180° over a time modulation period. This emulates the 

 

 
(a) 

 
(b) 

Fig. 9. (a) Example of the Doppler cloak technology applied to an urban 

environment: the red car is covered by the Doppler cloak and, despite it is in 

motion, the reflected field is at the same frequency of the static background; 
on the contrary, the blue car reflects a Doppler red-shifted frequency due to its 

motion away from the base station. (b) Graphical representation of a 

metasurface Doppler cloak, composed by a time-modulated metasurface 
whose surface impedance varies periodically over time. The illuminating field 

at frequency f0 is reflected with a higher or lower frequency according to the 

modulation signal applied to the metasurface, realizing a controllable Doppler 

effect. 
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motion of the surface in the normal direction to the surface itself 

and induces an artificial Doppler shift to the reflected field. In 

Fig. 10(b)-(c), we report the normalized spectrum of the 

reflected field in the case of up- and down-converting 

modulation, respectively. 

  

V. SMART EM ENVIRONMENT WITH  

DYNAMIC SCATTERING CONTROL  

To satisfy the severe KPIs requirements of future wireless 

communications, dynamic transformation of the radiator 

characteristics depending on the environment properties will be 

an enabling key feature. A new generation of antenna systems 

equipped with reconfigurable, tunable, time-modulated, or even 

programmable properties, in fact, is expected to lead the future 

of the next generation of wireless communications. 

In this regard, advanced metasurfaces can be used to 

surrround wire antennas, enabling an on demand engineering of 

the electrical, scattering, and radiating properties, adapting the 

antenna behavior to the environment conditions and, thus, 

dramatically increasing the degrees of freedom available to the 

antenna designer (Fig. 11). In particular, in the following, we 

focus on advanced metasurfaces whose unit-cells are loaded 

with electronic elements that can be controlled to achieve the 

desired EM functionality. 

 

A. Power-selective cloaking 

As a first example, we report the design of power-dependent 

cloaking metasurfaces for wire antenna arrays [65],[91][95]. In 

the previous sections, we have shown how properly engineered 

homogeneous metasurface can be used to suppress the 

scattering signature of wired antennas at a specific frequency of 

operation [22]. This functionality can be further enriched by 

loading the cloaking metasurface with PIN diodes for designing 

non-reciprocal antenna systems whose scattering and radiating 

properties depend on the power level of the 

received/transmitted signal. By increasing the cloaking 

metasurface design complexity, it is possible to use diode pairs 

to make the patterned geometry of the metasurface varying 

accordingly to the power level of the incoming EM wave, thus, 

introducing a dynamic EM response of the structure as a 

function of the incoming power-level [92].  

In Fig. 12(a), the case of a dipole antenna coated by an 

inductive cloaking metasurface made of conventional vertical 

metallic strips is reported [93]. These strips are interleaved by 

a sub-array of three truncated strips. The gaps between them are 

loaded with a PIN diode. Thanks to the non-linearity of the 

diode, the truncated strips are almost short-circuited in presence 

of a high-power level signal (HP), whilst the strips are open-

circuited for a low-power-level signal (LP) [94]. The inductive 

metasurface periodicity is thus modified accordingly to the 

signal power level, as well as its EM characteristics [95]. As 

shown in Fig. 12(b), the wire antenna coated by such a 

metasurface exhibits extremely low scattering at the resonant 

frequency f0 = 3 GHz in presence of a LP signal (i.e., its 

visibility level is dramatically reduced), whilst its scattering 

properties and visibility level are restored for a HP signal. Here, 

the surface impedance value of the metasurface is modified 

thanks to the dynamic periodicity variation of the strips, and the 

cloaking resonance is shifted towards lower frequencies (2.5 

GHz).  

 

 
(a) 

 
(b)          (c) 

Fig. 10. (a) Metasurface Doppler cloak technology implemented through a 

high-impedance surface whose response is temporally modulated with a set of 
varactors. (b) – (c) Normalized spectrums of the reflected signals from the 

metasurface Doppler cloak in case of (b) up-converting configuration and (c) 

down-converting configuration.  

    

 
Fig. 11.  Pictorial representation of a cognitive antenna system where the 

antenna radiation properties are dynamically reconfigured depending on the 
environment characteristics. Depending on the properties of the received 

signals (e.g., frequency, polarization, power level, temporal waveform, etc.) 

the base station reconfigures itself to adapt to the environment. 
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It is worth noticing that also the antenna reflection coefficient 

is modified accordingly. For a LP signal, while the antenna 

visibility is highly reduced at f0, the antenna is mismatched at 

its working frequency. This effect is consistent with the 

absorption and efficiency limits of antennas and the optical 

theorem [43], and it is an indication of the dramatic scattering 

minimization. Indeed, for a HP signal, the matching 

characteristic of the antenna at f0 is restored and the antenna can 

radiate efficiently. 

The mentioned non-linearity of the cloaking effect can be 

used to design an unconventional array system able to transmit 

and scan selectively the environment, whilst receiving the 

scattering signal from all directions of space. In Fig. 13, the 

scenario of a 3x3 dipole antenna array is reported. As well 

known, by engineering the array factor of the system the 

radiation pattern of the array can be made very sharp. However, 

due to the mutual coupling interaction between the radiating 

elements, the embedded array factor of the single element is not 

omnidirectional, even though the individual radiating element 

is omnidirectional when operating in free space, resulting in 

limited scanning ranges and undesired scan loss effects.  

Indeed, by equipping the peripheral radiating elements of the 

array with the non-linear cloaking device, this limitation can be 

circumvented. In fact, in the transmitting mode, a high-power 

level signal impinges onto the cloaking metasurfaces coating 

the external elements, short-circuiting the truncated 

metasurface strips and, thus, switching OFF the cloaking 

functionality at f0. The array exhibits, thus, a sharp directional 

pattern and can scan selectively the environment. However, in 

the receiving mode, the LP signal scattered by the environment 

is received and the cloaking effect is switched ON, reducing the 

visibility of the peripheral elements of the array. Therefore, the 

central radiating element of the array is characterized by an 

omnidirectional pattern and can efficiently receive from any 

direction.  

The discussed radiating system is only an example of the 

possibilities offered by this design approach for conceiving 

antenna systems able to adjust their operation to the 

environment power-level. Further radiating devices with 

enriched functionalities can be envisioned exploiting non-linear 

mantle cloaks [92].  

 

 

B. Waveform-selective cloaking 

The scattering and sensing capabilities of an antenna system 

can be further manipulated by equipping the coating 

metasurface with a more advanced electronic circuit, to address 

the strong demand of developing ever more advanced wireless 

communication technologies and enhance the quality of 

telecommunication services. Recently, it has been shown that 

circuit-based absorbing metasurfaces can be used to reduce 

interferences coming from different signals at the same 

frequencies by discriminating the temporal waveform of the 

incoming signal [97],[98]. This new approach gives us a 

completely new degree of freedom in the antenna design, 

allowing to control EM waves depending not only on the 

frequency, polarization, power level, etc. but also on the 

temporal waveform characteristics. 

As a relevant example, in the following, we report the case 

of an antenna made invisible to a very short pulsed signal, such 

as the one coming from a detecting radar, whilst the visibility 

level of the antenna is restored in presence of a signal with a 

larger pulse width, such as the one coming from a radio base 

station [99],[100]. We show that in the latter case the antenna 

can efficiently receive/transmit, and the EM functionalities are 

restored. In Fig. 14(a) the principle of the antenna design is 

reported. A half-wavelength dipole antenna working at f0 = 3 

GHz is coated by a metasurface made of meandered unit cells. 

The meander of each unit-cell is loaded by the lumped element 

circuited reported in Fig. 14(b).  

     
Fig. 12.  Dipole antenna covered by the non-linear cloaking metasurface. In 

the inset, detail of the metasurface made of vertical continuous strips 

interleaved by truncated ones and loaded with a diode pair. (b) Total scattering 
signature (red curves) and magnitude of the reflection coefficient (blue curves) 

of a half-wavelength dipole antenna coated by an inductive power-dependent 

mantle cloak, for HP and LP signals. In the inset, detail of the metasurface 
made of vertical continuous strips interleaved by truncated ones and loaded 

with a diode pair. 

  

 
Fig. 13.  Radiation patterns of the phased array of dipole antennas (left) and 
embedded central element pattern (right) with uncoated/coated peripheral 

elements for HP/LP signals excitations. 
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In particular, the circuit is composed of a full-bridge rectifier 

and a series load made by, in this case, a series between an 

inductor L and a resistor R. The peculiar waveform dependent 

response of the metasurface is due to the specific transient 

response of the circuit: in presence of an external source at the 

input port of the circuit, the incoming signal is rectified and 

most of the energy is converted to zero frequency. Thus, in the 

beginning, the current flow along the circuit is inhibited due to 

the presence of the inductor and its opposing electromotive 

force. However, after some time, this opposing effect is 

reduced, and currents are allowed to flow towards the output 

port [100],[101]. 

Therefore, for a signal characterized by a very short pulse 

width Δt compared to the time constant of the circuit τ = L/R 

(i.e., a pulsed waveform - PW) current flow is not allowed, 

whilst for a signal with Δt >> τ (i.e., a continuous waveform - 

CW) strong currents, almost short-circuiting the input and 

output port of the circuit, can flow. It is worth noticing that the 

opposite behaviour can be achieved by loading the diode bridge 

rectifier with a parallel combination between a resistor and a 

capacitor [97],[102]. 

The scattering behaviour of the antenna once coated with the 

deigned circuit-loaded metasurface is reported in Fig. 15(a) and 

compared to the uncoated scenario. In presence of a PW, the 

scattering signature of the antenna is minimized. Here, the 

waveform-selective circuit behaves almost as an open-circuit 

and the metasurface behaves almost as if the circuit load were 

not present. The patterned meander geometry is, thus, not 

affected by the presence of the circuit and, since the unloaded 

metasurface is engineered to suppress the antenna scattering 

signature, the device visibility is strongly reduced. On the 

contrary, when the antenna receives a CW, the meander of the 

unit-cell is short-circuited due to the response of the circuit. The 

metasurface unit-cell is, thus, dynamically transformed from 

meander-like to a vertical strip and its EM response is modified 

accordingly. In particular, this geometry variation results in a 

cloaking resonance shift. Hence, the scattering signature of the 

antenna at its working frequency is restored and its visibility 

level recovered, as confirmed also by the radiation pattern at f0 

when compared to the uncoated case. 

Finally, in Fig. 15(b) the magnitude of the reflection 

coefficient of the antenna is reported. In the uncoated antenna 

scenario, the conventional resonance can be recognized. Once 

the antenna is coated by the loaded metasurface, two different 

behaviours can be appreciated depending on the temporal 

waveform of the signal. For a PW a strong mismatching is 

present at the antenna input port when loaded to a conventional 

50 Ohm load. As mentioned before, this is an effect due to the 

cloaking behaviour that is turned on. In this case, the antenna 

functionalities are inhibited. For a CW, instead, the matching 

characteristics are restored, and the antenna can 

receive/transmit efficiently since the cloaking effect is turned 

off.  

 

 

VI. SURFACES WITH CONTROLLABLE REFLECTION AND 

REFRACTION FOR SMART EM ENVIRONMENT 

As mentioned before, when increasing the frequency, the 

LoS link is ever more affected by the fast free-space attenuation 

and by the presence of objects in the environment. In beyond 

5G communications, thus, the environment itself must play an 

active role to relax the computation efforts: walls, doors, 

windows, external surfaces of objects and devices must evolve 

from mere obstacles to smart EM relay nodes. The use of such 

smart surfaces would also allow ultra-fast forwarding and 

routing with a dramatic improvement of the overall system 

performances. Ideally, as shown in Fig. 16, a smart surface 

equipped with a local control and a low computation module 

enables sensing of the the environment (e.g. estimation of the 

direction of arrival), positioning awareness (e.g. absolute and 

relative position of a node) and adaptive connectivity (e.g. 

permanent restoration of LoS, overcoming localized coverage 

holes). 

 
Fig. 16.  Illustrative sketch of a smart environment in which the surfaces of the 

objects become ultra-fast relay nodes, making the environment playing an 

active role in the communication link. 

 

 
Fig. 14. (a) Sketch of the dipole antenna coated by the waveform-selective 

metasurface. (b) Schematic of the loading waveform-selective circuit 

composed by a full-bridge diode rectifier and: (i) a RL series, (ii) a shunt RC. 

 
Fig. 15.  (a) Total scattering signature of the antenna in the uncoated and 

coated scenarios under PW or CW excitations. In the insets, realized gain 

radiation diagrams of the antenna in the different cases evaluated at f0 = 3 GHz. 
(b) Magnitude of the reflection coefficient of the antenna in the uncoated and 

coated scenarios under PW or CW excitations. In the insets, sketch of the 

corresponding antenna’s visibility level. 
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A possible approach for achieving controllable reflection and 

refraction by a surface consists in the use of reconfigurable 

meta-gratings [103]-[104]. These structures are composed by a 

periodic lattice of electrically or magnetically polarizable 

elements enabling advanced diffraction engineering. As an 

example, we have recently proposed a reconfigurable beam 

steering meta-grating loaded by varactor diodes, where 

dynamic diffraction patterns can be obtained by applying 

different bias voltages to the diodes, resulting in different 

values of the capacitances connecting the physical parts of the 

unit-cells of the meta-grating.  

The structure shown in Fig. 17 (a) has been proposed in 

[105]. It consists of a dielectric layer sandwiched by two arrays 

of conducting loaded strips which is illuminated by a TE-

polarized plane wave with the incident angle θin. The substrate 

and the arrays are infinite in the x- and y- directions. In this 

scenario, the total electric field on the upper and lower medium 

of the structure can be evaluated as a superposition of infinite 

Floquet modes by generalizing the analytical model introduced 

in [106], and, it can be demonstrated [105], that the amplitude 

of the diffracted waves becomes a function of the load 

impedances. Therefore, any desired refracted or reflected waves 

can be realized by adjusting the power coupled to each Floquet 

mode.  

To verify this concept, a metagrating that can excite three 

transmitted and reflected Floquet modes (m=0,±1) has been 

designed. The diffracted angle θout for m= ±1 is equal to 

arcsin(λ0/ᴧ), being ᴧ the periodicity of the structure in the y-

direction. Therefore, once the wavelength is fixed, the desired 

θout  can be obtained by adjusting the periodicity. Here, θout was 

fixed to 600, corresponding to a periodicity of 1.55 λ0. 

Moreover, four strips in each unit cell (N=4) were considered. 

Therefore, the evaluation of eight load capacitance for the upper 

and lower arrays was required. Genetic algorithm has been used 

to optimize the required load impedances. 

In particular, the electric field distribution for the case of 

anomalous reflection with θout=600 at the operation frequency 

of 3.5GHz is shown in Fig. 17(b). It can be seen that the EM 

wave reflects with the desired angle. From Fig. 17(c), it can be 

concluded that the efficiency of the reflection with the desired 

Floquet mode is 97% and just a small portion of the incident 

wave propagates on other modes. 

 
Fig. 17. (a) Structure of proposed metagrating; (b) Electric field distribution for 

anomalous reflection. (c) Amplitude of the desired mode and summation of 

unwanted modes. 

 

To implement reconfigurability with the proposed static 

structure, the mategrating strips were loaded with varactor 

diodes with tunable capacitance with respect to the applied bias 

voltages. Therefore, by adjusting the load capacitances, desired 

scattering manipulation of the EM waves can be obtained with 

a fixed structure. In particular, each strip was connected to a 

bias voltage through a resistance and a conducting via, and a 

varactor diode with capacitance values varying from 0.6 to 

0.055 pF was used [105]. 

Fig. 18 (a)-(b) depicts the performances in terms of 

anomalous reflection and refraction of the reconfigurable meta-

grating through the plot of the electric field distribution for the 

same case of anomalous reflection and refraction of the static 

meta-grating, respectively. It is worth noticing that, the price to 

pay to achieve reconfigurability is a reduction of the system 

efficiency that drops almost 20% in comparison to the static 

one. This drawback, however, is mainly due to the power 

dissipated in the varactor and bias resistances. It is possible to 

overcome this problem by using MEMS varactors that provide 

more linearity and higher quality factor [107]. The additional 

important feature of the proposed dynamic meta-grating is its 

inherent reconfigurability, enabled by the electronic control of 

the loading capacitances. 

 
 

Fig. 18. Electric field distribution for the reconfigurable metagrating for 
anomalous (a) reflection and (b) refraction. Comparison of the radiation pattern 

for static and reconfigurable structure for anomalous (c) reflection and (d) 

refraction. 
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VII. CONCLUSIONS 

In this paper, we have presented and discussed the 

potentialities of electromagnetic metasurfaces for overcoming 

the main detrimental effects introduced by the environment in 

the operation of current and future communication systems. 

With several relevant examples – such as the blockage effects 

occurring in overcrowded communication platforms, the no-

LOS communication due to obstacles, and the time-varying 

fading due to fast-moving scatterers – we have shown how 

metasurfaces may make the external environment an active 

element of the next-generation communication systems, i.e., 

may allow conceiving a smart electromagnetic environment. 

Besides, we have also discussed how the degrees of freedom 

offered by metasurfaces allow relocating to the physical layer 

the challenges of beyond-5G communication systems, 

minimizing hardware virtualization, computational resources, 

and elaboration time. We expect these findings may confirm the 

suitability of metasurfaces as a promising solution for 

implementing intelligent surfaces and further boost the research 

efforts on these topics.  
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