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The pace of development in the world of
5G communication systems has proven
to be much more demanding than pre-
vious generations, with 5G-Advanced
seemingly around the corner [1]. Ex-
tensive research is already underway to
structure the next generation of wire-
less systems (i.e. 6G), which may po-
tentially enable an unprecedented level
of human–machine interaction [2]. Nat-
urally, such a fast-paced development
requires exponential growth in system
requirements, both in terms of explo-
rationof newparadigms for hardware and
for the underlying communication pro-
tocols. The idea is to move towards ro-
bust and highly reconfigurable wireless
systems going well beyond the limits of
current technology, putting yet harsher
constraints on different aspects of these
systems including data rates, reliability,
latency and massiveness.

Despite these ever-growing develop-
ments and demands for wireless com-
munications, the wireless propagation
environmenthas so far been largelydeter-
mined by nature,making it themost chal-
lenging portion of the communication
system to control, and thereby requiring
the end devices to adapt their commu-
nication strategies to uncontrollable and
fast-changing environments. Reconfig-
urable intelligent surfaces (RISs) have
recently undertaken a key role in tackling
these challenges by providing a recon-
figurable hardware platform enabling
dynamic control over their response to
incoming waves [3,4]. Despite extensive
research progress and several imple-

mentations of RISs in communication
systems, we believe that their poten-
tial and impact can be significantly
augmented by catering new and uncon-
ventional electromagnetic responses
unveiled by recent developments in the
physics/electromagnetics communities
in the context of metasurfaces.

So far, linearity, passivity and reci-
procity have been the basic premises in
the design of modern communications
systems. The RIS concept and its gener-
alizations have the potential to alter these
assumptions, augment the set of func-
tionalities that these surfaces can provide
and lead to new communication meth-
ods and protocols. Getting better con-
trol over the changing environment re-
quires many more degrees of freedom
in their design. Metasurfaces consist-
ing of active, non-liner and time-varying
elements [5–8] offer a plethora of new
opportunities for wireless communica-
tion systems, inspiring novel communi-
cation models and wireless architectures
(Fig. 1). In this context, mmWave/THz
metasurfaces with highly tunable ele-
ments can be reconfigured in real time
pixel by pixel to respond to changes in
the background and in user locations. In
addition, the inclusion of gain and ac-
tive elements may compensate for prop-
agation loss, important as the carrier fre-
quencies grow to accommodate broader
bandwidths and larger data rates. Time
variations across the metasurface aper-
ture may also realize non-reciprocal re-
sponses, and tailored non-linearities may
enable frequency mixing and tailored
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Figure 1. Envisioned metasurface platform to
enable non-linear, active and time-varying op-
erations for next-generation wireless communi-
cation systems.

signal processing and manipulation.
Overall, these elements can extensively
enrich what is possible with current
RIS implementations. Such intelligent
metasurfaces will enable unconventional
wave–RIS interactions, playing key roles
in the structure of future communication
architectures (Fig. 1).

In this context, recent developments
in the field of metasurfaces have started
to showcase the rich potential of im-
plementing complex transformations
of the incoming signals, both in terms
of the spatial content, the frequency
content and the angular spectrum.
These features largely expand what is
possible in state-of-the-art RISs used
in current communication systems.
Advances in non-linear, active, recon-
figurable and time-varying metasurfaces
indeed promise a large leap forward
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in wave manipulation over the next
generation of communication systems.
Some of this progress has started to
trickle down from the field of applied
electromagnetics and physics to the
field of wireless communications and
electronic engineering, with the goal
of impacting real-life systems. A few
proof-of-concept realizations of these
forms of intelligent metasurfaces have
recently been reported, however with
limited considerations of the relevant
challenges in real-life communication
systems and relevant metrics of perfor-
mance required to impact these systems
(e.g. [9,10]). A stronger synergy and a
more in-depth mutual understanding
between the metasurface and wireless
communication communities may be
able to leverage the full potential of re-
cent progress in the field of metasurfaces
for next-generation communication
systems.

For instance, non-reciprocal re-
sponses will bring new opportunities for
totally asymmetric responses, enabling
full-duplex operations and compen-
sation of Doppler shifts in the case of
moving users. Highly programmable
metasurfaces may optimally reconfigure
their operation in response to changes
in the environment and user positions,
exploiting tailored pilot signals probing
the environment. Furthermore, space-
time-modulated metasurfaces can bring
a whole new set of functionalities to
conventional RISs, including paramet-
ric phenomena and wave mixing. For
instance, efficient broadband phase con-
jugation based on parametricmixingmay
be used to realize efficient channel esti-
mation and analog signal processing with
low latency and reduced energy require-
ments. Time-modulated and non-linear
metasurfaces will enable transforma-
tion of the frequency spectrum of the
outgoing signals with respect to the
input signals, which may be exploited
to optimally use the limited bandwidth
in the frequency spectrum (see insets
in Fig. 1). As an additional opportunity,
metasurfaces offer an agile platform for
analog signal processing, leveraging ad-
vanced dispersion engineering through
their non-local response to impart on
the impinging signals mathematical
operations of choice. These advanced

metasurfaces will be extremely beneficial
for wireless communication based on
ambient backscatter. Furthermore, these
surfaces can facilitate the integration of
communication, sensing and computing
systems, which is an emerging platform
in new generations of communication
systems. The emergence of advanced
communication systems requires denser
nodes, which as a result calls for careful
considerations of electromagnetic com-
patibility. These metasurfaces can enable
highly efficient spectral/spatial shielding.

Such a platform appears ideal to bring
together wave physicists and electrical
and communication engineers, offering
a considerable opportunity for mutual
awareness and collaborative efforts be-
tween these two communities.Themeta-
surface community needs to be more fre-
quently exposed to opportunities in the
context of future wireless communica-
tion and state-of-the-art challenges that
they can address. On the other hand,
the wireless communication community
should be made aware of the extent of
the functionalities that advanced meta-
surfaces have been recently enabling, es-
pecially when considering the direct in-
tegration of active, non-linear and time-
modulated elements.

New wireless architectures and new
deployment schemes will be needed to
exploit the described opportunities of-
fered by development in the area ofmeta-
surfaces. New frequency regulations may
need to be designed to facilitate em-
ploying the unique flexibility of advanced
metasurfaces, which enable the modifi-
cation, at will, of the frequency spec-
trum and the bandwidth of wireless sig-
nals. Employing time-modulated meta-
surfaces will also require progress in the
power handling of elements that can
modulate the input signals at GHz fre-
quencies. The use of complex control
networks with engineered feedback will
largely enhance the number of degrees
of freedom, and moving beyond com-
plementary metal-oxide semiconductor
(CMOS)-based circuits, for instance us-
ing gallium nitride elements, may enable
stronger tailored non-linearities and bet-
ter power handling. At higher frequen-
cies (e.g. mm Waves and waves at tera-
hertz frequencies), the required tunabil-
ity can be achieved using liquid crys-

tals, phase-change materials and micro-
electro-mechanical resonators.However,
new approaches need to be explored to
enable faster mechanisms of tunability in
these structures.

Initiating dialogue and research on
the applicability of these metasurfaces in
real-life communication systems is the
main motivation for this Perspective. In
general, a close synergy between wire-
less communication engineers and elec-
tromagnetic engineers over time may be
able to take full advantage of themetasur-
face platform for specific frequencies and
target operations.
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