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Recent Progress in Reconfigurable and Intelligent
Metasurfaces: A Comprehensive Review of Tuning
Mechanisms, Hardware Designs, and Applications

Yasir Saifullah, Yejun He,* Amir Boag, Guo-Min Yang, and Feng Xu

Intelligent metasurfaces have gained significant importance in recent years
due to their ability to dynamically manipulate electromagnetic (EM) waves.
Their multifunctional characteristics, realized by incorporating active
elements into the metasurface designs, have huge potential in numerous
novel devices and exciting applications. In this article, recent progress in the
field of intelligent metasurfaces are reviewed, focusing particularly on tuning
mechanisms, hardware designs, and applications. Reconfigurable and
programmable metasurfaces, classified as space gradient, time modulated,
and space–time modulated metasurfaces, are discussed. Then, reconfigurable
intelligent surfaces (RISs) that can alter their wireless environments, and are
considered as a promising technology for sixth-generation communication
networks, are explored. Next, the recent progress made in simultaneously
transmitting and reflecting reconfigurable intelligent surfaces
(STAR-RISs) that can achieve full-space EM wave control are summarized.
Finally, the perspective on the challenges and future directions of intelligent
metasurfaces are presented.

1. Introduction

Metamaterials (MTMs), artificially engineered materials com-
posed of subwavelength structures exhibiting unique properties
not found in natural materials, have emerged as a new frontier
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of science involving materials science, en-
gineering, physics, and chemistry. Meta-
atoms are the building blocks that can be
arranged into periodic or aperiodic arrays to
form 2D metasurfaces and 3D metamateri-
als, whereas a significantly broader range of
material properties can be realized by engi-
neering the geometries and arrangements
of the subwavelength building blocks. Mod-
ern metamaterials were introduced based
on Victor Veselago’s theoretical work.[1] The
first physical metamaterial was developed
by John Pendry,[2] and David R. Smith first
demonstrated a material with negative re-
fractive index experimentally.[3] The term
“metamaterial” was coined by Walser in
2001.[4] In the past two decades,MTMshave
been realized in several exciting applica-
tions such as electromagnetic cloaks, nega-
tive refraction, perfect absorption, and neg-
ative permeability and permittivity. While
MTMs have introduced several interesting

phenomena, several challenges including high loss, fabrication
complexity, high fabrication cost, and high weight are prevalent.
Metasurfaces,[5,6] the 2D equivalent of metamaterials,[7] are ar-

tificial structures designed using periodic or aperiodic arrange-
ments of subwavelength meta-atoms on a typically planar sur-
face. In the last decade, metasurfaces have undergone rapid de-
velopment and been extensively used to realize numerous novel
devices and applications in the microwave,[8] terahertz,[9,10] and
visible regions.[11] The refraction and reflection of light at the
interface of two homogeneous and isotropic media are gov-
erned by Snell’s law. In 2011, the generalized Snell’s law was
proposed,[12] and space-gradient metasurfaces were engineered
to undergo abrupt phase change and manipulate EM waves
by introducing a phase discontinuity at the interface between
two media. Accordingly, metasurfaces have been used to realize
a wide range of applications such as holographs,[13,14] anoma-
lous reflection,[15–18] orbital angular momentum (OAM),[19–23]

analog differentiator,[24] EM scattering,[25–27] metalens,[28–37]

cloaking,[38–40] optical encryption,[41] quantum information,[42,43]

and retroreflectors.[44,45]

Historically, metasurfaces were designed to realize a singular
function for a specific incident wave; therefore, they could not
realize dynamic functionalities. By designing a multi-functional
metasurface, we can now integrate several functionalities into a
single metasurface. Many such designs have been presented to
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realize polarization-controlled, wavelength-selective, and multi-
functional metasurfaces. To vary the functionality or operating
frequency of passive metasurfaces, redesigning and refabrica-
tion are inevitable. Therefore, by tuning the metasurface prop-
erties, dynamic control over the incident wave can be realized.
In recent years, the tunable, reconfigurable, and programmable
metasurfaces concept has been proposed to achieve a higher de-
gree of freedom over electromagnetic waves. Such designs have
post-fabrication reconfigurable characteristics and huge potential
in diverse applications. Various tuning mechanisms have been
reported in literature that achieve tunability by using materials
such as lumped elements,[46–48] phase-changing materials,[49–51]

liquid crystals,[52–54] graphene,[55–58] vanadium-dioxide,[59] and
origami- and kirigami-based structures.[60–68] Further, the prin-
ciple of a tunable metasurface can be extended to programmable
metasurfaces[69–73] by embedding a field-programmable gate ar-
ray (FPGA) to actively manipulate the EM wave and switch be-
tween diverse functions in real time. Such programmable meta-
surfaces have been extensively implemented in several applica-
tions such as imaging,[74,75] holograms,[41,76] beam focusing,[77,78]

beam steering,[70,79–85] and wireless communication.[86–95] To
realize smart control of EM waves, programmable metasur-
faces have been used to develop intelligent metasurfaces with
self-adaptivity, equipped with sensing and feedback compo-
nents to control their reprogrammable functions without human
intervention.[96–100] Space-gradient metasurfaces are constrained
by time-reversal symmetry and Lorentz reciprocity that can
be overcome by introducing a temporal gradient metasurface.
Hence, spatiotemporal metasurfaces that can realize novel phys-
ical phenomena and applications have been proposed,[101–108]

including breaking the Lorentz reciprocity,[109–112] harmonic
manipulations,[89,106,113–119] Doppler cloaks,[120–123] and frequency
conversions.[124–127]

With recent advancements in metasurfaces, reconfigurable in-
telligent surfaces (RISs) are being considered as suitable can-
didates for sixth-generation (6G) communication.[128–134] Differ-
ent terminologies have been used to describe RISs in previously
published literature, including smart reflector arrays,[135,136]

intelligent reflecting surfaces (IRS),[137–144] large intelligent
surfaces,[145–149] and passive intelligent mirrors.[150] RISs are de-
signed by integrating numerous reconfigurable elements into
a 2D structure. They also eliminate the need for transmit-
ter RF chains, making them more economical than conven-
tional multiantenna and relaying technologies. Additionally,
RISs are envisioned to be potential candidates for smart ra-
dio environments;[151–155] they can be applied to several appli-
cations such as intelligent transportation systems,[156–158] Inter-
net of Things (IoT),[159,160] unmanned aerial vehicle (UAV)-based
wireless communication,[161–167] and simultaneous wireless in-
formation and power transfer (SWIPT) systems.[168–170] Addition-
ally, simultaneously transmitting and reflecting of reconfigurable
intelligent surfaces (STAR-RISs)[171–173] have been introduced to
overcome the half-space operation of RISs. Compared to tradi-
tional RISs, where the mobile unit could receive only the re-
flective signal, a STAR-RIS can receive both reflected and trans-
mitted signals. Consequently, full-space EM wave control can be
achieved using STAR-RISs.
Several excellent reviews on tunable metasurfaces[114,174–180]

and RISs[133,151,181,182] have been published. He et al. reviewed the

workingmechanisms and applications of tunable/reconfigurable
metasurfaces.[174] A progress report titled “Recent advances in
tunable metasurfaces” includes the concept of globally tun-
able metasurfaces, coding metasurfaces, and software-defined
metasurfaces.[175] Zhang et al. presented a comprehensive re-
view of the working principles and applications of space–time
coding.[114] A survey of smart wireless communications based on
IRSs was presented, focusing on performance analysis, diverse
applications, and future direction.[181] Additionally, Liu et al. re-
viewed the recent progress in RISswith a focus on operating prin-
ciples, resource allocation, beamforming, and machine learning-
assisted wireless networks.[133]

Compared to the aforementioned reviews, this review pa-
per offers a comprehensive review of the tuning mechanisms,
practical implementation of intelligent metasurfaces, conven-
tional reflective RISs, and STAR-RISs (Figure 1). Additionally,
we present recent advances in intelligent metasurfaces, covering
programmable and space–time digital coding metasurfaces, and
prospective research directions for RISs. This paper is organized
as follows: In Section 2, we discuss a comprehensive classifica-
tion of tunable metasurfaces based on tuning mechanisms such
as phase transition, optical, electrical, mechanical, and chemical
tuning. In Section 3, we discuss digital and programmable meta-
surfaces, including space-, time-, and space–time digital coding
metasurfaces. In Section 4, we discuss the fundamental princi-
ples of RISs, framework for machine-learning (ML) empowered
RIS systems, and integration of RISs with emerging technolo-
gies for 6Gwireless networks. In Section 5, an emerging research
direction for STAR-RISs that can manipulate EM waves in full
space is introduced. Its performance for different operating pro-
tocols, hardware prototypes, and applications is demonstrated.
Finally, in Section 6, we conclude this review by presenting our
perspective on major research opportunities and emerging re-
search challenges.

2. Tunable Metasurface Concepts: Technologies
and Approaches

A reconfigurablemetasurface can be realized by developing com-
posite or lumped components that can be tuned via external stim-
uli. Various stimuli, such as voltage source, magnetic polariza-
tion field, and ambient temperature, dependent on the nature of
the tuning components, can be introduced in the metasurface
design. These tuning mechanisms can be broadly classified into
global and local tuning. By introducing stimuli-responsive mate-
rials that modify their physical properties according to external
ambient stimuli reversibly, entire metasurface functions can be
tuned; this approach is referred to as global tuning. Here, the
entire metasurface functionality is modified with variations in
ambient conditions such as light, electric/magnetic field, pres-
sure, or temperature. Global tuning methods can be classified
based on their physical mechanisms such as magnetic, opti-
cal, electro-optical, and thermal mechanisms. Magnetic tuning
is based on ferromagnetic resonance (FMR). For optical tuning,
light-sensitive materials, including Si, GaAs, and graphene, have
been used. For electro-optical tuning, graphene and liquid crys-
tals are the two well-known materials used to design metasur-
faces. For thermal tuning, the metasurface is composed of ma-
terials that are highly sensitive to temperature variations. The
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Figure 1. Overview of the diverse functionalities and applications of re-
configurable and intelligentmetasurfaces. a) Graphene-based thin-film ab-
sorber. Reproduced under terms of the CC-BY license.[183] Copyright 2019,
the authors, published by American Chemical Society. b) Ultrafast optically
tunable metasurface in THz regime. Reproduced with permission.[184]

Copyright 2019, Wiley-VCH. c) Electrically tunable metasurface based
on ITO. Reproduced with permission.[185] Copyright 2016, American
Chemical Society. d) Dual-polarized multifunctional metasurface based
on varactor diodes. Reproduced with permission.[186] Copyright 2020,
Wiley-VCH. e) Flat optical zoom lens on a stretchable substrate Re-
produced with permission.[187] Copyright 2016, American Chemical So-
ciety. f) Structured fabrics with tunable mechanical properties. Repro-
duced with permission.[188] Copyright 2021, Springer Nature. g) Dynamic
color display. Reproduced with permission.[189] Copyright 2017, Ameri-
can Chemical Society. h) Dynamic metasurface holograms. Reproduced
with permission.[190] Copyright 2018, American Association for the Ad-
vancement of Science. i) An electrically tunablemetasurface based onGST.
Reproduced with permission.[191] Copyright 2021, Springer Nature. j) Re-
configurable metadevice based on VO2. Reproduced with permission.[192]

Copyright 2017, American Chemical Society. k) Intelligent IoT applications
via RISs. Reproduced with permission.[159] Copyright 2020, IEEE. l) Re-
configurable varifocal metalens. Reproduced under terms of the CC-BY
4.0 license.[193] Copyright 2021, the authors, published by Springer Na-
ture. m) Optical gap-surface plasmon metasurfaces for anomalous beam
steering. Reproduced under terms of the CC-BY license.[194] Copyright
2020, the authors, published by American Chemical Society. n) Concept
of metamaterial hologram. Reproduced under terms of the CC-BY 4.0
license.[195] Copyright 2016, the suthors, published by Springer Nature.
o) Dielectric metasurfaces-based optical biosensors. Reproduced under
terms of the CC-BY license.[196] Copyright 2021, the authors, published by
American Chemical Society. p) Time-domain digital coding metasurface-
based harmonic manipulation. Reproduced under terms of the CC-BY 4.0
license.[197] Copyright 2018, the authors, published by Springer Nature.
q) Dielectric metasurface for superpixel focusing different polarizations to
different spots. Reproduced under terms of the CC-BY license.[198] Copy-
right 2018, the authors, published by American Chemical Society. r) Recon-
figurable spin-locked metasurface retroreflector. Reproduced under terms
of the CC-BY license.[45] Copyright 2022, the authors, published by Wiley-
VCH.

changes in temperature act as a stimulus to control the elec-
tromagnetic response of the metasurface. Phase change mate-
rials (PCM) are the most attractive solutions for thermally tun-
ing metasurfaces. The phase transition from metal to insulator
found in VO2 under thermal variation can be utilized to tune the
polarization, amplitude, and phase of the scattered fields.
In local tuning, each unit cell is independently tuned. Dy-

namic functionalities, such as wavefront control and holography,
can be achieved by the independent reconfiguration of each unit
cell. Local tuning can be achieved by applying most of the global
tuning mechanisms at the unit cell level. However, constraints
such as crosstalk andmodulation speed prohibit some global tun-
ing mechanisms from being used for local tuning. Lumped ele-
ments, used for local tuning, can prevent crosstalk. Additionally,
they are dynamically reconfigurable and programmable using an
FPGA. Most designs presented in previous research have used
varactor and PIN diodes to achieve local tuning at the unit cell
level. Varactor diodes can be used to realize continuous control
over phase and amplitude by varying the voltage applied to the
diode. By contrast, PIN diodes can realize binary control over the
phase, amplitude, and polarization of EM waves by swapping the
diode from the OFF to ON state. The physical mechanism imple-
mented to achieve reconfigurability inmetasurface-based devices
is important, as it directly affects the fabrication complexity, cost,
scalability, and overall performance of the proposed design.

2.1. Tuning via Phase Transitions

Phase-changing materials (PCM) are considered an effective so-
lution to realize reconfigurable metasurfaces as their refrac-
tive index is modified via reversible phase transitions. Employ-
ing PCMs in metasurfaces can realize tunable functionalities
and their implementation in a multitude of applications. The
most commonly used PCMs are germanium–antimony–telluride
(Ge2Sb2Te5, also called GST) and VO2, which exhibit nonvolatile
and volatile switching, respectively.

2.1.1. GST as a PCM

GST is the most common choice as a PCM because it offers fast
yet stable phase transition in response to external stimuli and
nonvolatile switching. The dielectric characteristics of GST un-
dergo rapid changes during the transition from an amorphous
to a crystalline state. For example, an electrically driven GST-
based reconfigurable metasurface with a large tuning range has
been developed for optical modulation and wavefront engineer-
ing (Figure 2a).[199] The developed meta-switch has an optical
efficiency of 80% and spectral tuning over 250 nm. Further-
more, an electrically tunable antenna and metasurface based us-
ing GST has also been proposed for spectral tuning, providing
more than fourfold electricalmodulation of reflectance at 755 nm
(Figure 2d).[191]

2.1.2. Strongly Correlated Materials

VO2 is a commonly used PCM as it undergoes an insulator-
to-metal transition under external electrical, thermal, or opti-
cal stimuli. Insulator-to-metal transition provides access to a
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Figure 2. Tuning via phase transitions. a) Electrically driven GST-based reprogrammablemetasurface. b) The schematic of themulti-layer unit cell. c) The
“set” and “reset” pulses for full crystallization and amorphization processes. (a–c) reproduced under terms of the CC-BY 4.0 license.[199] Copyright 2022,
the authors, published by Springer Nature. d) The schematic of an electrically tunable metasurface based on GST. e) The binary operation of the perfect
absorber metasurface. (d) and (e) reproduced with permission.[191] Copyright 2021, Springer Nature. f) A VO2-based tunable dielectric metasurface.
g) Tunable functionalities of metasurface realized by temperature variation. (f) and (g) reproduced under terms of the CC-BY license.[200] Copyright
2021, the authors, published by American Chemical Society. h) The schematic diagram of reconfigurable metadevice based on VO2. i) Measured results
of absorption spectra as a function of the device temperature. (h,i) reproduced with permission.[192] Copyright 2017, American Chemical Society. j)
The schematic of VO2-based switchable terahertz metasurface unit cell. k) The theoretically calculated absorption spectrum. (j,k) reproduced with
permission.[201] Copyright 2022, American Chemical Society.

wide range of electrical resistivities and complex refractive in-
dices; hence, VO2 has significant potential in tunable metasur-
faces. In contrast to the GST phase-change characteristics, VO2
can return to its initial phase without external stimuli. Conse-
quently, VO2 undergoes nonvolatile and reversible phase transi-
tions. Further, the phase transition temperature of VO2 is lower
than that of GST. A reconfigurable metasurface based on Mie-
resonant silicon tunable via a thin layer of VO2 has been demon-
strated for multifunctional applications (Figure 2f).[200] A PCM-
based dynamically reconfigurable metadevice operating in the
NIR regime has also been presented, which can significantly
reduce the power consumption and switching time owing to
strong field concentration in VO2 nanocrystals (Figure 2h).

[192]

A VO2-based reconfigurable terahertz metasurface has been ap-
plied to quad-band near-perfect absorption and antireflection
coating (Figure 2j).[201] Additionally, a smart optical solar reflec-
tor has been developed by integrating the phase transition of VO2
with the plasmonic resonance of a metasurface.[202] A metal-to-
insulator phase transition is also observed in VO2 under thermal
variations. A dual-polarized programmablemetasurface, realized

in the THz bands, can be tuned between the “0” and “1” states by
varying the biasing voltage applied to VO2.

[203]

2.2. Optically Tunable Metasurfaces

Optical modulation can be achieved via ultrafast light pulses to
realize a tunable metasurface by using light-sensitive materials
in the metasurface. Semiconductors are appropriate for this ap-
plication as their conduction carriers are dependent on optical
pumping. Other materials used to realize optically tunable meta-
surfaces are graphene and indium tin oxide ITO.

2.2.1. Semiconductors

Si and GaAs are the most commonly used semiconductors for
realizing optically tunable metasurfaces as they can be switched
from an insulator to a metal via optically excited carriers. Vari-
ous tunable metasurface designs have been reported based on
split ring resonators (SRRs) operating in the THz band.[207–209]
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Figure 3. Optically tunable metasurfaces. a) Schematic illustration of ultrafast optically tunable THz metasurface. b) Measured phase spectra as a
function of the pump–probe time delay. c) The sketch of photoexcited carrier transitions in the Si bridges. Reproduced with permission.[184] Copyright
2019, Wiley-VCH. d) The conceptual illustration of optical tuning of direct-gap semiconductor metasurfaces. Reproduced under terms of the CC-BY 4.0
license.[204] Copyright 2017, the authors, published by Springer Nature. e) A graphene-based thin-film absorber. f) The carriers are excited by an infrared
pump beam. (e) and (f) reproduced with permission.[183] Copyright 2019, American Chemical Society. g) Schematic of the all-optical modulation based
on the plasmonic lattice. Reproduced with permission.[205] Copyright 2018, Wiley-VCH. h) All-optical phase and polarizationmodulation characterization
setup. Reproduced with permission.[206] Copyright 2018, American Chemical Society.

Conversely, Si can be used in a tunable metasurface to switch
from a dielectric to a conductor-like state based on the pho-
toexcitation of the carriers. Each unit cell of frequency-tunable
metasurface was composed of four SRRs separated by four Si
bridges. The optical excitation enables a significant increase
in the electron–hole plasma density in Si bridges, leading to
wide ranges of resonant frequency tuning and phase shifting.
(Figure 3a).[184] Additionally, a direct-gap semiconductor-based
all-optical tunable metasurface was presented. (Figure 3d).[204]

Arrays of Mie-resonance-based GaAs nanodisks also offer
ultrafast and low-power optical modulation.

2.2.2. Graphene

Graphene, a 2D form of carbon, exhibits several unique opti-
cal, electrical, mechanical, and thermal properties. Among many
of the unique properties of graphene, its reconfigurable optical
properties allow it to be used in many photonic and plasmonic
applications. Recently, many graphene-based optically tunable
metasurfaces have been reported.[210,211] Further, ultrafast tun-
able intensity modulation has been achieved via an optical pump
signal applied to a graphene-based ultrathin absorber in the THz
band (Figure 3e).[183]
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Figure 4. Electrically tunable metasurfaces. a) The conceptual illustration of liquid-crystal-integrated programmable metasurfaces array for THz beam
steering. Reproduced with permission.[82] Copyright 2022, American Chemical Society. b) An electrically tunable metasurface based on ITO. Reproduced
with permission.[185] Copyright 2016, American Chemical Society. c) The schematic of the graphene-based optically transparentmetasurface. Reproduced
with permission.[217] Copyright 2021, Elsevier. d) Dual-polarized multifunctional metasurface based on varactor diodes. Reproduced under terms of the
CC-BY license.[186] Copyright 2020, the authors, published by Wiley-VCH.

2.2.3. Transparent Conducting Oxides

Transparent conductive oxide (TCO)-based devices exhibit opti-
cally induced refractive indexmodifications. ITO and aluminum-
doped zinc oxide (AZO) are a class of wide-bandgap semicon-
ductors that can be highly doped without altering the material
structure. Therefore, ITO a suitable candidate for reconfigurable
photonic systems. Furthermore, ultrafastmodulation of polariza-
tion and phase in the visible region was demonstrated by on-
resonance pumping of the device, facilitating hot-electron trans-
fer from gold nanoparticles to the ITO layer (Figure 3g).[206]

2.3. Electrically Tunable Metasurfaces

2.3.1. Liquid Crystals

Liquid crystals (LCs) are considered promising candidates for re-
alizing tunable metasurfaces as they exhibit distinct phase re-

sponses to external stimuli. By varying the electric/magnetic
field, pressure, and temperature, LCs canmodify the polarization
and direction of an incident wave. An LC-based programmable
metasurface was developed for THz beam manipulation (Fig-
ure 4a).[82] By electrically tuning LCmolecules, the dielectric con-
stant changes, and a phase difference of nearly 180° is achieved
between the biased and unbiased states. A commercial dynamic
metasurface antenna prototype based on an LCwas developed for
synthetic aperture radar (SAR) imaging in the X-band.[212] Fur-
ther, nematic liquid crystals (NLCs), based on millimeter-wave
digital coding metasurfaces, have been developed, wherein dif-
ferent reflection phases are achieved by tuning the bias volt-
age of the NLCs.[213] LC-assisted THz devices have low fabrica-
tion complexity, compactness, light weight, and lower cost com-
pared to electrically tunable devices. A programmable metasur-
face based on an LC that can tune the phase distribution dy-
namically to realize beam steering at in the THz band has been
designed.[80] An LC-assisted programmable transmissive meta-
surface has also been designed to achieve diverse functionalities
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such as orbital angular momentum, multiple beams, and dual
beam steering.[83] LCs are probably the most used tuning mecha-
nism in electro-optical applications via external electric and mag-
netic fields. An LC-based dielectricmetasurface comprising of sil-
icon nanodisks embedded into LCs was designed.[214] By electri-
cally tuning LCs, a large spectral shift is induced in the metasur-
face resonance, resulting in a transmission modulation of 75%.
Dynamic varifocal meta-lenses and switchable meta-holograms
are realized in the visible region using an LC-based multifunc-
tional polarization-dependent metasurface.[11] If the response
time and ambient temperatures are not critical issues, LCs are
a robust and affordable technology to engineer reconfigurable
metasurfaces.

2.3.2. Transparent Conducting Oxides

Transparent conducting oxides (TCOs) have gained considerable
attention for application in tunable metasurfaces in the near-
infrared (NIR) and mid-infrared (MIR) regimes as they can be
doped to high carrier concentrations, allowing for infrared (IR)
guiding surface modes at the interface of a conducting oxide and
air.[215] For example, by electrically tuning the carrier densities
of ITO inside plasmonic resonator arrays, the reflection phase of
light can be dynamically controlled (Figure 4b).[185] Furthermore,
electrically tunable optical response based on an ionic conduc-
tance mechanism with reflectance modulation of up to 78% and
low modulation voltage of 100 mV has been demonstrated.[216]

Devices based on the electrical depletion of TCOs have smaller
depletion widths due to the screening effect, thereby limiting
modulation depth. Themodulation depth can be increased by us-
ing multiple gates or an optical pump.

2.3.3. Graphene

Graphene, a monolayer carbon, has attracted significant atten-
tion for its application in tunable devices and structures. A
graphene-based optically transparent metasurface has been pre-
sented for tunable absorption (Figure 4c).[217] By varying the bias
voltage supplied to graphene, a tunable absorber can be real-
ized in different bands. Additionally, a tunable metasurface in
THz frequencies has been designed for absorption enhancement
by incorporating graphene sheets in cut-wire arrays.[218] A gate-
controlled graphene-based metasurface has also been designed
in the THz regime for wideband tunable phase modulation.[57]

A graphene-based multi-bit metasurface has been demonstrated
to control THz wavefronts, arbitrary beam manipulation, and
orbital angular momentum in real time.[21] Graphene, with its
unique crystalline and electronic structure, has outstanding op-
toelectronic properties that can be tuned via external stimuli.
The tunable optoelectronic devices can be designed by integrat-
ing graphene in the metasurface structures to achieve higher
speed, amplitude, and stability. A plasmonic modulator has
been designed based on a groove-structured metasurface and
single layer of graphene, which can achieve ten times higher
modulation depth as compared with conventional plasmonic
modulators.[219]

2.3.4. Tuning via Lumped Element

The most popular tuning mechanism for reconfigurable intelli-
gent surfaces inmicrowave frequencies is lumped elements. PIN
diodes and varactors aremost commonly used, and DC biasing is
applied to tune their impedance and control reconfigurable func-
tions. Accordingly, a programmablemetasurface based on electri-
cally tuned varactors has been developed to canmanipulate x- and
y-polarized waves independently (Figure 4d).[186] Additionally,
tunable spatial phase-shifting of a programmable metasurface
can be realized using PIN diodes. Metasurface-based smart wire-
less power transfer systems can realize dynamic indoor charging
based on a near-field focusing technique.[220] Furthermore, a bi-
nary programmable metasurface has been proposed to synthe-
size sum and difference beams useful for detecting and track-
ing targets in monopulse radar systems.[221] A varactor diode-
based tunablemeta-atom has also been proposed to realize a 3-bit
angle-insensitive RIS with phase coverage of 315°.[222] However,
lumped elements are not suitable for applications at frequencies
above the GHz range due to the operating frequencies of PIN
diodes and varactors.

2.4. Mechanically Tunable Metasurfaces

Mechanical metamaterials are artificial structures designed by
the spatial arrangement of 2D and 3D building blocks and meta-
atoms that deform, rotate, buckle, fold, and snap in response to
mechanical forces. Several excellent reviews of active mechan-
ical metamaterials have been published.[66,223–229] We have re-
viewed recent developments in mechanically tunable metasur-
faces based on tuning techniques such as microelectromechan-
ical systems (MEMS), microfluidics, mechanically stretchable
substrates, and kirigami/origami-based metasurfaces.

2.4.1. MEMS-Based Tunable Metasurfaces

MEMS are suitable candidates for realizing active meta-
materials due to their reconfigurable mechanical structures,
low power consumption, and compatibility with comple-
mentary metal-oxide-semiconductor (CMOS) technology. Sev-
eral reviews of MEMS-based active mechanical metamaterials
have been published.[230–232] MEMS-based mechanically tun-
able metasurfaces are classified by their actuator mechanisms
such as piezoelectric,[233] electrothermal,[234–236] and electrostatic
actuation.[237–239] A MEMS-based broadband tunable metamate-
rial has been proposed for operation in the THz region using can-
tilever resonators of varying release lengths (Figure 5a).[240]

2.4.2. Microfluidics-Based Tunable Metasurfaces

Microfluidics has been applied to realize active mechanical
metamaterials, specifically in biosensing applications. Their
optical responses vary reversibly when empty microfluidic
channels are filled with liquid metal. A real-time reconfigurable
metasurface has been proposed to realize tunable colors using

Adv. Sci. 2022, 2203747 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2203747 (7 of 35)



www.advancedsciencenews.com www.advancedscience.com

Figure 5. Mechanically tunable metasurfaces. a) Schematics of MEMS-based tunable metamaterials for THz bandwidth control. Reproduced with
permission.[240] Copyright 2017, AIP Publishing. b) The SEM images of a microfluidic reconfigurable all-dielectric metasurface. The information and
background are designed by two types of metasurfaces. c) The photograph of samples in different solvents. (b) and (c) reproduced with permission.[241]

Copyright 2018, American Chemical Society. d) The schematic illustration of the flat optical zoom lens on a stretchable substrate. Reproduced with
permission.[187] Copyright 2016, American Chemical Society. e) Conceptual illustration of structured fabrics with tunable mechanical properties. Repro-
duced with permission.[188] Copyright 2021, Springer Nature. f) The conceptual illustration of origami metawall which can act as a negative reflector,
absorber, and mirror under external mechanical stimuli. Reproduced under terms of the CC-BY license.[34] Copyright 2019, the authors, published by
Wiley-VCH. g) The prototype of 3D transformable kirigami-based programmable metamaterials. Reproduced with permission.[63] Copyright 2021, Wiley-
VCH.

microfluidics.[241] By mechanically injecting and ejecting differ-
ent solvents into the metasurface-embedded microfluidic chan-
nel, several distinct color images were obtained (Figure 5b,c).
Nanofluidic hybrid metamaterials have been developed to
achieve IR absorption and molecular sensing.[242] Additionally,
a mid-infrared biosensor based on multi-resonant metasurfaces
placed in a polydimethylsiloxane (PDMS) microfluidic cell has
been proposed to distinguish molecule-specific information
with high sensitivity.[243] Although microfluidics have complex
tuning and fabrication processes, they are potential candidates
for realizing tunable metasurfaces in sensing applications and
pixel-size color-transition displays.

2.4.3. Stretchable Substrate-Based Tunable Metasurfaces

Mechanically stretchable substrates can be employed to fabri-
cate mechanically tunable metasurfaces in the visible frequen-
cies. An ideal flexible substrate has a low refractive index and low
Young’s modulus to exhibit high elasticity and flexibility. There-
fore, polymers, such as PDMS are suitable candidates for flexi-
ble substrates. A uniform array of TiO2 cylindrical dielectric res-
onators was embedded in a mechanically stretchable PDMS sub-
strate to realize a mechanically tunable all-dielectric metasurface
at visible frequencies.[248] Additionally, a mechanically tunable
metasurface was developed to realize anomalous refraction by
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embedding Au nanorods on a PDMS substrate (Figure 5d).[187]

Hence, position-dependent phase discontinuity can be tuned by
stretching the substrate. In addition, a flexible dielectric metasur-
face was proposed to decouple optical properties and geometrical
forms.[249]A structured fabric based on a chain mail architecture
has been proposed to mechanically tune between soft and rigid
states (Figure 5e).[188]

2.4.4. Origami- and Kirigami-Inspired Tunable Metasurfaces

Novel 3D fabrication techniques such as origami and kirigami
have been researched recently based on the science of cut-
ting and folding flat objects to realize adaptable 3D shapes.
Mechanical tuning through origami- and kirigami-based struc-
tures provides reconfigurable metasurfaces properties via struc-
tural configurations of constitutive unit cells. Accordingly, a
kirigami-based metasurface was proposed by varying the fold-
ing patterns of meta-atoms. The proposed design was applied
to realize reconfigurable metalenses and tunable anomalous
refractors.[246] Kirigami-inspired metamaterials have been pro-
posed for adaptable invisibility management.[247] A reconfig-
urable origami metawall has been demonstrated for the tunable
absorption and deflection of light, based on external mechanical
stimuli (Figure 5f).[34] Furthermore, a programmablemechanical
metamaterial based on the 3D transformable kirigami strategy
has been proposed with multiple degrees of freedom, which can
evolve into over 0.3 million derived modules (Figure 5g).[63] Fur-
ther, a reconfigurable origami-inspired acoustic waveguide that
can dynamically manipulate acoustic waves based on externally
applied deformation has been presented.[250]

2.5. Chemical Reactions to Realize Tunable Metasurfaces

The permittivity of a material can be tuned by modifying its opti-
cal properties via an electrochemical reaction. This is an effective
and reversible fabrication method for tunable metasurfaces.
A tunable metasurface based on lithium intercalation in vana-

dium pentoxide was developed. Owing to large variation in
permittivity, several applications have been realized, such as
handedness-preserving reflectance, linear birefringence, and lin-
ear/circular dichroism.[254] An electrochemically tunable meta-
surface based on polyaniline (PANI), a conducting polymer, has
been proposed to realize high-contrast switching in the visible
region.[251] When PANI was switched from its emeraldine state
to a leucoemeraldine state by applying a voltage, a large varia-
tion in its refractive index was observed (Figure 6a). Addition-
ally, an electrochemically tunable metasurface was used to real-
ize anomalous transmission and holography with a fast switch-
ing rate. An electrochemically driven color-changingmetasurface
has also been proposed using a combination of conductive poly-
mers and multilayered plasmonic architectures (Figure 6d).[252]

A solid-state electrochromic device has been proposed using gap
plasmon resonators filled with electrochromic WO3 (Figure 7e).
When lithium is inserted and removed from the solid-state de-
vice, the optical properties of the LiXWO3 (0 <X < 0.2) dielectric
are altered, thereby changing the resonant wavelength.[253]

Further, hydride-loaded transition metals (e.g., Pd, Y, and Mg)
possess better chemical reactivity than traditional plasmonic ma-

terials (e.g., Au, Ag, and Al). A metal-to-dielectric phase tran-
sition and large refractive index are achieved to realize tunable
metasurfaces with diverse functionalities, including beam steer-
ing, active color display, holograms, and bifocal lenses. For exam-
ple, magnesium-based pixelated cavity resonators have been pro-
posed for dynamic color printing (Figure 6f). By hydrogenation
and dehydrogenation of magnesium, a metal-to-dielectric tran-
sition has been realized to enable black and colored states.[189]

Furthermore, a dynamic metasurface tuned by the hydrogena-
tion and dehydrogenation of Mg nanorods has been proposed.
The proposedmetasurface was applied to tunable holograms and
data encryption in the visible frequencies (Figure 6g).[190] A dy-
namic metasurface also based on the hydrogenation and dehy-
drogenation of magnesium nanorods has been proposed to re-
alize switchable singular beams at visible frequencies.[255] Dy-
namic nanoantennas have been designed in the near-infrared
regime, tuned by modifying its permittivity via chemical redox
reactions.[256] The limitation of this tuning mechanism is the
requirement of an environment with purified H2 and O2 flow,
as well as a slow response time compared to other tuning tech-
niques.
Additionally, since each tunable mechanism has its own ad-

vantages, such as (I) phase and amplitude modulation, (II) re-
sponse time, (III) efficiency, (IV) power consumption, (V) op-
eration regime, (VI) fabrication technology, and (VII) tunable
functions, we have summarized related publications regarding
tunable and reconfigurable metasurfaces using different tuning
mechanisms (Table 1).

3. Reconfigurable and Programmable
Metasurfaces

Reconfigurable metasurfaces that can be programmed using an
FPGA have received significant attention in recent years due to
their ability to dynamically manipulate EM field and waves in
real time. Digital metasurfaces characterize unit cells as digital
bits with a value of “0” or “1.” In this section, we review the
latest developments in space, time, and space–time-modulated
metasurfaces. Space-gradient metasurfaces are constrained by
the time-reversal symmetry and Lorentz reciprocity, which can
be resolved by introducing time-modulated metasurfaces. These
space–time-modulated metasurfaces can realize novel physical
phenomena and various applications, including overcoming the
Lorentz reciprocity, harmonic manipulations, Doppler cloaks,
and frequency conversion.

3.1. Space-Gradient Metasurfaces

This section reviews space-gradient metasurfaces designed to
exhibit spatially varying responses, resulting in spatially vary-
ing phases, amplitudes, and polarizations of scattered fields.
The generalized laws of refraction and reflection are used to
describe anomalous reflection and refraction from a gradient
metasurface.[12] When light moves from one uniform medium
to another, the reflection coefficients obey Snell’s law: However,
if a phase discontinuity is introduced at the interaction of the two
mediums via a phase-gradient metasurface, Snell’s law needs to

Adv. Sci. 2022, 2203747 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2203747 (9 of 35)



www.advancedsciencenews.com www.advancedscience.com

Figure 6. Chemically tunable metasurfaces. a) The conceptual illustration of electrochemically controlled metasurfaces working at visible frequencies.
b) The experimental setup of in situ optimization of the metasurface performance. c) The holographic letters “L” and “R” are switched on and off. (a–c)
reproduced with permission.[251] Copyright 2021, the authors, published by American Association for the Advancement of Science. d) The schematic
of scalable electrochromic nanopixels with optical scattering and absorption spectra. Reproduced with permission.[252] Copyright 2019, American As-
sociation for the Advancement of Science. e) Structure of the solid-state electrochromic device and measured reflection spectrum. Reproduced with
permission.[253] Copyright 2019, American Chemical Society. f) Dynamic color display using stepwise cavity resonators. By hydrogenation, the palette is
changed from a blank state to a color state through the transition of Mg to MgH2. Reproduced with permission.[189] Copyright 2017, American Chem-
ical Society. g) Optical information encryption through dynamic metasurface holograms. Reproduced with permission.[190] Copyright 2018, American
Association for the Advancement of Science.

be revised by applying Fermat’s principle. If a constant phase gra-
dient is introduced along the interface, the refracted and reflected
beams can move in arbitrary directions. Based on the response
model, space-gradient metasurfaces are classified as reflective,
transmissive, waveguide-type, and full-space metasurfaces.

3.1.1. Reflective Metasurfaces

Programmable reflective metasurfaces, also known as reconfig-
urable reflectarrays (RRAs), have received considerable attention
due to their low profile, ease of fabrication, low complexity, and
high-gain beam scanning with reconfigurable characteristics. A

dual-frequency RRA has been designed for beam scanning appli-
cations with a good side-loop level (SLL) and cross-polarization
performance at both frequencies.[257] An electromagnetic repro-
grammable coding metasurface has been developed to realize
multiple holographic images in real time.[258] Additionally, a
programmable microwave imager has been presented by com-
bining machine-learning techniques with a 2-bit coding meta-
surface. The proposed design can produce images and directly
recognize objects without any the need for computational im-
age reconstruction.[74] A self-adaptive smart metasurface has
been developed to realize diverse functionalities without hu-
man interference.[98] A dual-frequency multibit programmable
metasurface has also been proposed to control EM waves in
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Figure 7. Space-domain-coding metasurfaces. a) The schematic of a 2-bit dual-band programmable metasurface unit cell. The fabricated samples and
measurement setup in a waveguide environment. Reproduced with permission.[46] Copyright 2021, The Optical Society. b) Programmable metasurface
application for beam steering and diffusion-like scattering. Reproduced with permission.[260] Copyright 2021, IEEE. c) Structure of substrate-integrated
waveguide (SIW) based programmable metasurface. Reproduced with permission.[261] Copyright 2020, IEEE. d) Physics-inspired neural networks based
on discrete dipole approximation. Reproduced with permission.[265] Copyright 2022, IEEE. e) Transmissive programmablemetasurface for high-efficiency
OAM generation. Simulated radiation patterns of different OAM beams. Reproduced with permission.[19]Copyright 2020, Wiley-VCH. f) The conceptual
illustration of multifunctional metasurface. The measured results of far-field radiations. Reproduced with permission.[266]Copyright 2021, Wiley-VCH.

real time.[46] Further, an intelligent metasurface cloak driven by
a deep learning algorithm that exhibits real-time response to
changing environments and incident waves without any human
intervention has also been developed.[97] An electronically recon-
figurable metasurface has been proposed that operates in the
microwave region to realize broadband Bessel-like beams with

a high efficiency.[259] Saifullah et al. proposed a multibit pro-
grammable metasurface unit cell operating in the dual-band.[46]

The proposed design was experimentally verified in a waveguide
environment (Figure 7a). Furthermore, a 2-bit programmable
metasurface has been presented to realize beam steering and
diffusion-like scattering in the C and K bands (Figure 7b).[260]
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Table 1. Summary of related works aimed to realize the tunable and reconfigurable metasurfaces by using different tuning mechanisms.

Tuning mechanism Materials Operation regimes External stimuli Function Ref.

Carrier doping Semiconductors THz to Visible Optical Modulator [184]

Optical Absorber [208]

Electrical Modulator [244]

Graphene THz to NIR Electrical Phase modulator [57]

Electrical OAM, beam steering [21]

Electrical Modulator [219]

Optical Absorber [183]

TCO NIR to Visible Optical Modulator/polarizer [206]

Electrical Absorber [216]

Phase Transition GST THz to Visible Electrical Modulator/wavefront engineering [199]

Thermal Beam switching [245]

VO2 THz to Visible Electrical Beam manipulation [203]

Optical Absorber [200]

Thermal Absorber [202]

Liquid Crystal GHz to Visible Electrical SAR imaging [212]

Modulator [213]

Beam steering [80]

Mechanical MEMS GHz to Visible Electromechanical Modulator [238]

Structural transformation GHz to Visible Mechanical Anomalous reflection/lens [246]

Adaptive invisibility [247]

Microfluids GHz to Visible Microfluids Polarization converter [241]

Capacitance PIN diodes MHz to GHz Electrical Smart wireless power transfer [220]

Sum and difference beams [221]

Varactors MHz to GHz Electrical 3-Bit RIS [222]

3.1.2. Radiative Metasurfaces

Radiative-typemetasurfaces are designed using arrays of comple-
mentary elements created on the conducting surface of a waveg-
uide by coupling the energy from guided to free-space waves.
Each unit cell of the radiative metasurface is independently tun-
able and excites a guided wave that radiates part of the incident
energy into free space. The resulting radiation pattern is an out-
come of the contributions from all the unit cells; therefore, the
field across the aperture can be controlled by tuning the response
of each unit cell. Several mechanisms have been presented to
excite metasurfaces, including waveguide-fed cavity resonators
and transmission lines, to realize reconfigurable radiating meta-
surfaces. A substrate-integrated waveguide (SIW)-based pro-
grammable metasurface has been presented to realize a dynamic
pattern antenna.[261] These dynamic metasurface antennas
(MSAs) improve the resolution of SAR systems, while maintain-
ing a large image size and higher signal-to-noise ratio (SNR).[262]

A low-profile binary-programmable metasurface has also been
designed to realize the beamforming of leaky waves at a fixed
frequency.[263] Additionally, a dynamic metasurface has been in-
corporated in SAR imaging systems that can operate in spot-
light and strip-mapmodes at K-band frequencies.[264] Li et al. pre-
sented an SIW-based programmable metasurface for a dynamic-
pattern antenna (Figure 7c).[261] Such dynamic metasurfaces can
achieve wide-beam scanning and multi-beam patterns in real
time. Furthermore, an intelligent beamforming scheme based on

a physics-inspired neural network (PINN) and deep neural net-
work (DNN) has been proposed, which can predict the code for
desired patterns with more than 98.4% efficiency (Figure 7d).[265]

3.1.3. Transmissive Metasurfaces

Transmitarrays, also known as flat lenses or lens arrays, have at-
tracted substantial interest owing to their light weight, low pro-
file, and low fabrication cost. Moreover, the lack of feed block-
age compared to reflectarray antennas make them suitable can-
didates for modern wireless communication systems. There-
fore, reconfigurable transmitarrays (RTAs) have attracted atten-
tion owing to their tunability and application prospects. An RTA
unit cell can be realized as multilayer frequency-selective sur-
faces (M-FSSs),[267] receiver-transmitter structures,[268] and cou-
pled slots.[269] A transmission-type programmable metasurface
for high-efficiency OAM generation is presented (Figure 7e).[19]

Furthermore, a polarization-rotation-based 1-bit RTA has been
proposed, which has higher aperture efficiency and wider gain
bandwidth.[270]

A 1-bit wideband RTAwas proposed based on the Vivaldi struc-
ture, phase shifter, and microstrip Yagi structure. A phase differ-
ence of 180° between the two states of the PIN diodes can be
achieved using the current reversal mechanism.[271]An RTA has
also been realized using two slot-coupled patch antennas incor-
porated in a three-layer structure operating at 5.5 GHz with 245°
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phase agility and 3 dB insertion loss.[272] A Ka-band electroni-
cally reconfigurable transmitarray, developed using PIN diodes,
demonstrated a beam-steering capability of ±60°with a radiation
efficiency of 58%.[273] An RTA antenna consisting of two orthog-
onal H-shaped slots was also demonstrated in the Ku-band. The
proposed design achieved an aperture efficiency of 14%, beam
scanning capability of ±50°, maximum gain of 17 dB, and 3 dB
gain bandwidth of 9.6%.[274]

3.1.4. Full-Space

RTAs and RRAs have attracted significant attention for applica-
tions in radar and wireless communication due to their low pro-
file, low cost, and high radiation gain. However, most of the pre-
sented designs could only control the transmitted or reflected
wavefronts in half-space. To overcome this limitation, a full-
space programmable metasurface that can achieve total trans-
mission, total reflection, and total absorption in real time has
been presented.[275] A programmable metasurface has been pro-
posed at microwave frequencies, which operates in the transmit-
ted and reflected modes simultaneously for different polariza-
tions incident waves.[276] A reconfigurablemulti-functionalmeta-
surface has been proposed to realize transmission, reflection,
and absorption simultaneously (Figure 7f).[266] Dynamic control
of transmission and reflection modulation for visible intensities
has been demonstrated via an all-dielectric phase-change meta-
surface based on Fano resonances.[277] A programmable meta-
surface has also been presented for polarization-insensitive con-
trol of near/far-field patterns in the reflection and transmis-
sion modes of EM waves.[278] Additionally, a single-layer circu-
lar ring slot element has been developed to realize a 1-bit bidi-
rectional reconfigurable transmit-reflect array.[279] Accordingly,
a reflection–transmission (R–T) amplitude-code-based digital
metasurface has been proposed for the full-space control of EM
waves.[280]

3.2. Time-Modulated Metasurfaces

Reciprocity is a general concept that occurs in many areas of
physics and engineering. The reciprocity theorem, as applied to
circuits, states that any physical linear network, the positions of
an ideal voltage source and an ideal ammeter can be interchanged
without affecting their readings.[281] Here, we present the Lorentz
reciprocity theorem for electromagnetic fields which can be ex-
plained by using Maxwell’s equations. The reciprocity theorem
has many applications related to the transmitting and receiv-
ing properties of radiating systems.[282] Let us assume two sets

of sources (
⇀

J1,
⇀

M1), (
⇀

J2,
⇀

M2)) which generate the fields (
⇀

E1,
⇀

H1),

(
⇀

E2,
⇀

H2), respectively, in the volume V enclosed by the closed sur-
face S.

When S encloses no sources, then
⇀

J1 =
⇀

J2 =
⇀

M1 =
⇀

M2 = 0, and

the fields
⇀

E1,
⇀

H1 and
⇀

E2,
⇀

H2 are source-free fields. In this case
[283]

∮ S

⇀

E1 ×
⇀

H2 ⋅d
⇀

S= ∮ S

⇀

E2 ×
⇀

H1 ⋅d
⇀

S (1)

When S is the inner surface of a perfectly conducting closed
cavity, the result is

∫V
(
⇀

E1 ⋅
⇀

J2 −
⇀

H1 ⋅
⇀

M2)dv = ∫V
(
⇀

E2 ⋅
⇀

J1 −
⇀

H2 ⋅
⇀

M1)dv (2)

This result is analogous to the reciprocity theorem of circuit
theory. In other words, this result states that the system response
⇀

E1 or
⇀

E2 is not changed when the source and observation points

are interchanged. That is,
⇀

E2 (caused by
⇀

J2) at
⇀

J1 is the same as
⇀

E1

(caused by
⇀

J1) at
⇀

J2.
The efficient and flexible control of harmonic conversion and

breaking of reciprocity constraints are essential for many ap-
plications. Conventionally, phase shifters and other amplifiers
were used to tailor harmonics, leading to high cost and difficulty
in system integration. A time-modulated metasurface based on
modulation-induced phase shift has been introduced to break
reciprocity and generate higher-order harmonics.[118] The pro-
posed metasurface has been designed using graphene-wrapped
microwires (Figure 8a). Further, a time-domain programmable
metasurface has been demonstrated for the efficient manipula-
tion of the spectral harmonic distribution (Figure 8c,d).[89] Con-
sequently, the measured spectral intensities and H-plane scat-
tering patterns for the 2-bit coding sequence were analyzed
(Figure 8e).
A limitation of the space–time metasurface is the coupling be-

tween the amplitudes and phases of various harmonics. There-
fore, a time-domain digital coding metasurface was proposed
to independently control them. Beam scanning of multiple har-
monics was achieved by tuning the phase of the metasurface
via digital coding sequences instead of a phase-shifting network
(Figure 8f).[197] When the metasurface is encoded with the se-
quence “00000000,” a directive beam along the normal direction
is realized for the +1st order harmonic (Figure 8g,h). Decays of
0, 5, and 10 dB in magnitude were achieved by varying the bi-
asing voltage. When the metasurface was encoded with the se-
quence “00001111,” two beams were realized in different angu-
lar directions (Figure 8i,j). Furthermore, a time-domain coding
metasurface-aidedwireless communication systemhas been pre-
sented for the direct modulation of baseband digital signals with-
out conventional analog or digital circuits.[284] A 2-bit metasur-
face has been presented to realize a 4-bit and higher phase byma-
nipulating time-coding sequences.[285] Further, a discrete time-
invariant signal has been used in a time-domain codingmetasur-
face to demonstrate artificial Doppler shift for a Doppler cloak,
useful for vehicle-to-vehicle communication.[122]

3.3. Space–Time Modulated Metasurfaces

For linear and time-independent systems, according to the elec-
tromagnetic Lorentz reciprocity theorem, the received and trans-
mitted field ratios are equal in both the time-forward and reversed
propagation directions. Magneto-optical media that can accom-
plish optical isolation can break this reciprocity.[287] However, this
approach is not suitable for system integration since bulky mag-
nets must be used as an external bias. Nonlinear materials have

Adv. Sci. 2022, 2203747 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2203747 (13 of 35)



www.advancedsciencenews.com www.advancedscience.com

Figure 8. Time-modulated metasurfaces. a) The conceptual illustration of a time modulated metasurface designed by graphene-wrapped microwires.
b) The nonreciprocal response of the time-modulated metasurface. (a) and (b) reproduced under terms of the CC-BY 3.0 license.[118] Copyright 2018,
the authors, published by IOP Publishing. c) The schematic of the time-domain digital-coding metasurface for new wireless communication systems.
d) The schematic of the unit cell. e) The measured spectral intensities and H-plane scattering patterns for the 2-bit coding sequence. (c–e) reproduced
under terms of the CC-BY 4.0 license.[89] Copyright 2018, the authors, published by Oxford University Press. f) The concept of the time-domain digital
coding metasurface that can control the harmonic amplitudes and phases independently. g,i) The simulated and measured results for the +1st order
harmonic for the coding sequences of “00000000.” h,j) The simulated and measured results for the +1st order harmonic for the coding sequences of
“00001111”. (f–j) reproduced under terms of the CC-BY 4.0 license.[197] Copyright 2018, the authors, published by Springer Nature.

been developed using the self-biasing effect[288] via an electric
field, but nonreciprocity is power-dependent. Thus, leaky-wave
antennas[111] and spatiotemporally modulated waveguides[109]

have been employed to break reciprocity. Therefore, the space–
time modulation mechanism has substantial use in metasur-
face platforms due to its compact size, improved integrability,
and nonreciprocal behavior based on surface waves. By integrat-
ing the concept of time and space gradients in a metasurface,
a nonreciprocal electromagnetically induced transparency (EIT)
effect has been achieved.[289] For conventional spatial diffraction
gratings, symmetric diffraction patterns were observed with re-
spect to the x-axis (Figure 9a). These gratings were restricted by
the Lorentz reciprocity theorem. Finite-difference time-domain
(FDTD) simulation of the conventional gratings shows that all
the diffracted orders have the same wavelength (Figure 9b).
For a space–time periodic (STP) diffraction grating, each spatial
diffraction has an infinite temporal diffraction order (Figure 9c).
The FDTD simulation results of the STP show that the diffrac-
tion orders are asymmetric with respect to the x-axis and possess
different wavelengths (Figure 9d).

A spatiotemporally modulated metasurface has been demon-
strated to realize nonreciprocity by radiating the incident beam
in a far field and near-field surface waves for forward and re-
verse scattering, respectively.[101] Furthermore, a spatially dis-
crete travelling-wave modulated metasurface has been proposed
(Figure 10a).[290] A space–time phase modulation metasurface
based on resonating dielectric nanoantennas has been devel-
oped to achieve nonreciprocity (Figure 10d–g). To simultane-
ously control both the propagation direction and harmonic
power distribution, space–time modulated metasurfaces have
been proposed.[114] Additionally, they can manipulate the spatial
and spectral characteristics of EM waves (Figure 11a).[292] The
proposed metasurface was applied to realize a vortex beam car-
rying an OAM (Figure 11c,d). Furthermore, a space–time cod-
ing digital metasurface has been presented to break time-reversal
symmetry and realize nonreciprocal reflections (Figure 11e).[293]

The metasurface consisted of 16 space-coding elements and four
time-coding sequences (Figure 11f).
Additionally, a space–time coding digital metasurface has

been presented to realize multifrequency beam steering and
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Figure 9. Diffraction from a transmissive grating. a) Conventional static diffraction grating with the same temporal frequency. b) FDTD simulation of
a conventional time-invariant grating. c) Transmissive space–time metasurface produces an asymmetric scattering and diffraction pattern where each
spatial diffraction consists of the infinite number of temporal diffractions. d) FDTD simulation of a space–time periodic grating. (a–d) reproduced with
permission.[286] Copyright 2019, American Physical Society.

shaping.[294] The proposed metasurfaces can be used in several
applications, such as diffusion-like scattering, multibeams, and
OAM. Moreover, an amplifier-based transmissive metasurface
has been demonstrated for the nonlinear control of EM waves in
the spatiotemporal domain. The proposedmetasurface can break
the Lorenz reciprocity owing to the nonreciprocity of unilateral
amplification of the power amplifier.[116] Themost significant ap-
plications of space–time-modulated metasurfaces are RISs. Re-
cently, RISs have shown to be suitable candidates for 6G com-
munication networks. In the next section, we describe the fun-
damental principles of RISs, framework for machine-learning
(ML)-assisted RIS systems, and integration of RISs with emerg-
ing technologies.

4. RIS

With the recent advancement of metasurfaces design, RISs have
been considered suitable techniques for smart and controllable
radio environments. RISs are designed by integrating the recon-
figurable elements as a 2D structure to realize passive beamform-
ing with controllable intensity and direction. The propagation
medium between transmitter and receiver has been considered a
random entity as we cannot control the interaction of transmitted
waves with the surrounding objects. RIS operates in a short range

and can eliminate the transmitter RF chain; hence, it is more eco-
nomical than the conventional multi-antenna and relaying tech-
nologies. In the beginning, RISs was considered as hanging ob-
ject on walls that could anomalously reflect incident signals in
a different direction. However, RISs can be placed in the center
of the communication environment to reflect and transmit the
incident signals in desired directions.

4.1. RIS Principle and Hardware Design

RISs are considered a promising technology for improving the
spectrum and energy efficiency of wireless systems by the in-
telligent reconfiguration of the propagation environment of EM
waves. RISs have been extensively researched due to their unique
advantages in enhancing the wireless channel capacity. For wire-
less communication, RISs have been applied to realize anoma-
lous reflection and beamforming. RISs are essentially planar sur-
faces designed with reconfigurable elements; each element con-
tains top metallic patches, PIN diodes, and a dielectric substrate
(Figure 12a). The RISs are mounted with an FPGA to reconfig-
ure the magnitude, phase, and polarization of each RIS element
in real time. A hybrid metasurface with integrated reflecting and
sensing characteristics has been proposed by coupling a portion
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Figure 10. Space–time-modulated metasurfaces. a) The conceptual illustration of spatially discrete, traveling-wave modulation. b) The fabricated meta-
surface prototype. c) Schematic illustration of the metasurface unit cell. (a–c) reproduced with permission.[290] Copyright 2020, American Physical
Society. d) Conceptual illustration of nonreciprocal space–time metasurface. e) The schematic of unit cell. f) The calculated and measured anomalous
reflection angles. g) Experimental illustration of nonreciprocal reflection. (d–g) reproduced under terms of the CC-BY 4.0 license.[291] Copyright 2019,
the authors, published by Springer Nature.

of the incident wave to a waveguide (Figure 12b).[294] The hybrid
metasurface has been applied to realize anomalous reflections in
the prescribed directions (Figure 12d). Furthermore, a graphene-
based RIS has been demonstrated to achieve dynamic control
in the THz range in a wireless propagation environment (Fig-
ure 12e–h).[295] The prototype was designed using rectangular
graphene meta-atoms placed on a silicon substrate, and copper
was used as the ground layer. The proposed design was applied
for tunable anomalous reflection, absorption, and THz commu-
nication.

4.2. RIS-Based Wireless Communication

Future generations of wireless communications will include
several novel applications, such as intelligent transportation
systems, virtual reality, holographic projections, and brain–
computer interfaces. Yuan et al. researched RIS-empowered
wireless communications and identified challenges and oppor-
tunities for future research.[165] Pan et al. presented an RIS for
6G systems and demonstrated its principles, future directions,

and applications.[134] Alexandropoulos et al. presented an RIS
for wireless communication for rich scattering and discussed
the experimental results, opportunities, and challenges for next-
generation communication systems.[296] Liu et al. demonstrated
a smart radio environment scenario focused on the analysis of
the challenges in commercializing and standardizing RISs from
an industrial viewpoint.[154] Lei et al. presented an RIS-based
symbiotic radio (SR) for ultra-massive connectivity requirements
in 6G and demonstrated its operating principles, application sce-
narios, implementation challenges, and opportunities for future
research.[129] Basharat et al. described an overview of RIS-assisted
6G wireless networks and illustrated their practical implemen-
tation, deployment challenges, channel estimation, and future
directions.[128] Liu et al. presented a comprehensive survey of
RISs with a focus on their operating principles, resource allo-
cation, beamforming, and ML-assisted wireless networks.[133]

Gong et al. demonstrated smart wireless communication based
on IRSs with a focus on performance analysis, diverse applica-
tions, and future directions.[181] An RIS-assisted system has been
proposed for robust beamforming design in the presence of a
finite number of phase shifts at each element.[297] To optimize
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Figure 11. Space–time modulate metasurfaces. a) The concept of a space–time-coding digital metasurface. b) 3D scattering patterns of harmonic beam
steering. c) The amplitude and phase distributions. d) The 2D and 3D scattering patterns. (a–d) reproduced under terms of the CC-BY 4.0 license.[292]

Copyright 2018, the authors, published by Springer Nature. e) The concept of space–time-coding metasurface for nonreciprocal reflection. f) The space–
time coding matrix. g) Measured scattering patterns for forward scenario. h) Measured scattering patterns for time-reversal scenario. (e–h) reproduced
with permission.[293] Copyright 2019, Wiley-VCH.

the rate and energy efficiency of the RIS-based communication
system, the RIS phase shifts and number of reflecting ele-
ments have been jointly optimized.[298] The ergodic capacity and
outage probability performance of IRS-based communication
systems are enhanced by increasing the number of reflecting
elements.[299] The minimum number of reflecting elements re-
quired to maintain energy efficiency and spectral efficiency have
been demonstrated.[300] Numerical simulations of a large intel-
ligent surface (LIS) demonstrated that inference suppression
could be improved by increasing the number of terminals.[146]

Since amajority of the recent research articles have been based
on theoretical studies, experimental trials on RIS-aided wireless
communication are limited. Pei et al. proposed a prototype for
RIS-aided wireless communication (Figure 13a–c).[301] The pro-
posed design was evaluated using indoor and outdoor field tri-
als. Furthermore, a feedback-based algorithm for adaptive beam-
forming has also been demonstrated, enabling smart reflections
without modifying the communication standards. A multimod-
ulation scheme based on a time-domain digital coding metasur-
face (TDCM) has been presented for wireless communication
(Figure 13d).[302] Furthermore, a dual-channel wireless commu-
nication system based on a 2-bit space–time coding metasurface

has been proposed (Figure 13e,f).[94] The proposed system can
simultaneously transmit two pictures to two designated users at
different locations in real time.

4.3. Integrating RISs with Emerging Technologies for 6G
Communication

The research discussed in the previous section demonstrates the
usefulness of RIS-aided wireless communication in improving
the quality of service (QoS), channel capacity, and energy effi-
ciency. In this section, we present the challenges and oppor-
tunities for the integration of RISs in 6G communication sys-
tems. The emerging technologies include RF localization, in-
telligent transportation, NOMA, cell-free mMIMO, SWIPT, and
UAV-assisted wireless communication.

4.3.1. RF Localization and Sensing

RISs have been proposed as potential candidates for smart
radio environments and are consequently a promising solu-
tion for localization and sensing-based services in future 6G
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Figure 12. Design and principle of RIS. a) Architecture of RIS. b) The schematic of a hybrid RIS. c) Angle of arrival accuracy as a function of SNR.
d) The far-field pattern of three reflected beams. Reproduced under terms of the CC-BY 4.0 license.[294] Copyright 2021, the authors, published by
Springer Nature. e) Graphene-based RIS for active control of THz waves. f) The concept of anomalous reflection of RIS. g) Perfect absorption spectra
of graphene-based RIS. h) Beam steering using graphene RIS. Reproduced with permission.[295] Copyright 2021, IEEE.

networks.[151–154] Localization and sensing play important roles
in the interaction of the digital and physical worlds, where intel-
ligent devices are aware of their location as well as that of other
devices. Notable applications include intelligent transportation
systems, human-to-machine interfaces, and indoor and outdoor
localization.[303]

Indoor Localization: Indoor localization has significant appli-
cations in airports, shopping malls, and smart factories, where
accurate user positioning is important. Indoor localization ac-
curacy is severely affected by the blockage of the line of sight
(LoS). This limitation can be overcome by mounting the RIS
on a wall and offering virtual LoS links. An RIS-based multi-
user localization has been proposed in an indoor environment,
and a localization protocol has been demonstrated for the coor-
dination of AP, RIS, and users.[304] Multiple RISs are deployed
with single-receive RF chains for user localization.[305] The pro-

posed design is based on the directional estimation of each RIS
and maximum likelihood position estimation, which relies on
the least-squares line intersection. MetaRadar-based multi-user
localization has been demonstrated via tunable metamaterial-
based reconfigurable radio reflection that can modify the radio
environment.[306]

Intelligent Transportation Systems: RIS-based vehicle-to-
everything (V2X) communication[156] and autonomous[307]

driving are envisioned as potential solutions for intelligent
transportation systems. Autonomous vehicles must be capable
of planning their movements in a dynamic environment shared
with pedestrians and other vehicles.[308] Wireless interconnected
infrastructure, vehicles, and pedestrians can perceive environ-
mental information and share it with nearby entities in real
time.[309] The V2X communication users can be considered
to be distributing computing networks using computers and
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Figure 13. RIS aided wireless communication. a) The fabricated prototype of RIS. b) Schematic of RIS element, the phase and magnitude response
of the RIS element. c) The system diagram of RIS aided communication system. (a–c) reproduced with permission.[301] Copyright 2021, IEEE. d) The
fabricated sample, bit error rates and measured constellation diagrams. Reproduced with permission.[302] Copyright 2020, IEEE. Space–time coding
metasurface for wireless communication. e) The transmitting process. f) The receiving process. (e) and (f) reproduced with permission.[94] Copyright
2021, Springer Nature.

extended onboard sensors. Therefore, the potential dangers
can be perceived in real time. With the implementation of RIS
on billboards and buildings, the performance and accuracy of
localization and sensing can be further improved.

4.3.2. RIS-Assisted Unmanned Aerial Vehicles

Unmanned aerial vehicles (UAVs) have attracted substantial at-
tention for their applications in improving the performance of
wireless communication due to their high maneuverability, low
cost, andmobility.[161] RIS-enabledUAV communication systems
are categorized as RIS-assisted aerial base stations (BSs), RIS-
enabled UAV relays, and RIS-assisted UAV UEs. In the first case,
the RIS is mounted on buildings or billboards and UAVs act as
aerial BSs. Therefore, the RIS provides a reconfigurable channel
between the UAV and ground users. The secrecy rate of the RIS-
assisted UAV network was demonstrated by the joint optimiza-
tion of the trajectory and power control of the UAV and phase
distribution of the RIS.[310] For RIS-enabled UAV relay, the RIS
is mounted on the UAV and acts as a passive relay. A UAV-borne
IRS has been demonstrated for wireless relay systems.[311] To an-
alyze the performance of the UAV-IRS system, a mathematical

framework for critical network parameters such as UAV altitude
and number of IRS elements has been developed to maximize
spectral and energy efficiency. UAV applications, such as UE, are
assisted by ground BSs, whereas RISs can be used to improve the
signal strength.

4.3.3. RIS-Aided Nonorthogonal Multiple Access

In non-orthogonalmultiple access (NOMA), the signal frommul-
tiple users is superimposed at different powers on the same fre-
quency, and the desired information is decoded at the receiver via
successive interference cancellation (SIC).[329] Additionally, sum-
rate maximization has been proposed for amulticell IRS-assisted
NOMA network.[330] An ML-based approach has been proposed
for phase shifter design and user partitioning in RIS-enabled
NOMA networks.[331] The physical layer security (PLS) perfor-
mance of the RIS-aided NOMA network was also demonstrated
in the presence of both internal and external eavesdropping.[332]

To improve the PLS of the network, a joint beamforming and
power allocation schemewas proposed. The secrecy performance
of the system can be further improved by increasing the number
of reflecting elements in the RIS.
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Table 2. Integrating RIS with emerging technologies.

Description 1 Description 2 Description 3 Description 4 Ref.

RF localization and sensing RSS based systems MetaRadar localization system Indoor localization of multi-users [306]

Joint optimization of
resources and RIS

V2X communications Socially aware network with joint
resource optimization

[156]

Multi-RIS-assisted sensing
system

Orthogonal matching pursuit based on
ML approach

Single-source positioning [305]

SISO Cramer–Rao bounds Outdoor localization [312]

MIMO-OFDM system Near- and far-field propagation 3D localization in near-field [313]

mmWave MIMO system Channel modeling Indoor and outdoor localization [314]

RIS-assisted UAV UAV-IRS mode Outage probability and ergodic capacity Maximize energy efficiency [311]

Aerial-RIS to support
UAV-BSs

Jointly optimize RIS placement and
phases of RIS elements

High energy efficiency [315]

RIS-Assisted UAV Bit error rate and outage probability Coverage and performance [316]

RIS-aided NOMA SISO-RIS NOMA Reflection coefficients of RIS and power
allocation

Compare TDMA, FDMA, and NOMA for
weighted sum rates

[317]

MISO-RIS-NOMA Active beamforming at BS and phase
shifts of RISs

Joint optimization of phase shifts of RIS
and power allocation

[318]

MISO-RIS-NOMA Active beamforming at BS and phase
shifts of RISs

Beamforming optimization for the energy
efficiency

[319]

SISO-RIS-NOMA Recourse allocation and reflection
coefficients of RIS

Resource allocation and system
throughput maximization

[320]

RIS-assisted SWIPT MISO Multiple-input single-output Throughput maximization [321]

Hybrid-relaying Hybrid-relaying scheme Sum rate maximization [322]

MIMO Joint optimization at BS and phase shift
of the IRS

Performance enhancement of
information and energy receivers

[323]

RIS-aided THz communication Graphene-based RIS Reflection performance of
graphene-based RIS

Dynamic control of THz waves [324]

mMIMO Channel estimation and compressive
sensing

Holographic communication in the THz
regime

[325]

RIS-based cell-free MIMO mMIMO Joint optimization of DL coefficients at
AP and RIS phase shifts

Minimizing the information leakage to
Eavesdropper

[326]

MIMO Hybrid beamforming Sum rate maximization [327]

MIMO Hybrid beamforming Energy efficiency [328]

4.3.4. RIS-Assisted SWIPT

SWIPT is considered an effective technique for prolonging the
energy demands of wireless communication networks, as it
effectively carries energy and RF signal information simultane-
ously. Nevertheless, the low energy efficiency of the receiver is a
critical issue in the practical implementation of SWIPT systems.
To resolve it, RIS-aided SWIPT is a promising solution.[168–170] A
RIS-aided MIMO for SWIPT has been developed to improve the
performance of information receivers (IRs) and energy receivers
(ERs).[323] IRS-aided joint active and passive beamforming
optimization has been demonstrated for SWIPT under QoS
constraints.[170] An IRS-aided MISO system, which operates in
the energy harvesting and signal-reflecting phases, has been pre-
sented for throughput maximization.[321] A self-sustainable
IRS-aided wireless-powered communication network for
optimized energy and information relaying has also been
developed.[322]

4.3.5. Cell-Free mMIMO

A cell-free massive MIMO system consists of a large number of
distributed access point antennas linked via a network controller,
and each user can be served by all access points.[333–335] An RIS-
based cell-free MIMO communication system has been demon-
strated, wherein multiple RISs and a single BS are deployed
to serve multiple users.[327] An energy-efficient RIS-based cell-
free MIMO communication system has been presented, wherein
multiple BSs and RISs coordinate to serve numerous users.[328]

This method achieves a centralized hybrid beamforming design
that increases the burden on the fronthaul network, as all APs
need to share the users’ channel with the CPU. Therefore, a
decentralized beamforming scheme for IRS-based cell-free net-
works has been presented for locally updated beamformers.[336]

Table 2 summerizes the emerging technolgies that can be inte-
grated with RIS to realize the future generation of wireless com-
munications.
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4.4. RIS-Aided Communication: An ML Perspective

ML techniques have received significant attention in wireless
communications owing to their large search space and learning
abilities. Deep learning (DL) and reinforcement learning (RL)
have also been applied to RIS-aided communication systems. RL
andDL algorithms have been applied to diverse optimization sce-
narios, such as the secrecy rate of communication systems,[337]

aerial RIS,[338] and user scheduling.[339]

4.4.1. Deep Learning

Recently, deep learning (DL) has emerged as a powerful approach
for solving communication system problems, including spec-
trum sensing[340] and channel estimation.[341] For RIS-assisted
communication systems, several approaches have been demon-
strated, includingML, DL, RL,[342] supervised learning,[343] unsu-
pervised learning,[344] and federation learning. DL is an effective
in RIS-aided communication systems due to its powerful learn-
ing abilities.[345–347] A deep learning-based framework for chan-
nel estimation in LIS-aided massive MIMO has been presented
by designing a twin convolutional neural network (CNN).[348]

4.4.2. Reinforcement Learning

Deep reinforcement learning (DRL) is an emerging solution for
the optimization of RIS phase shifts without training labels and
allows for online learning. ADRL-based framework has been pre-
sented for phase-shift modeling of a IRS-aided MISO communi-
cation network.[338] A DRL-based RIS-aided multiuser MISO sys-
tem has also been demonstrated by the joint design of the PSM at
the RIS to transmit the beamformingmatrix to a base station.[342]

DRL-based rate maximization using the RIS-aided MISO wire-
less system has been presented, wherein half-duplex and full-
duplex operating modes have been studied simultaneously.[339]

Additionally, a DRL-based IRS has been demonstrated for secure
wireless communication by the joint optimization of base-station
beamforming and IRS reflection beamforming.[337]

4.4.3. Other ML Techniques

In addition to DL and DRL, several algorithms based on super-
vised learning, unsupervised learning, and federated learning
techniques have been proposed to realize next-generation com-
munication systems. Therefore, these techniques are suitable for
RIS-aided wireless communication systems.
Supervised Learning: Owing to the fast convergence and low

complexity of supervised learning algorithms, it can be applied to
RIS-aided communication systems with sufficient training data.
A supervised learning algorithm has been demonstrated for RIS-
enhanced wireless communication systems, where a DNN was
trained offline to devise a relation between the RIS phase config-
uration and the measured coordinate information.[361]

Unsupervised Learning: Unsupervised learning is not data-
hungry as it does not depend on prior knowledge, un-
like supervised learning. Therefore, unsupervised learning

Table 3. Summary of related works aimed to realize the ML-based RIS-
assisted communication..

ML technique Learning mechanism Learning mechanism Ref.

Deep learning CDRN Noise removal [339]

FNN PHY key generation [349]

Reinforcement
learning

DDPG Sum-rate maximization [331]

PDS-PER Secrecy rate enhancement [337]

DDPG Coverage rate maximization [342]

DDPG Efficient resource allocation [350]

MDP Sum-rate maximization [351]

Supervised
learning

ODE-based CNN Performance maximization [352]

CNN Sum-rate maximization [353]

CV-DnCNN Performance maximization [354]

CNN Achievable rate maximization [355]

Unsupervised
learning

RISBFNN Gain enhancement [344]

CNN, FNN Sum-rate maximization [356]

DNN Spectral efficiency [160]

NN Throughput maximization [357]

Federated
learning

CNN Channel estimation [358]

CNN Propagation error reduction [359]

DNN Energy-efficient [360]

algorithms[362] can be applied in RIS-aided wireless systems
to overcome challenges such as channel state detection,[363]

beamforming,[364] and transmission power control in device-to-
device communications.[365] An unsupervised learning algorithm
has been proposed for passive beamforming in RIS-aided wire-
less communication networks.[344] Joint active and passive beam-
forming based on unsupervised learning have also been demon-
strated for RIS-based multi-user MISO downlink systems.[356]

Unsupervised deep-learning-aided RIS has been demonstrated
for broadcast communications in industrial IoT.[160]

Federated Learning: Federated learning (FL) has gained sig-
nificant research interest in the area of distributed optimiza-
tion and large-scale ML because of its characteristics of statis-
tical training models directly on remote devices or siloed data
centers while keeping data localized. RIS-assisted FL is a suit-
able candidate for integrating distributed learning and wireless
communication systems. Over-the-air computation (AirComp)-
based FL has been presented for the fast model aggregation of
IRS-assisted communication systems.[366] Over-the-air federated
learning (AirFL) has been presented for multi-RIS-assisted com-
munication systems to reduce aggregation errors and achieve
faster convergence rates.[359] Energy-efficient communication
has been proposed for IRS-assisted communication systems,
where FL has been applied to the energy-consumption mini-
mization problem.[367] Therefore, FL algorithms can be applied
in RIS-assisted communication systems to overcome challenges
such as privacy protection,[368] channel estimation,[358] and en-
ergy efficiency.[360] Table 3 summerizes the related works aimed
to realize the ML-based RIS-assisted communication.
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Figure 14. STAR-RIS operating principle. a) The simulation setup of STAR-RIS. b) The simulated radiation coverage of STAR-RIS. c) The simulated
radiation coverage of conventional RIS. (a–c) reproduced with permission.[171] Copyright 2021, IEEE. d) The concept of STAR-RISs. e–g) Three practical
protocols for operating STAR-RISs. (d–g) reproduced with permission.[173] Copyright 2021, IEEE.

5. STAR-RIS

STAR-RISs were introduced to overcome the half-space opera-
tion of RISs. STAR-RIS can manipulate both the reflected and
transmitted signals, thereby achieving full-space control of EM
waves. STAR-RISs are designed with several tunable elements
that can simultaneously reconfigure the reflection and transmis-
sion coefficients. STAR-RIS elements support bothmagnetic and
electric currents to control the reflected and refracted signals.
The differences between STAR-RISs and conventional RISs are
significant. For reflecting-only RISs, the bottom of the element
is covered with a metal plate, preventing the incident wave from
penetrating the surface of the RIS to achieve better reflection.
However, STAR-RISs are designed without a metallic ground.
Hence, the incident wave can penetrate the surface to achieve
360° coverage. Usually, STAR-RISs have a more complex design,
as the tunable elements need to control both the magnetic and
electric currents. The reconfigurable characteristic is achieved
via varactors or PIN diodes, and by varying the biasing voltage,
the magnetic and electric reactance of each element can be
adjusted. Several STAR-RISs prototypes, such as transparent
dynamic metasurfaces, have been implemented and presented
to realize simultaneous reflection and transmission.[369] Further-
more, a general STAR-RIS hardware model has been proposed
that can extend wireless coverage to 360° (Figure 14a).[171] The
simulation results of the radiation patterns of the STAR-RIS and
conventional RIS were compared (Figure 14b,c). The desired an-
gles of the reflected and transmitted signals were set as 16.6° and

7.6°, respectively. STAR-RIS formed a beam-like pattern, and the
power densities were higher near the desired angles (Figure 14b).

5.1. Practical Operating Protocols

The incident signal on the surface of the STAR-RIS is divided into
reflected and transmitted signals (Figure 14d). To characterize
the STAR features, a signal model with three protocols, namely
energy splitting (ES), mode switching (MS), and time switching
(TS), are used.[173] For ES, the energy of the incident signal is
divided as the entire surface operates in the transmission and
reflection modes simultaneously. A higher degree of freedom is
achieved via ES as the transmission and reflection coefficients of
each unit element can be optimized (Figure 14e).
For MS, the STAR-RIS elements are divided into R- and T-

mode operating groups (Figure 14f). This STAR-RIS can be con-
sidered a transmit-only RIS and reflect-only RIS of reduced size.
The drawback of MS is that it cannot match the reflection and
transmission beamforming gain of ES because all the elements
are not working in both the reflection and transmission modes
simultaneously. However, the “on–off” switching operating pro-
tocols of MS are less complex and can be easily implemented.
STAR-RIS based on TS can switch the elements between the R
and T modes at different times (Figure 14g). A balance between
front- and back-side communication can be realized by optimiz-
ing the time slots for transmitting and reflecting signals. TS is ad-
vantageous compared with ES and MS because the transmission
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Figure 15. STAR-RIS hardware prototype and experimental evaluation. a) Fabricated transparent dynamic metasurface. b) The prototype of dynamic
metasurface lens. c) Fabricated sample of static metasurface lens. d) Design concept for FZP theory-based dynamic metasurface lens. (a–d) reproduced
with permission.[369] Copyright 2021, The Optical Society. e) The concept of intelligent omni surface (IOS) assisted hybrid beamforming. f) The concept
of an IOS-aided wireless network. g) Schematic of an IOS element. (e–g) reproduced with permission.[370] Copyright 2022, IEEE.

and reflection coefficients are not coupled for a given time slot,
and can hence be optimized independently. For TS, periodic time
switching requires strict time synchronization, thereby increas-
ing the implementation complexity compared to ES and MS.

5.2. STAR-RIS Hardware Prototype and Experimental Evaluation

Published research on hardware prototypes and experiments on
STAR-RISs is limited. In this section, the hardware implemen-
tation of STAR-RISs is presented. A transparent dynamic meta-
surface has been demonstrated for the simultaneous control of
transmission and reflection, designed using transparent glass as
a substrate to realize optical transparency (Figure 15a).[369]

Dynamic switching between reflection and transmission is
realized by stacking the substrate onto another substrate and
controlling the gap between them (Figure 15b,c). Furthermore,
IOS-assisted hybrid beamforming of two users has been demon-
strated (Figure 15e).[370] When the signal is incident on the IOS,

a fraction of the signal is refracted to the other side of the surface,
while another fraction is reflected toward the same side. The IOS
prototype consists of 640 elements (Figure 15f), and the state of
the IOS element can be varied via preloading in the FPGA. The
prototype IOS unit element consists of two PIN diodes on the top
metallic layer, substrate, and ground (Figure 15g). The IOS ele-
ment can realize four states by switching the two PIN diodes ON
and OFF.

5.3. STAR-RIS Applications

STAR-RISs use passive reflecting and transmitting elements in-
tegrated on a planar surface to control EM wave propagation
in full-space. STAR-RIS has reconfigurable characteristics both
in reflection and refraction; therefore, it offers more degrees of
freedom (DoFs) for the flexible manipulation of signal propaga-
tion. Optically transparent STAR-RISs are well-suited for exist-
ing building structures; therefore, they do not have any unde-
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Figure 16. STAR-RIS applications. a) Concept of STAR-RIS aided communication. b) The optimized sum-rate of STAR-RIS-aided MIMO system. Repro-
duced with permission.[374] Copyright 2022, IEEE. c) The relation of sum rate with the surface size. Reproduced with permission.[379] Copyright 2021,
IEEE. d) Simulation setup of secrecy performance of STAR-RIS-assisted NOMA. e) The comparison of secrecy performance. (d) and (e) reproduced
with permission.[380] Copyright 2022, IEEE. f) The relation of sum rate with the surface size. g) Simulation of the maximum data rate with different ϵ.
Reproduced with permission.[381] Copyright 2022, IEEE.

sired aesthetic effects.[369] Hence, they can be easily deployed to
replace windows in the existing structure. A STAR-RIS is more
environment-friendly and energy-efficient than conventional re-
laying systems since it manipulates signal propagation by recon-
figuring the phase modulation of each unit cell.

5.3.1. Full-Space Coverage

STAR-RISs can achieve full-space control of EMwaves; therefore,
they can serve users on both sides of the surface. If deployed
at the end of a cell, the user within the cell coverage and be-
yond can be served due to the simultaneous reflection and re-
fraction. Compared to IRS, where the mobile unit can receive
only the reflective signal, STAR-RIS can receive both reflected
and transmitted signals (Figure 16a). A finite phase shift in the
IOS-assisted system has been proposed based on a branch-and-
bound-based algorithm. The downlink spectral efficiency of the

MU can be maximized based on IOS phase-shift optimization.
The simulation results showed that the IOS-assisted commu-
nication system had significantly enhanced coverage efficiency
compared to reflect-only RIS-assisted systems.[371] Furthermore,
a STAR-RIS-aided two-user communication network has been
demonstrated, and the fundamental coverage range of the system
has been characterized.[372] For both OMA and NOMA, sum cov-
erage range maximization has been demonstrated for the STAR-
RIS. Moreover, the reflection and transmission coefficients and
resource allocation at the access point are jointly optimized.

5.3.2. Interference Cancellation

Owing to the dense deployment of cells in futuremobile commu-
nication systems, several users can operate within the coverage
range of several cells. Such a scenario can increase multi-cell
interference and degrade the performance of the network. STAR-
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RISs can direct the signal to a definite user on one side of the
surface, thereby eliminating interference toward the user on the
other side of the surface and alleviating multi-cell interference.

5.3.3. Physical Layer Security

In the presence of unauthorized eavesdroppers in a wireless
medium, confidential messages can be sent through a PLS with-
out higher-layer encryption. The implementation of PLS for se-
cure communication can be improved using a non-reciprocal
channel created by the STAR-RIS. Accordingly, users on one side
of the STAR-RIS can receive the reflected signals, and eavesdrop-
pers on the opposite side receive only the noise generated by the
refracted signal.

5.3.4. Sensing and Localization

Sensing and localization have several applications, includ-
ing drone tracking, personal radar, and emergency-call
localization.[373] However, the received signals at different
locations must be distinguishable for better localization accu-
racy. The STAR-RIS can tailor the propagation channels and
enhance these differences; therefore, it is a promising solution
for RF sensing and localization.

5.4. STAR-RIS Aided Wireless Communications

5.4.1. Sum Rate Optimization

Weighted sum rate (WSR) optimization in a STAR-RIS-aided
MIMO system has been proposed based on the ES scheme.[374]

For unicast communication, the WSR increases with Ps for all
schemes (Figure 16b). However, TS performs better than ES
and MS as it can eliminate interuser interference. By increas-
ing the surface size of the STAR-RIS, better signal strength can
be achieved, and hence, the WSR has a larger surface area.
For broadcast communication, ES and MS perform better than
TS. Furthermore, joint beamforming and TRCs are optimized
for a STAR-RIS-aided MISO network considering the discrete
coefficient.[375]

5.4.2. Channel Estimation

Uplink channel estimation for the STAR-RIS-based two-user
wireless communication system has been presented.[376] A prac-
tical coupled phase-shift model based on the ES protocol was de-
vised for joint channel estimation of both users. Furthermore,
channel model approximation and performance analysis of the
STAR-IOS-assisted NOMA network have been presented.[377]

5.4.3. Coverage Characterization

In contrast to RISs, which can reflect the incident signal, STAR-
RISs can send signals to the MU in both a transmissive and

reflective format and enhance the wireless coverage. A coupled
phased shift model for two user scenarios is considered, where
the AP transmits the information to both users that are present
on both sides of the STAR-RIS.[371] The diversity gains of con-
ventional RIS and STAR-RIS are compared. Further, the cover-
age characterization of STAR-RIS-assisted communication for
OMA and NOMA has been presented.[378] Resource allocation
in multi-career communication based on OMA and NOMA has
also been presented. It was concluded that same-side user pairing
is preferable in OMA; however, the transmission-and-reflection
scheme provided better results with NOMA. The STAR-RIS-
aided NOMA performed better than the OMA and conventional
RIS (Figure 16c).[379]

5.4.4. STAR-RIS Enabled NOMA Communication

NOMA has gained considerable attention as a potential candi-
date for next-generation multiple access (NGMA) since it can
support massive connectivity and enhance spectrum efficiency.
The achievable sum rate of the STAR-RIS-aided NOMA net-
work is maximized by the joint optimization of the decoding
order, active beamforming, power allocation coefficients, trans-
mission, and reflection beamforming.[382] The outage perfor-
mance of the STAR-RIS-assisted NOMA network can be ana-
lyzed by randomly deployed users, and the simulation results
showed that the STAR-RISs could improve the channel quality
for its users.[383] For simultaneous intercell interference cancella-
tion and signal enhancement, a STAR-RIS-aided NOMAnetwork
has been demonstrated.[384] The proposed design can outper-
form conventional signal-enhancement-based (SEB) and signal-
cancellation-based (SCB) designs.

5.4.5. Secrecy Performance

A combination of STAR-RISs and NOMA can significantly en-
hance coverage; however, eavesdroppers may have the same
advantages. To overcome this and maximize secrecy, an artifi-
cial noise (AN) secure communication approach has been pro-
posed (Figure 16d).[380] The secrecy performance of the pro-
posed method was compared with that of the baseline naive
null scheme (Figure 16e). Further, the secrecy performance of
a MISO network based on STAR-RIS was presented by the joint
optimization of beamforming, and transmission and reflection
coefficients that can maximize the weighted sum secrecy rate
(WSSR).[172] Additionally, an IOS-aided secure MIMO communi-
cation network has been demonstrated for a multiantenna eaves-
dropper scenario.[385]

5.4.6. STAR-RISs for Cellular Networks

STAR-RISs play a significant role in the coverage extension of
a communication system in the presence of obstacles between
users and BSs or APs. For outdoor communication scenarios,
STAR-RIS can offer a substitute link between the BS and user by
mounting STAR-RISs on billboards and building facades. Trans-
parent STAR-RISs can be mounted on the body of vehicles, air-
planes, and cruise ships to increase signal strength by using the
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refractive characteristics. Additionally, an IOS-based multi-user
communication system has been proposed to improve the QoS
of many MUs presented on both sides of the surface.[381] By in-
creasing the number of IOS elements, the average sum rate in-
creases (Figure 16f).When the ISO operates in both reflective and
refractive modes, the sum rates on both sides of the surface are
improved. In reflective-only mode, most of the power is reflected
on the left side. In the refractive-only mode, power is transmitted
on the right side of the surface (Figure 16g).

5.4.7. STAR-RISs Assisted Indoor Communication

STAR-RISs can act as a bridge for outdoor-to-indoor communica-
tion due to simultaneous transmission and reflection character-
istics. As STAR-RISs provide full-space coverage, it can decrease
the distance by avoiding the multihop bounces of the signal to
reach the user, therefore, improving the received signal power.
STAR-RIS-based indoor communications are presented, where
STAR-RIS can be mounted on the walls to improve the QoS of
indoor communication systems. Furthermore, in order to elimi-
nate the blind spots of wireless fidelity (WiFi) networks and vis-
ible light communications, a link between the users and APs is
formed through STAR-RIS to enhance the coverage.

5.4.8. STAR-RISs Aided Communication: An ML Perspective

Federated learning (FL), a distributed machine-learning frame-
work, is a promising technique that relies on decentralized data
and protects user privacy.[386] A unified framework of NOMA and
federated learning based on STAR-RIS has been presented to at-
tain improved performance compared to benchmarks.[387]

6. Conclusions and Perspectives

We have presented a comprehensive review of the recent ad-
vances in intelligent metasurfaces, focusing particularly on tun-
ing mechanisms, hardware design, and their diverse applica-
tions. We have discussed reconfigurable and programmable
metasurfaces, classified into space-gradient, time-modulated,
and space–time-modulated metasurfaces. Moreover, we have de-
scribed the fundamental principles of RISs,ML-powered RIS sys-
tems, and integration of RIS with developing technologies for
6G wireless networks. Finally, we have presented a comparison
between conventional reflect-only RISs and STAR-RISs with re-
spect to their physical mechanism, hardware design, and promis-
ing applications.
Reconfigurable metasurfaces based on PCMs offer excellent

phase and amplitude modulation. Nevertheless, their switching
speed was comparatively slow (<1 kHz) and device efficiency
was moderate. The most commonly used PCMs are GST and
VO2 that exhibit non-volatile and volatile switching, respectively.
Notable applications include beam steering, optical switching,
thermal modulation, bifocal lenses, and holographic imaging.
Graphene-based tunable metasurfaces have also been used to
realize ultrathin devices with high-speed operation, large phase
modulation, and low power consumption. Such devices can op-
erate in the THz and MIR regimes. Prominent applications in-
clude beam steering, phase modulators, and tunable absorbers.

Electrically tunable transparent conducting oxide metasurfaces
have received significant interest for their operation in the NIR
and MIR regimes. Such a metasurface design offers large refrac-
tive index modulation, excellent phase modulation, low power
consumption, and high operation speed. Prominent applications
include tunable absorbers, metalenses, and beam steering. LCs
are a promising solution for realizing tunable metasurfaces as
they exhibit complete 2𝜋 phase modulation and outstanding am-
plitude modulation. Such tunable metasurfaces have low power
consumption and high efficiency and can operate in the mi-
crowave, visible, and NIR regimes. Notable applications include
light modulation, color filtering, and beam steering. The most
popular tuning mechanism for realizing reconfigurable intelli-
gent surfaces at microwave frequencies is lumped elements. PIN
diodes and varactors are also commonly used, and a DC bias is
applied to tune their impedance and realize reconfigurable func-
tions.
Mechanical tuning through origami- and kirigami-based struc-

tures provides reconfigurable properties to metasurfaces by the
structural configuration of constitutive unit cells. Additionally,
MEMS are suitable candidates for realizing active metamate-
rials owing to their reconfigurable mechanical structures, low
power consumption, and compatibility with CMOS technology.
Microfluidics has also been applied to activemechanicalmetama-
terials, specifically for biosensing applications. Microfluid-based
tunable metasurfaces exhibit substantial amplitude modulation
and a device efficiency of 55–95%. However, they have a slow
response time, usually on the millisecond scale. Mechanically-
stretchable substrate-based tunable metasurfaces exhibit large
amplitude modulation, large phase modulation, and high de-
vice efficiency. However, they have slow response times, are
environment-sensitive, and cannot control each unit element in-
dividually. Mechanically stretchable substrates have been em-
ployed to realize tunable metasurfaces in the visible to NIR
regime, and their notable applications include color filters and
metalenses. The permittivity of a material can be tuned by modi-
fying its optical properties via an electrochemical reaction. Chem-
ically tunable metasurfaces have a phase modulation of 180°, low
modulation speed (<0.1 Hz), and device efficiency of up to 75%.
Prominent applications include holograms, beam steering, and
dynamic color filters. Each tuning mechanism has unique char-
acteristics; therefore, the selection of the tuning mechanism de-
pends on the desired functionality of the device. For example, if
applications require a high modulation speed (>kHz), electrical
tunability is ideal. However, they have low efficiency and are lim-
ited to a certain operational wavelength range. Conversely, LC-
based active metasurfaces have high efficiency and a large opera-
tional spectral range; however, they have slowmodulation speeds
(<1 kHz).
Programmable metasurfaces[69–73] have been developed by

embedding an FPGA to dynamically manipulate the EM wave
and enable switching between diverse functions in real time by
varying the input coding sequences. Accordingly, space-gradient
metasurfaces are constrained by time-reversal symmetry and
Lorentz reciprocity, which are overcome by introducing a
temporal gradient metasurface. Moreover, spatiotemporal meta-
surfaces have been that can realize novel physical phenomena
and applications have been developed, including breaking the
Lorentz reciprocity, harmonic manipulations, Doppler cloaks,
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and frequency conversion. The functionalities of tunable and
reconfigurable metasurfaces can be enhanced by adding sen-
sors to detect temperature, humidity, illuminating light, etc.,
thus paving the way for intelligent metasurfaces. These in-
telligent metasurfaces offer intelligent control of EM waves,
leading to the development of numerous novel devices and
applications in various frequency regimes. Additionally, they are
equipped with sensing and feedback components to control the
reprogrammable functions without human intervention.
While we have already witnessed substantial progress in the

field of tunable and intelligent metasurfaces, several challenges
and applications require further exploration. For example, the in-
dependent control of amplitude and phase is required for the dy-
namic control of EM waves. For the optical frequency band, local
tuning mechanisms should be further explored as the GHz/THz
regime-tuning methods are not compatible with optical frequen-
cies. From a material perspective, novel materials with tunable
characteristics that are compatible with CMOS technology must
be explored. At present, the space–time coding metasurface is
phase-modulated only. Hence, the development of amplitude
modulation and amplitude-phase modulation can offer more
practical and flexible control of EM waves. Furthermore, most
STC digital metasurfaces are reflect-only, limiting feed block-
age; therefore, transmission-type and waveguide-fed metasur-
faces must be researched in the future. STC digital metasurfaces
based on PIN diodes or varactors have limitations in terms of
switching speed and are only applicable in the microwave band.
The use of different materials such as indium tin oxide (ITO),
graphene, and phase-changing materials to realize STCs in the
THz and optical frequency regimes is needed.

6.1. Novel Materials with Tunable Characteristics

To further improve the performance and sustainability of tun-
able and intelligent metasurfaces, novel active materials are re-
quired. These materials include novel conducting oxides, and
phase-change and 2Dmaterials. Therefore, extensivematerial re-
search is required to explore materials providing large refractive
index variations upon external stimuli, lower response times, and
compatibility with existing nanofabrication techniques. Another
challenge, specifically for optical metasurfaces, is the fabrication
of a large-scale metasurface. Since metasurfaces are fabricated
via expensive techniques such as electron beam lithography, sus-
tainable mass production of large-area metasurfaces is difficult.
A separately controllable unit cell with a distinct optical response
is also necessary for many applications. Therefore, their devel-
opment is important for realizing more practical and sustain-
able devices.

6.2. Sustainable Development

Although electronic system design and fabrication have devel-
oped rapidly in recent years, several significant problems are
prevalent when designing sustainable electronics, including the
reduction of the environmental impact of e-waste and environ-
mentally friendly materials without compromising the perfor-
mance. Therefore, significant attention should be diverted to-
ward reducing the environmental impact of production pro-
cesses, materials, and consumption. The material fabrication

process consumes a large amount of energy and is a substantial
source of greenhouse gas (GHG) emissions, producing ≈25% of
all anthropogenic CO2 emissions. This waste is generated dur-
ing both production and disposal. Therefore, improving the fab-
rication process and efficient use of materials can contribute to-
ward sustainability and environmental benefits.[388] Tunable and
reconfigurable metasurfaces also play an important role in sus-
tainable development, as a device, once designed and fabricated,
can be reconfigured and reprogrammed for various applications.
Since refabrication increases energy consumption and produces
more CO2, reusing the reconfigurable metasurface for new ap-
plications is environmentally friendly.

6.3. Green Communications Toward 6G

In the current 5G and future 6G eras, as the network infrastruc-
ture grows rapidly, the number of network nodes will increase
exponentially, leading to rising energy costs and increasing car-
bon footprint. Researchers have proposed two solutions to reduce
the energy consumption in 6G: energy harvesting[389] and energy-
efficient network-management algorithms.[390] RF harvesting not
only realizes SWIPT but also employs an interference signal.
For energy-efficient network management, AI can be adopted
to simplify the traditional mathematical iteration process. Fur-
ther, RISs and STAR-RISs can be employed to realize SWIPT and
improve the energy efficiency of traditional communication sys-
tems. In addition, to realize AI-based green communication, the
energy consumption of AI algorithms should be investigated.[391]

Although recent research has focused on performance improve-
ment compared to conventional algorithms, the energy require-
ment for training and running the AI models has been typically
neglected. Therefore, the minimization of energy requirement is
key to developing AI-based green communication in future re-
search, urging the design and execution of AI algorithms in an
energy-efficient manner.
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