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Abstract—Intelligent surfaces (ISs) have emerged as a key
technology to empower a wide range of appealing applications for
wireless networks, due to their low cost, high energy efficiency,
flexibility of deployment and capability of constructing favor-
able wireless channels/radio environments. Moreover, the recent
advent of several new IS architectures further expanded their
electromagnetic functionalities from passive reflection to active
amplification, simultaneous reflection and refraction, as well as
holographic beamforming. However, the research on ISs is still in
rapid progress and there have been recent technological advances
in ISs and their emerging applications that are worthy of a
timely review. Thus, we provide in this paper a comprehensive
survey on the recent development and advances of ISs aided
wireless networks. Specifically, we start with an overview on the
anticipated use cases of ISs in future wireless networks such
as 6G, followed by a summary of the recent standardization
activities related to ISs. Then, the main design issues of the
commonly adopted reflection-based IS and their state-of-the-
art solutions are presented in detail, including reflection opti-
mization, deployment, signal modulation, wireless sensing, and
integrated sensing and communications. Finally, recent progress
and new challenges in advanced IS architectures are discussed
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to inspire futrue research.

Index Terms—Intelligent surfaces (ISs), 6G, reflection opti-
mization, modulation, deployment, wireless sensing, integrated
sensing and communication (ISAC), active IS, omnidirectional
IS, holographic IS.

I. INTRODUCTION
A. Overview of 6G

The global mobile traffic in the next decade is envisaged
to increase explosively and reach over 5000 exabytes per
month in 2030 [1]. Such a demand will pose a huge chal-
lenge to the current fifth-generation (5G) wireless network
in terms of energy consumption, cost, complexity, etc. To
address this challenge and foster new applications, world-
wide academic and industrial communities, together with
standardization organizations, have been devoting their efforts
to embrace the next/sixth-generation (6G) wireless network
in the future. Starting from the first global 6G research
program named “6Genesis” in 2018 [2], extensive preliminary
projects, works, and standard proposals have been pursued
to define/identity the 6G framework, usage scenarios, key
technical requirements, and enabling technologies [3]. A very
recent significant progress is that in June 2023, a new and
complete 6G vision has been proposed by the International
Mobile Telecommunications for 2030 and beyond (IMT-2030)
promotion group during the 44th meeting of the international
telecommunication union radiocommunication sector working
party 5D (ITU-R WP5D) [4], [5]. Evolving from 5G, 6G
is envisioned to provide global seamless coverage, expand
the utilized spectrum resources beyond the millimeter wave
(mmWave) frequency bands, and establish the physical-digital
world mapping to support a wide range of new applications
and services intelligently, which will drive the next wave of
digital economic growth, as well as sustainable far-reaching
societal changes and digital equality.

To specifically characterize 6G visions, six usage scenarios
with required network capabilities are suggested by IMT-2030,
as illustrated in Fig. 1 [4]. Particularly, the three 5G scenarios,
i.e., enhanced mobile broadband (eMBB), massive machine
type communications (mMTC), and ultra-reliable and low-
latency communications (uURLLC) have evolved to immersive
communication, massive communication, and hyper-reliable
and low-latency communication in 6G, respectively. Specif-
ically, immersive communication covers application scenarios
offering an interactive and immersive experience for users,
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Fig. 1. Illustration of 6G usage scenarios of IMT-2030 [4].

such as the extended reality and holographic communications,
which generally require 10 Gbps user experienced data rate
and 1 Tbps peak data rate [4], [6]. Massive communication
aims at supporting massive number of connections to facilitate
Internet-of-things (IoT) applications like smart cities, smart
home, health and environment monitoring, which necessitates
the requirement of 30-50 Mbps/m? area traffic capacity and
10°-10% devices/km® connection density [4]. Hyper-reliable
and low-latency communication scenarios include smart fac-
tory, smart health, and smart transportation to support in-
telligent industrial control, remote precise surgery, and fully
autonomous driving, which may require 0.1 ms latency and
99.99999% reliability [1], [6].

Furthermore, three new usage scenarios are identified in
6G, namely integrated sensing and communication (ISAC),
integrated artificial intelligence (Al) and communication, and
ubiquitous connectivity. Specifically, ISAC enables services re-
quiring sensing capabilities such as high-precision localization
and tracking, radio imaging and map generation, and activity
pattern recognition, which rely on centimeter-level position-
ing accuracy and millimeter-level sensing/imaging resolution.
Integrated Al and communication will support numerous in-
telligent applications, including human-machine interaction,
digital twin-based prediction and decision-making, and heavy
computation tasks, which call for Al-oriented communication
and computing support. Ubiquitous connectivity targets at
filling in the blanks like scarcely covered areas (such as sea,
desert, forest, etc.) and complicated indoor environments by
maintaining consistent user experience over them. In summary,
6G visions are expected to be fulfilled by the above six
usage scenarios which call for unprecedentedly high network
performance as compared to 5G.

B. Overview of Intelligent Surfaces (ISs)

1) Historical Development of 1Ss: As shown in Fig. 2,
ISs can be traced back to the early study on a special type
of antenna array called reflectarray [7]. Reflectarray operates
with an active source radiating radio-frequency (RF) signals

towards a nearby reflective surface formed by arrays of passive
antennas to achieve desired radiation patterns, which was
aimed at reducing the hardware cost of conventional active
antenna arrays. Subsequently, the research on investigating
the more sophisticated interaction between electromagnetic
(EM) waves and metamaterials was also pursued (e.g., [8],
[9]). In particular, the transition conditions for the average
EM fields across a surface with a type of metamaterial called
metafilm were studied in 2003, showing that the EM wave
can be controlled by electrically changing the properties of a
metafilm [10]. This result inspired the new idea of deploying
metamaterial-made IS in the environment to alter wireless
signal propagation, which thus opened up a new direction
for IS beyond the traditional reflectarray. Subsequently, an
intelligent wall equipped with a certain type of metamaterial
called active frequency selective surface was proposed to
manipulate the propagation environment inside a building
[11]. Afterwards, the controllability of metamaterials over
EM waves underwent further development. In 2014, tunable
metasurfaces were developed to construct a spatial microwave
binary phase modulator [12]. Meanwhile, programmable meta-
materials were proposed to manipulate EM waves by digitally
coding the metamaterials with a field-programmable gate
array (FPGA) [13], which greatly extended the flexibility of
controlling the EM wave.

The aforementioned development of programmable meta-
materials/surfaces promoted the formation of the new IS
concept and its applications in wireless communications. In
2018, the large intelligent surface (LIS) was proposed for
enhancing wireless sensing and communication performance
in [14]-[16]. As an extension of the conventional massive
multiple-input-multiple-output (MIMO) technology, LIS, like
massive MIMO, is also based on the active array architecture,
which incurs higher hardware cost and power consumption
with increasingly more antenna elements employed. In the
same year, a software-controlled programmable metamaterial
architecture named HyperSurface Tile was proposed in [17] for
proactively controlling the radio propagation environment to
enhance the wireless communication performance. In addition,
a similar concept called intelligent reflecting surface (IRS)
was proposed independently in [18], which, for the first time,
investigated the joint active and passive beamforming design
problem in an IRS-aided wireless system for maximizing
the communication spectral efficiency (SE). In particular, a
quadratic power scaling law with the increasing number of
IRS elements was revealed in [18], which unveiled the more
cost-effective performance gain of IRS passive beamforming
as compared to the conventional active beamforming (via e.g.,
massive MIMO and LIS) with only a linear power gain over
the number of antenna elements. IS structures that are not
limited to reflection, i.e., reconfigurable intelligent surface
(RIS) were discussed in [19] and [20]. Also, holographic
MIMO surface [21] was proposed to encompass relay-type
and transmitter-type, as well as discrete and continuous im-
plementations. To extend the signal coverage of reflection-
based IRS, the intelligent omni-surface (I0S) [22] and the
Simultaneous Transmitting and Reflecting RIS (STAR-RIS)
[23] were subsequently proposed to enable both signal reflec-
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Fig. 2. Historical development of ISs.

tion and refraction of ISs. A more recent IS development was
the general Beyond Diagonal RIS (BD-RIS) architecture [24],
which includes the above-mentioned IS architectures as special
cases by enabling more sophisticated signal processing across
IS elements. Another architecture based on multi-layer ISs is
refereed to as stacked intelligent metasurface [25]. ISs have
put forth the emerging concept of smart radio environment that
can provide uninterrupted wireless connectivity, in an energy
sustainable manner by recycling existing radio waves [26]-
[28].

2) Classifications of ISs: As a collective term for pro-
grammable metasurfaces with various functionalities, ISs can
be categorized from the following perspectives.'

o Continuous/Discrete ISs: Discrete ISs refer to ISs com-
posed of discrete elements with certain spacing between
adjacent elements, while continuous ISs are formed by a
continuous-aperture surface.

e Reflection-/Refraction-based ISs: The signals impinging
on an IS can be either reflected or refracted completely
(i.e., IRS and intelligent refracting surface, respectively)
or partially reflected and refracted at the same time to
achieve a full-space signal coverage.

'We will use IS/ISs consistently in the sequel of this paper unless specified
otherwise.

o Active/Passive ISs: The passive IS only reflects/refracts
the incident signal with controllable phase shift and/or
amplitude without amplification. In contrast, the active
IS is able to amplify the impinging signal while manip-
ulating its phase shift at the same time.?

3) Applications of ISs in 6G: As shown in Fig. 3, ISs are
envisioned to facilitate and enable a wide range of applications
for future 6G usage scenarios. For example, to enable im-
mersive communication applications, such as extended reality
(XR) and ultra-high definition (UHD) video services usually
supported by high-frequency wideband signal transmission,
ISs can help overcome the severe path loss and bypass
obstacles by providing high beamforming gains and additional
propagation paths, respectively [29]. Additionally, to facilitate
hyper-reliable and low-latency communication applications,
such as industrial control, telemedicine and emergency ser-
vices, ISs can be utilized to improve the channel quality and
transmission reliability by creating the dominant line-of-sight
(LoS) path to mitigate the undesired multipath fading. Partic-
ularly, for services with stringent requirements on reliability
and latency, especially in high-mobility scenarios such as fully
autonomous driving, ISs can be either deployed at the roadside
to enhance the signal strength for the vehicles (or passengers
inside vehicles) on the road, or mounted on the vehicles
to mitigate the fast channel fading arising from their high
mobility [30]. Moreover, to support massive communications
in e.g., smart cities, environmental monitoring and other IoT
applications, ISs can be used to improve the system throughput
and fairness for densely deployed devices by jointly design-
ing reflections/refractions and their non-orthogonal multiple
access (NOMA) scheme [31], [32].

In addition to the aforementioned three scenarios, ISs can
effectively facilitate applications in the newly introduced sce-
narios for 6G. Under the integrated Al and communication
scenario, especially the edge Al scenario where edge servers
aggregate data from mobile devices over wireless links to
perform Al tasks such as federated learning, ISs can be utilized
to provide favorable wireless channel environment for real-
time data aggregation and exchange, distributed computing,
remote monitoring and controlling, etc., thereby improving
Al performance and scalability [33], [34]. On the other hand,
Al algorithms can also be promisingly applied to solve non-
convex, highly nonlinear and large-scale design and optimiza-
tion problems in IS-aided wireless networks, such as passive
beamforming, channel estimation, optimal deployment and
resource allocation [35]. Besides, the use of massive and flex-
ibly deployed ISs in proper locations is appealing to achieve
the ubiquitous connectivity even in a complex propagation
environment with rich scatterers/obstacles. In addition, ISs
can be deployed on maritime or aerial mobile platforms (e.g.,
ships, unmanned aerial vehicles (UAVs), balloons, airships,
satellites, and so on) to provide wireless coverage for scarcely
covered areas [36]-[38]. Furthermore, the flexibility of ISs to
reflect or refract wireless signals enables coverage for dead
zones in conventional terrestrial networks [39].

’In the rest of this paper, the term passive refers to ISs with no power
amplification capabilities.
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Fig. 3. Illustration of IS applications in 6G.

Apart from communication applications, ISs can also be
employed to improve both the sensing and communication per-
formance in ISAC applications. For instance, to enable ISAC
services such as navigation, high-precision positioning, user
activity detection and tracking, ISs can be flexibly deployed
on the surface of walls, buildings, and vehicles as additional
reference nodes to enhance the positioning accuracy of the
future dual-functional radar and communication (DFRC) BS
[40], [41], as well as mounted on targets like automobiles
or UAVs to enlarge their radar cross section (RCS) for high-
resolution detection and highly accurate real-time tracking
[30], [41]. In addition to the above, ISs can assist in many other
applications, such as enhancing the physical-layer security
[42]-[45] and boosting both the communication rate and
the energy transmission efficiency for simultaneous wireless
information and power transfer (SWIPT) as well as wireless
powered communications [46]-[52].

4) Prototypes/Field Trials of ISs: The versatile promising
applications of ISs in wireless networks have spurred extensive
worldwide endeavors in experimentation, measurement, and
prototyping. Some representative results are summarized in
Table 1. The usefulness of ISs has been demonstrated in
wireless systems operating at frequencies ranging from sub-6
GHz to mmWave, Terahertz (THz), and even optical frequency
bands [53]-[56].

C. Standardization Activities

As an innovative radio access technology, IS has already
been included in the ITU-R IMT-2030 report on future tech-
nology trends, as a candidate technology for enhancing the
radio interface of future telecommunication standards [77],

[78]. During the last two years, IS has been under evaluation
for its inclusion in future telecommunication standards, and
pre-standarization and standardization bodies are currently
working on it. In this subsection, we briefly overview the
most relevant standarization activities on IS. Also, we put
them in context with other standarization activities focusing
on technologies that have strong ties with IS, notably THz
communications and ISAC.

1) Third Generation Partnership Program (3GPP): The
mission of 3GPP is the creation of the mobile broadband
standard, with an increasing emphasis towards connecting the
internet of things — whether the need is for uRLLC at one
end of the scale or for energy efficiently low-cost, low-power
devices at the other [79]. 3GPP unites seven telecommu-
nications standard development organizations (ARIB, ATIS,
CCSA, ETSI, TSDSI, TTA, TTC), known as “Organizational
Partners” providing their members with a stable environment
to produce the reports and specifications that define technolo-
gies. 3GPP specifications cover cellular telecommunications
technologies, including radio access, core network and service
capabilities, which provide a complete system description
for mobile telecommunications. The 3GPP specifications also
provide hooks for non-radio access to the core network, and
for interworking with non-3GPP networks.

As far as IS is concerned, several proposals have been made
during the 3GPP release 18 (Rel-18) radio access network
(RAN), including:

o New radio (NR) repeaters and IS from KDDI Corpo-
ration (RWS-210300) — Evaluation of the performance
benefits of ISs assuming compatibility with legacy user
equipments (Rel-15/16/17).

o NR smart repeaters from China Mobile Communications



TABLE I
LIST OF REPRESENTATIVE IS PROTOTYPES/FIELD TRIALS

Year | Description of IS prototypes/field trials

2018 | A meta-structure-based reflectarray facilitating 28GHz-band 5G systems was developed by NTT DOCOMO and Metawave [57].

2019 | A programmable metasurface-based 8-phase shift-keying transmitter operating at the 4.25 GHz band was presented [58].

2020 | A surface with over 3200 elements operating at the 2.4 GHz band was developed, improving signal strength [59].

2020 | A 36-element array of inexpensive antennas operating at the 2.4 GHz band was developed, improving channel capacity [60].

2020 | A high-gain yet low-cost RIS was developed with 256 elements and 2-bit phase shifting operating at the 2.3 GHz or 28.5 GHz band [61].
2020 | A smart surface prototype was developed with measurements showing throughput improvement over commercial MIMO systems [62].
2021 | An RIS path loss model was verified by experimental measurements conducted at the 4.25 GHz and the 10.5 GHz band [63].

2021 | An RIS prototype with 1100 elements working at the 5.8 GHz band was developed, achieving high performance in various scenarios [64].
2022 | An IRS prototype operating at the 2.6 GHz band was developed by Huawei and its collaborators, showing superiority to 5G systems [65].
2022 | A prototype of I0S-based wireless communications was developed with the functionality of IOS verified by experiments [66].

2022 | An RIS prototype with the ability to continuously control the phase shifts was developed with its properties characterized [67].

2022 | An RF-switch-based RIS prototype operating at the 5.3 GHz band was developed with dataset characterization [68].

2022 | RIS prototypes covering sub-6 GHz to 28 GHz bands were developed with field tests conducted by ZTE [69].

2023 | Field trials on RIS operating at the sub-6 GHz band were conducted, achieving 40 dB indoor received power improvement [70].

2023 | An electronically almost-360° steerable metamaterial surface that operates above the 24 GHz band was developed [71].

2023 | A multi-RIS prototype was developed to facilitate Wi-Fi and commercial 5G networks operating at the 3.4 GHz and the 5.8 GHz band. [72].
2023 | A reconfigurable metasurface operating at the 0.34 THz band was developed, achieving 1° angular precision of beam scanning [73].

2023 | An RIS prototype operating at the 5G FR2 frequency band was developed by Greenerwave and verified by Rohde & Schwarz [74].

2023 | Field trials on throughput enhancement with RIS were conducted in a 5G mmWave commercial network at the frequency of 27 GHz [75].
2024 | Experiments on using RIS to enhance wireless coverage were conducted in a 5G commercial network operating at the 2.6 GHz band [76].

Corporation (CMCC) (RWS-210339) — Study candidate
side control information such as timing, beam, and band-
width information for smart repeaters (RAN1, RAN4);
and specification of RF requirements considering side
control information (RAN4).

Support of IS for 5G-Advanced from Zhongxing
Telecommunication Equipment (ZTE) Corporation,
Sanechips (RWS-210465) — Technical enhancements and
specification support for IS, including beam management,
channel state information enhancement, control interface
between ISs and BSs, interference coordination.
Introducing IS for 5G-Advanced from Sony Europe
(RWS-210306) — Study phase in Rel-18 to investigate IS
entrance impact on specifications including initial access,
beam management, and channel models.

Motivation of IS requirements in Rel-18 from China
Unicom (RWS-210390) — Study of ISs including deploy-
ment scenarios and channel modeling, potential impact
on beam management and interference coordination.
NR smart repeaters for Rel-18 from Qualcomm (RWS-
210019) — Work in Rel-18 on smart repeaters, including
the study of side control information (RANT1), protocol
support (RAN2), and RF and electromagnetic compati-
bility requirements (RAN4).

o Smart repeaters enhancements from MediaTek Inc.
(RWS-210099) — Smart repeater enhancements including
support for beamforming (RANT1), interference manage-
ment (RAN1), operation and integration (RAN2), neces-
sary backward compatibility with legacy user equipments.

e IS from Rakuten Mobile Inc. (RWS-210247) — Study
item on ISs for Rel-18 considering channel modeling,
use cases and deployment scenarios.

As far as 3GPP is concerned, Rel-18 will include, on
the other hand, a study item (RP-213700 [80], TR-38.867
[81]) on network controlled repeaters (NCRs). These repeaters
are intended to address the limitations of conventional RF
repeaters as well as to provide enhanced low-cost coverage.
Conventional amplify-and-forward repeaters are considered
which operate with minimal processing and do not require
signal decoding and reconstruction. Therefore, they operate
at a lower complexity and latency than decode-and-forward
repeaters. The price to pay for the reduction in complexity lies
in a reduced link quality and increased network interference,
which is due to the interference/noise amplification. When
applied to high frequency bands (above 24 GHz), amplify-
and-forward repeaters provide limited coverage. In fact, static
directional repeaters cannot adapt to the channel conditions
and user mobility, which is necessary in communication sys-



tems where directional communications and high beamform-
ing gains are necessary. NCRs will be designed to include
an in-band control interface to configure and manage their
behavior, with the objective of reducing the amplification of
noise and supporting communications with a better spatial
directivity. A detailed description of NCRs in the context of
3GPP standardization can be found in [82]. NCRs are often
considered a stepping stone for ISs, since the control channel
may be reused. Recent research works have also compared
NCRs and ISs, as summarized in [82].

2) European  Telecommunication  Standards  Institute
(ETSI): ETSI is a leading organization for the development
of standards on information and communication technologies,
fulfilling European and global market needs [83]. ETSI has
over 900 members from 64 countries over 5 continents.
ETSI produces specifications, standards, reports and guides,
enabling technologies in a multi-vendor, multi-network,
multi-service environment. Standards are created in an open
approach, thanks to the direct participation of members and
contribution-driven consensus-based working procedures. The
standardization work is carried out in different technical
groups, which include industry specification groups (ISG).
ISGs are the perfect tool for developing “early” standardization
activities, resulting from fundamental and applied research
projects, targeting for the publication of deliverables where
technological aspects are streamlined for consideration by
standards organizations.

In September 2021, ETSI launched ISG-IS, with the objec-
tive of reviewing and establishing global standardization ac-
tivities for the IS technology, which focused on the following
aspects:

o Definition of use cases, key performance indicators, and
deployment and operational scenarios;

« Radio-frequency aspects, including surface models, chan-
nel characterization, radiation characterization, and radi-
ation exposure limits;

o IS-aided air-interface technologies, mechanics, and re-
quirements;

o System and network level control signaling aspects;

o System and network architecture considerations;

« Baseline evaluation methodology and performance anal-
ysis (link-level and system-level);

« IS microelectronics, enabling technologies, and proof-of-
concepts (prototyping);

« IS verification and validation.

In the first phase from 2021 to 2023, the activities of ISG-IS
were focused on three main work items (WIs) [84], including

o WI-1: Use cases, deployment scenarios and requirements
— WI-1 focused on identifying relevant use cases for IS,
with the corresponding general key performance indica-
tors, deployment scenarios, and operational requirements
for each identified use case. This includes system/link
performance, spectrum, co-existence, and security.

o WI-2: Technological challenges and impact on architec-
ture and standards — WI-2 focused on technological chal-
lenges to deploy IS as a new network entity, the internal
architecture, framework and required interfaces for IS,

and the potential recommendations and specifications to
standardization groups for supporting IS as a network
entity.

o WI-3: Communication models, channel models, and eval-
uation methodology — WI-3 focused on communication
models striking a suitable trade-off between electromag-
netic accuracy and simplicity for performance evaluation
and optimization at different frequency bands; channel
models (deterministic and statistical) that include path-
loss and multipath propagation effects, as well as the im-
pact of interference for application to different frequency
bands; channel estimation, including reference scenarios,
estimation methods, and system designs; and key per-
formance indicators and the methodology for evaluating
the performance of IS for application to wireless com-
munications, including the coexistence between different
network operators, and for fairly comparing different
transmission techniques, communication protocols, and
network deployments.

The second phase (initial specifications) of ISG-IS kicked
off in September 2023. The group is currently working on the
following three WIs [85]:

o WI-4: Implementation and practical considerations — The
scope of WI-4 is to investigate relevant implementation
and practical considerations for IS in a wide range of
frequency bands and deployment scenarios and provide
possible solutions and prototyping results.

o WI-5: IS-aided air-interface technologies and mechanics
— The scope of WI-5 is to identify use cases, deployment
scenarios, and transmission and reception schemes for
diversity and multiplexing in IS-aided channels.

o WI-6: Multi-functional IS — Modeling, optimization, and
operation — The scope of WI-6 is to identify technological
challenges and solutions for multi-functional IS, incor-
porating transmission, reflection, sensing, computation,
and other potential functions, as well as corresponding
appropriate deployment scenarios and resource allocation
schemes.

The activities of ISG-IS during the second phase will be
tailored to providing an initial specification framework for
the technology. A major objective of ISG-IS is to establish
collaborations with other relevant ISGs, which are focused on
emerging technologies that have strong ties with IS. The most
relevant and related ISGs are ISG-THz on THz communica-
tions [86] and ISG-ISC [87] on ISAC. Specifically, ISG-THz
concentrates on channel sounding and modeling for IS-aided
channels and ISG-ISC concentrates on how IS can be exploited
for improving the performance of ISAC, as well as how ISAC
can be exploited for improving the operation and deployment
of IS. In summary, standardization activities for IS and its
applications in THz communications and ISAC are under a
vivid debate by standards organizations [88], [86], [87].

D. Aims and Organization

In contrast to the existing overview, survey, and tutorial
papers on ISs listed in Table II and two recent books [113],
[114], this paper aims to provide a comprehensive overview



TABLE 11
LIST OF REPRESENTATIVE OVERVIEW/SURVEY/TUTORIAL PAPERS ON ISS

Contents / Topics Major Contributions Ref. Pub‘l(le:c::lon
Channel Modeling & Offer an overview of RIS-based channel measurements/experiments, large-scale path [89] 2022
Characterization loss models and small-scale multipath fading models.
Communication Models Offer a compr.ehenm.ve tl'ltorlal on electromagnetlcally consistent communication [90] 2022
models for IS, including discrete-type and continuous-type IS.
Fundamentals of Offer a comprehensive tutorial on the theory behind metamaterial-based RIS, including [91] 2020
Metamaterial-based IS near-field channel models.
Discuss the up-to-date solutions and practical challenges of the IRS focusing on the (92] 2022
channel estimation and the passive beamforming design.
Provide an overview of RIS and explore the theoretical performance limits of RIS- (93] 2019
. aided wireless communications
System Design &
Challenges Provide a comprehensive overview of signal processing techniques on RIS/IRS-aided [94] 2022
wireless systems.
Give a tutorial for IRS-aided wireless communications, and elaborate on technical [95] 2021
challenges and potential directions.
Discuss the optimization frameworks and performance analysis methods for large [96] 2020
System Design & intelligent surfaces.
Performance Analysis Explain the fundamental principles of RISs based on electromagnetic waves, and [97] 2021
provide a survey of RIS focusing on the performance and applications.
Provide a technical study on the IRS, with emphasis on the performance enhancement 98] 2020
of different scenarios induced by the reconfigurability of IRS.
System .De§1gn & Explore the up-to-date solutions and challenges of the RIS in view of CSI acquisition,
Applications . - . . [99] 2021
passive information transfer and low-complexity robust system design.
Provide an overview on using IS for low-complexity data modulation. [100] 2021
Present a comprehensive yet concise overview of the IRS technology and explores the [101] 2020
main design challenges.
Applications & Elaborate on the concept of smart radio environments (SREs) empowered by recon-
Challenges [20] 2019
figurable AI meta-surfaces.
Discuss the concept, applications, challenges and future research directions of
RIS/IRS. o PP y [102] 2021
Deliver a tutorial of multi-IRS-aided wireless networks, emphasizing on the aspects [103] 2022
of IRS reflection design and channel acquisition. )
Deployment an.smn the IRS—empO\xier'ed 6q W1Irele§s ’ qet\yorks from the perspective of its [104] 2022
architecture, deployment strategy, and applications.
Review the IRS deployment design in wireless networks including the BS/User-side [105] 2022
deployment and the hybrid deployment strategies.
Holographic | Introduce the Holographic MIMO Surfaces in terms of the fundamental basics, [21] 2020
Surfaces applications and design challenges.
Architec-
rtc l,ec Intelligent Present a survey of IOS with the emphasis on design principles, system model
ures . . . . . .
Omni and design, hardware implementation and experiments, as well as potential research [106] 2022
Surfaces directions.
Overview the different implementations and channel models for RIS as well as the [107] 2020
Hardware RIS-assisted optimization.
Implementation Elaborate on the mechanisms of RISs in the view of digital metasurfaces, and presents
. - . [108] 2022
several hardware implementations and architectures.
IRS-NOMA Dl_scuss the performance improvements induced by the _IS, including the channel gains, [109] 2020
fair power allocation, coverage range and energy efficiency.
Radio
Localization | Provide an overview of RIS-based radio localization and mapping, highlighting the
. . [110] 2020
and challenges and open issues left behind.
Applica- Mapping
tions
1ons Wireless Explain two paradigms of IS as RF chain-free transmitter and space-down-conversion [111] 2020
Transceivers | receiver.
Wireless . . . . . .
Energy Deliver a tutorial overview on IRS-aided WPT/WIPT systems, with a special focus [112] 2022
Transfer on system designs and open issues.
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of the latest development and advancement of ISs, with
an emphasis on recent research results as well as new IS
architectures and their design issues. Specifically, this paper
first provides an in-depth overview of the state-of-the-art
results on the design of the commonly adopted reflection-
based IS including its reflection optimization, deployment,
signal modulation, wireless sensing, and ISAC. Next, we delve
into the recent progress in advanced IS architectures and
their associated new design issues and solutions. Moreover,
we highlight the important problems that remain unsolved to
motivate future research on ISs. We hope that this paper will
help unveil the immense potential of ISs for applications in
future wireless networks such as 6G, and provide useful and
up-to-date guidance for the future research and development
for ISs.

As depicted in Fig. 4, the rest of this paper is organized
as follows. Section II presents a detailed overview of state-
of-the-art results on the reflection-based IS design. Section III
discusses the recent progress and new issues of advanced IS
architectures. Finally, Section IV concludes this paper.

II. REFLECTION-BASED IS: DESIGN ISSUES AND
STATE-OF-THE-ART RESULTS

In this section, we overview the main design issues and
state-of-the-art results for reflection-based ISs, including re-

flection optimization, deployment, modulation, sensing as well
as ISAC.

A. Reflection Design

In order to fully exploit ISs’ potential, it requires judicious
design of the reflection coefficients of all IS elements, thus
giving rise to passive reflection/beamforming optimization
problem [115]-[120]. Most of the existing design methods
for IS passive reflection/beamforming are based on a two-
stage procedure, i.e., the cascaded BS-IS-user channel is first
estimated via downlink/uplink pilots [121]-[123] and the re-
flection coefficients are then optimized accordingly [92], [95],
[124]-[126]. However, under the current cellular protocols, the
pilots are dedicated to the use of direct channel estimation
between the BS and users without IS reflection. Thus, the
estimation of IS channels requires significant modifications of
the current cellular protocols. Moreover, due to massive reflec-
tive elements (REs) of IS, a large number of additional pilots
are needed to estimate the high-dimensional BS-IS, IS-user, or
cascaded BS-IS-user channels [121]-[123], [127], which entail
excessively high overhead for the existing wireless systems.

To enable the seamless application of ISs in current and
future wireless communication systems, recent research efforts
have been devoted to developing more practical approaches
for IS passive reflection/beamforming design. Specifically,
instead of relying on the baseband complex-valued pilots,
the IS reflection coefficients can be optimized based on the
received signal power measurement at the user terminals
[59], [128]-[132], which are easily accessible in the existing
cellular networks, e.g., from the reference signal received
power (RSRP). Thus, the power measurement-based IS reflec-
tion/beamforming design does not require additional pilots and
is fully compatible to the current cellular protocols. Currently,
such designs can be mainly classified into three categories,
i.e., blind reflection/beamforming, channel recovery-based re-
flection/beamforming, and beam training, as shown in Fig. 5.

Specifically, the blind reflection/beamforming approach op-
timizes the phase shift of each RE based on the user’s power
measurement without the need of any explicit channel state
information (CSI) estimation [59], [128], [133], [134]. In con-
trast, the channel recovery-based approach first estimates the
cascaded BS-IS-user channel based on the user’s power mea-
surement and then optimizes the IS reflection/beamforming
accordingly [129], [130]. Note that the above two approaches
are practically applicable to both sub-6 GHz bands with rich
multi-path channels and mmWave frequency bands with LoS-
dominant channels. However, they are generally less efficient
in mmWave frequency bands due to the channel/path sparsity
and severe path loss®. In particular, the received signal power
may not be sufficient for CSI recovery if the IS reflec-
tion/beamforming vector is not aligned with the dominant
channel path. Furthermore, the training overhead of these

3For each IS element, the channel condition (e.g., channel sparsity and
number of multi-paths) is generally determined by the signal propagation
environment and carrier frequency only, which is not affected by the aperture
size of the whole IS. Nonetheless, the end-to-end effective channel of the BS-
IS-user link is highly dependent on the IS aperture and beamforming/reflection
design for both the instantaneous channels and statistical channel distribution.



A TOY EXAMPLE OF BLIND BEAMFORMING WHEN N =4, K = 2, AND T = 6.

TABLE III

Sample Index 1 2 3 4 5 6
(601,602,03,04) | (0,7,0,0) | (0,0,0,0) | (m,7w,m,0) | (7, 0,m,7x) | (m,m,0,7) | (0,0,7,7)
Utility Value 2.8 1.0 1.5 3.3 0.3 0.4

Is 6, = 0? v v X X X v

Is 6, = 7? X X v v v X

Received Signal
Power Measurement

l

Channel Recovery

Predefined
codebook

Blind Reflection/
Beamforming

Reflection/Beamforming
Optimization

Beam Training/
Codeword Selection

More suitable in mmWave
frequency bands

Applicable to both sub-6 GHz
and mmWave frequency bands

Fig. 5. Three approaches for IS reflection/beamforming design based on
received signal power measurement.

methods may be unnecessarily large because they do not fully
exploit the inherent channel sparsity in mmWave frequency
bands. To overcome the above issues, beam training serves
as a more efficient approach for IS passive beamforming
design in mmWave systems by selecting the best directional
beam from a predefined beamforming codebook [131], [132].
In the following, the above three power-measurement-based
approaches for IS passive reflection/beamforming design are
discussed in more details.

1) Blind Reflection/Beamforming: The blind IS reflec-
tion/beamforming approach applies to the discrete phase shift
of REs. Let us start with a naive algorithm called Random-Max
Sampling (RMS) for blind reflection/beamforming. Its idea
is fairly simple: just try out a sequence of random samples
of the phase shifts of IS and choose the one with the best
performance thus far. The following toy example illustrates
how RMS works. Assume that IS has four REs; denote by
0, the phase shift of the nth RE, n = 1,2, 3,4; assume also
that each phase shift ,, takes on value from the binary set
{0, 7}. Suppose that a total of six random samples of the phase
shift array (01, 02, 63, 604) have been tested as shown in Table
II. The performance of each random sample is evaluated by
the utility value, e.g., we can take the received signal-to-noise
ratio (SNR) (which is in direct proportion to the RSRP) as the
utility for the single-antenna transmission. Observe that RMS
gives the solution (61, 02, 6s,04) = (7,0, 7, 7) in this example
because the fourth random sample has the highest utility value.
Clearly, RMS can attain the global optimum so long as all the
possible combinations of {0, 7} have been tested.

However, a real-world IS has far more than four REs as
assumed in the above toy example, e.g., there are 256 REs
integrated into the IS prototype in [128], so it is already
intractable to search through the solution space even if each

phase shift has only two choices. Then a natural idea is to
partially explore the solution space. But how much portion
of the entire solution space should RMS explore in order to
achieve “good” performance? To formalize the above question,
we denote by N the number of REs, 7' the number of
random samples, and K the number of choices for each phase
shift. For ease of discussion, we focus on the single-antenna
transmission and use the SNR as the utility. A fundamental
problem is how fast the SNR scales with N if 7" is much
smaller than the solution space size K N which is termed as
the SNR boost*.

The above fundamental problem has been answered in [128]
for RMS. Roughly speaking, the authors in [128] showed that
the SNR boost behaves like SNR o< NlogT by the RMS
method. Moreover, it has been shown in [115] that the scaling
rate is at most quadratic in [V, and this upper bound is tight
in the ideal case where every reflected channel is perfectly
aligned with the direct channel. Thus, in order to achieve a
quadratic boost of SNR, we must set 7" to be exponentially
large in N for the RMS method. However, T' can only be
polynomially large in IV in practice. As a result, the actual
performance of RMS is SNR o IV log N. One may then have
a follow-up question: Is it possible to strike a quadratic boost
of SNR (which is the theoretical upper-bound as revealed in
[115]) by using a polynomial number of random samples, 71'?

Two recent works [59], [128] provide a positive answer
to the above question by devising the so-called Conditional
Sample Mean (CSM) method; a more recent work [135] further
extends CSM to the joint configuration of multiple ISs. In
a nutshell, CSM first calculates the mean utility conditioned
on each possible phase-shift choice for a particular RE, and
then chooses the phase shift with the highest conditional mean
utility for this RE. We still use the toy example in Table II
to illustrate CSM. Let us see how 6; is decided. Recall that
there are two possible choices, 0 and 7, for the phase shift;
we first average out all the random samples with 6; = 0 so
as to obtain the mean utility conditioned on #; =0, i.e.,

284+1.0+04
E[utility|; = 0] = % = 1.4,
and similarly find the mean utility conditioned on 6, = 7 as
1.5+3.3+0.3
Blutilityo) = 7] = = <17

Comparing the above two conditional mean utility values, the
CSM method chooses §; = 7. Likewise, the other phase shifts

“Note that the SNR boost refers to the scaling order of the SNR with respect
to N, which is identical for both discrete and continuous phases shifts of IS.
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Fig. 6. RMS versus CSM given a polynomial number of random samples.

are determined as 65 = 0, 3 = 7, and 6, = 0. Intuitively,
CSM aims at the average goodness of setting 6; to a particular
possible choice while the rest phase shifts are still pending;
with every phase shift optimized in this fashion independently,
CSM enables an efficient configuration of IS.

More importantly, as shown in [128], the CSM method
yields SNR oc N2 for polynomially large 7. It can be observed
from Fig. 6 that CSM outperforms RMS significantly in terms
of the scaling rate of SNR in N. In particular, according to the
field tests at 2.6 GHz in the 5G network, the SNR of CSM
can be approximately 8 dB higher than that of RMS when
N = 256, K = 2, and T" = 10N. The huge advantage of
CSM over RMS can be perceived from two standpoints. First,
RMS solely relies on the single “best” random sample with
the highest utility value, whereas CSM makes full use of the
whole random sampling data. Second, the solution of RMS
is restricted to a small space of the solution space that has
been explored by the random samples, whereas the solution
of CSM can be beyond this space; as shown in the previous
toy example, the solution (7,0, 7,0) given by CSM does not
appear in the six random samples tested.

2) Channel Recovery-Based Reflection/Beamforming: The
blind reflection/beamforming design in general requires a large
number of random samples (i.e., IS phase-shift realizations)
as well as corresponding received signal power measurements
to achieve the upper bound on the SNR boost in IS-aided
communication systems. This is fundamentally because the
explicit CSI between the BS, IS, and user is not exploited,
which results in the underutilization of power measurements
as well as high training overhead. To overcome this limi-
tation, a new channel recovery-based reflection/beamforming
approach was proposed in [129], [130] based on the received
signal power measurement as well. Specifically, by collecting
the received signal power under different IS reflections, the
cascaded BS-IS-user channel (or its autocorrelation matrix) is
first estimated. Then, based on the obtained CSI, the IS reflec-
tion/beamforming coefficients are optimized more efficiently
for improving the communication performance. Note that the
channel recovery-based approach applies to both discrete and
continuous phase shifts of REs.

As the phase information of the received signal is miss-
ing in its measured power, a fundamental question for the
power measurement-based channel estimation is whether the
complex-valued channel vector can be recovered by only
exploiting the received signal powers which are positive real
numbers. The results in [129] revealed that if the number of
power measurements is sufficiently large, the autocorrelation
matrix of the cascaded BS-IS-user channel can be uniquely
determined. As such, the cascaded BS-IS-user channel can be
recovered with an unknown phase ambiguity that is common
to all IS REs. A special case occurs if the REs have only
two phase-shift choices, i.e., 0 and 7. In this case, the
channel autocorrelation matrix cannot be distinguished with its
conjugate. Fortunately, since the passive beamforming vector
of IS has real values only in this binary phase-shift case, such
a phase ambiguity does not affect the SNR boost at the user’s
receiver [129].

In general, the channel recovery can be formulated as an
optimization problem which aims to find a channel vector
satisfying the power measurement constraints under different
IS reflections. Since the power measurement constraints are
non-convex, one viable approach is by lifting up the chan-
nel/beamforming vectors into matrices by calculating their
autocorrelation matrices [129]. As a result, the power measure-
ment constraints become linear in the channel autocorrelation
matrix. Since the channel autocorrelation matrix has the rank
of one, the optimal solution can be found by minimizing
its rank, subject to the power measurement constraints. By
applying proper relaxations, the rank-minimization problem
can be solved by using the semidefinite programming (SDP)-
based method [129]. On the other hand, to reduce the computa-
tional complexity as well as improve the robustness to noise, a
neural network (NN)-based approach was proposed in [130] to
estimate the cascaded BS-IS-user channel vector. Specifically,
it was revealed that the received signal power can be viewed as
a single-layer NN, with its input and output corresponding to
the real and imaginary parts of the IS reflection vector and the
expected received signal power, respectively. The weights of
the single-layer NN correspond to the cascaded channel, which
can be estimated by training the NN via minimizing the loss
function, i.e., the mean square error (MSE) between the NN’s
output and the measured signal power. For both SDP-based
and NN-based channel recovery, the IS passive beamforming
vector can be further optimized based on the estimated CSI.
Various optimization techniques proposed in the literature
can be utilized, such as semidefinite relaxation (SDR) [136],
block coordinate descent (BCD) [137], successive convex
approximation (SCA) [138], the penalty-based method [139],
and the projected gradient ascent/descent method [140].

In Fig. 7, we show the effective channel gains between the
BS and a single user aided by an IS, employing the RMS,
CSM, SDP-based and NN-based IS reflection/beamforming
designs. The size of IS is N = 64 and the phase of
each IS element can only be selected from the binary set
{0,7}. The details of the system setup, channel model, and
parameter settings can be found in [130]. The computational
complexities for the RMS, CSM, SDP-based and NN-based
methods are O(1), O(N), O(N*%), and O(N), respectively.



TABLE IV
IS BEAM TRAINING DESIGN.

System

Proposed IS beam training design method

Propose a quadratic phase-shift-based codeword design with wide beamwidth [141]

Propose a SCA-based codebook design with beamwidth-variable codewords accommodating IS discrete phase shift [142]

Propose a ternary-tree hierarchical beam training method for IS-aided multi-user systems [132]

Narrow-band

Propose a binary hierarchical beam training with two multi-mainlobe codewords in each layer of the codebook [143]

Far-field

Propose a multi-beam training method for IS-aided multi-user systems with small training overhead [131]

Propose a computer vision-based approach to aid IS for dynamic beam tracking [144]

Propose a simultaneous beam training and target sensing scheme at the BS for IS-aided multi-user systems [145]

Wide-band

Mitigate the beam squint effect via sum-achievable rate maximization over all subcarriers [146]

Mitigate the beam squint effect via mounting time-delay units for each sub-surface of IS [147]

Propose a Cartesian-domain near-field codebook [148]

Propose a polar-domain near-field codebook [149]

Narrow-band

Propose to first estimate the user angle via the DFT codebook then determine the optimal range [150]

Propose to estimate the user angle and range via the DFT codebook [151]

Near-field

Propose to first estimate the user range via a omnidirectional codebook then determine the user angle [152]

Propose to first estimates a coarse user angle and then refine the user angle-and-range pair [153]

Propose a beamwidth-variable IS reflection design to generate multi-layer codebook in the Cartesian domain [154]

Propose 1) a deep residual network-based beam training scheme by using far-field codewords for near-field beam training

2) a deep residual network-based beam training scheme by using partial near-field codewords [155]

Wide-band

Employ the delay adjustable metasurface to compensate for the frequency dispersion for XL-IS-aided OFDM system [156]

Propose a two-phase beam training scheme by exploiting the beam split effect for XL-IS-aided OFDM systems [157]
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Fig. 7. Effective channel gain between the BS and user aided by an IS under
different IS reflection/beamforming approaches.

As can be observed, the SDP-based method requires the least
power measurements for approaching the upper bound on the
effective channel gain assuming perfect CSI, while it requires
the highest computational complexity for channel recovery and
IS beamforming optimization. In contrast, the RMS method
has the lowest computational complexity, while its gap to the
performance upper bound is large if the number of power
measurements is small. The CSM and NN-based methods
achieve a tradeoff between the communication performance
and computational complexity.

3) Beam Training: Note that the above blind and channel
recovery-based reflection/beamforming approaches can be ap-
plied in real time for improving the instantaneous channels
or offline for improving the channel statistical distribution

in sub-6 GHz bands. For mmWave and higher frequency
bands, high beamforming gain is required to compensate
for the severe path loss. Due to the channel/path sparsity,
codebook-based beam training with directional beams is a
more efficient approach to design IS beamforming without the
need of explicit CSI estimation as illustrated in Fig. 8. In the
following, we discuss efficient methods for IS beam training in
the far- and near-field channel scenarios, respectively, under
the assumption of continuous RE phase shifts; while these
methods can be readily extended to the case of discrete RE
phase shifts.

3.1) Far-Field Beam Training: First, consider the case where
both the BS and users are located in the far-field region of the
IS as shown in Fig. 8(b). Instead of performing joint BS and
IS beam training that incurs high training overhead, a more
effective approach is conducting an offline BS beam training
to establish a high-gain BS-IS link by exploiting the fixed
locations of the BS and IS. Then, only the IS beam training
needs to be performed in the real-time phase for selecting
the best IS beam in a predesigned codebook that yields the
strongest signal power at the user’s receiver. For narrow-band
systems, sequential single-beam training is a straightforward
method that exhaustively searches over all possible beam
directions (i.e., codewords) at the IS. As revealed in [141],
[158], there generally exists a fundamental tradeoff between
maximizing the achievable throughput and minimizing the
beam training overhead, i.e., a more accurate beam training
leads to a higher passive beamforming gain, while at the cost
of higher training overhead as well. To reduce the IS beam
training overhead, one line of research has developed efficient
IS beam codebooks to reduce the beam-search space. For
example, the authors in [141] proposed a small-size IS code-
book with wide beamwidth, which is achieved by a quadratic
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Fig. 8. Illustration of IS beam training in far- and near-field channels.

phase-shift design for enabling higher-order variations at IS
phase shifts. In addition, under the IS discrete phase-shift
constraint, an SCA-based algorithm was proposed in [142] to
design the IS codebook with beamwidth-adjustable codewords,
while at the expense of decreased beamforming gain. Alter-
natively, hierarchical IS codebook design and beam search is
also an efficient way to reduce the beam training overhead
without compromising much the beamforming gain [132],
[143]. Specifically, a hierarchical IS beam training method
was proposed in [132], which first identifies the best beam
sector with wide IS beams and then refines the IS beam in the
sector using narrow beams. However, the IS codewords may
not be orthogonal in practice due to IS hardware imperfections,
hence resulting in a reduced beam training success rate. In
addition, another hierarchical IS beam search method was
proposed in [143], which uses two multi-mainlobe codewords
in each layer for beam sweeping and exploits the beam
discrimination in each layer to effectively increase the success
rate. However, hierarchical beam training approaches generally
require frequent user feedback to refine the beam selection,
thus incurring high feedback/training overhead that scales with
the number of users. To circumvent this issue, the authors in
[131] proposed a new multi-beam training method, where IS
REs are divided into multiple sub-arrays, which allows for
simultaneous beam sweeping over different directions. Then,
each user can determine its optimal IS beam direction by
comparing the received signal power/SNR over time, thus
greatly reducing the training overhead yet without the need
for successive user feedback in IS-aided multi-user systems.
Besides pilot-based beam training, other approaches for IS
beam training in narrow-band systems have also been recently
proposed. For instance, the authors in [144] proposed a new
binocular camera-mounted IS architecture, where the visual
information is collected to aid the IS in locating the BS/access
point (AP) as well as dynamic beam tracking with the users,
thus eliminating the need for dedicated training symbols and
signal feedback. In [145], the authors considered an ISAC
system with IS and proposed a simultaneous beam training
and target sensing scheme. Specifically, the BS simultaneously
senses the targets and performs the beam training for both
the users and IS, based on which the LoS IS-user channel is

(b) Far-field angular domain (DFT) codebook

X X

(c) Near-field polar domain codebook

determined by exploiting their geometry relationship.

For wide-band systems, IS beam training designs become
more challenging due to the lack of frequency selectivity in IS
phase shifts; thus they remain the same over all frequencies.
This results in the so-called beam squint effect, where the
beams at different frequencies are generally dispersed in
different directions. To address this issue, the authors in [146]
proposed to first obtain the optimal IS phase shifts for each
subcarrier and then determine the common phase shift by
maximizing the upper bound of the sum achievable rate over
all subcarriers in orthogonal frequency-division multiplexing
(OFDM) systems. Alternatively, the authors in [147] proposed
to equip each IS sub-surface with a time-delay unit to enable
frequency-dependent phase shifts over the entire frequency
band, thus offering a flexible tradeoff between wide-band
communication performance and hardware design complexity.

3.2) Near-Field Beam Training: Next, we consider the case
where an extremely large-scale IS (XL-IS) is equipped with a
huge number of REs to compensate for the product-distance
path-loss. In this case, the BS and users are more likely to
be located in the near-field region of the XL-IS as shown
in Fig. 8(c). We still assume that the BS-IS link has been
aligned offline thanks to the fixed BS/IS locations, and thus
focus on the IS beam training with users only. Note that
directly applying the existing IS beam training methods for
far-field scenarios will inevitably incur degraded beam training
performance due to the channel mismatch. Thus, it is necessary
to develop new near-field IS beam training methods accounting
for (radiative) near-field spherical wave-fronts [159]-[161].

To this end, several new codebooks catering to near-field
beam training have been proposed, which can be applied
to designing the near-field IS beam training. For example,
a Cartesian-domain codebook was devised in [148], which
covers the entire three-dimensional (3D) space by perform-
ing uniform sampling in the Cartesian coordinate system.
However, the dimension of the Cartesian-domain codebook
is determined by the product of the numbers of sampled
points at the x/y/z axis, which is practically very large and
thus incurs excessive beam training overhead. To address this
issue, a more efficient polar-domain codebook design was
proposed in [149], where the near-field region is sampled



with non-uniform angle-range grids by minimizing adjacent
codeword correlation. Based on this polar-domain codebook,
one straightforward near-field IS beam training method is by
exhaustively searching over all codewords, which, however,
requires a large number of training symbols proportional to
the product of the numbers of sampled angles and ranges. To
tackle this challenge, one efficient approach is by applying the
two-phase near-field beam training method proposed in [150]
for IS. Specifically, the XL-IS/array first estimates the user
angle by performing conventional DFT-codebook based beam
sweeping and exploiting the “angle-in-the-middle” effect in
the received beam pattern. Then, given a set of estimated user
angles, the XL-IS adopts the polar-domain beam training in the
range domain to determine the user range. Numerical results
showed that this two-phase method can significantly reduce
the required near-field beam training overhead for XL-array/IS
with negligible rate loss. This work was further extended in
[151] that directly utilizes the conventional DFT-codebook to
resolve the user angle and range by more effectively exploiting
the received signal powers. Alternatively, the authors in [152]
proposed to first determine the user range via a designed
omnidirectional IS codeword, and then perform the near-field
beam sweeping in the angle domain to obtain user angle
information.

It is worth mentioning that the training overhead of the
two-phase XL-IS beam training scheme is still proportional
to the number of IS REs, which is still very large for practical
implementation. This thus motivates various lower-overhead
beam training designs customized for XL-IS-assisted commu-
nication systems [154], [155]. For example, the authors in
[154] proposed a beamwidth-variable IS reflection design for
generating the multi-layer near-field codebook in the Cartesian
domain, which shares a similar idea with that for the far-
field hierarchical beam training. Besides, a new hierarchical
near-field beam training method was proposed [153], which
can be applied for XL-IS that first estimates a coarse user
angle by activating partial IS elements and then refines the
user angle-and-range pair by a dedicated near-field angle-
and-range search. Moreover, the authors in [155] proposed
a deep-learning (DL) based XL-IS beam training method,
where the XL-IS applies the far-field codewords with wide
beamwidth and the BS collects the received signals to feed in
a deep residual network for determining the optimal polar-
domain codeword. This can be achieved by exploiting the
implicit relationship between the received signals of far-field
codewords and the optimal near-field beamforming by DL
methods. To further reduce the training overhead, a partial
near-field beam-based beam training was proposed in [155],
where the XL-IS adopts a small-size polar-domain codebook.
The corresponding received signals at the BS are fed into a
deep residual network for extracting the optimal polar-domain
codeword at the expense of lower beamforming gain.

For wide-band XL-IS systems, the near-field beams gen-
erated at different frequencies with spherical wavefronts are
generally dispersed at different locations (instead of directions
in the far-field case) due to IS frequency non-selectivity. It
is worth noting that the near-field beam squint/split effect is
more severe than that in the far-field case, since the near-field

beam splits in both the angular and range domains. To tackle
this challenge, the authors in [156] proposed to employ the
delay adjustable metasurface to compensate for the frequency
dispersion, in which the IS reflection and time delay are
jointly optimized to enforce the near-field beam focused on
the desired location at all the subcarriers in OFDM systems.
Alternatively, the authors in [157] proposed to exploit the beam
split effect for near-field beam training, where a frequency
domain multi-beam near-field focusing pattern at a fixed range
is generated at each time for angle estimation and then the
focused range of multi-beam pattern is adjusted over time for
resolving the user range.

In Table IV, we summarize the main approaches for the
IS beam training designs under both the far-/near-field chan-
nel models. Despite these existing works, there are several
practical challenges that need to be tackled in IS beam
training. For example, it is practically important to analyze
the impact of hardware constraints/imperfections (e.g., discrete
phase shift, amplitude-phase dependent IS reflection) on the IS
beam training performance and develop robust beam training
schemes. Besides, accurate synchronization between the BS
and IS is also important to achieve joint beam training at the
BS and IS. To fully exploit the potentials of IS in 6G systems,
future research may also consider the joint optimization of IS
deployment and beamforming, coordinated beamforming of
multiple ISs, statistical channel-based IS reflection optimiza-
tion for coverage enhancement, as well as machine learning-
aided IS channel recovery and reflection optimization.

Summary: In this subsection, we have provided an
overview of the state-of-the-art approaches for IS reflec-
tion/beamforming design based on received signal power
measurements. For sub-6 GHz bands, the blind reflec-
tion/beamforming approach and channel recovery-based ap-
proach are both applicable. The blind reflection/beamforming
approach does not require explicit CSI and has a low com-
putational complexity. However, to achieve a satisfactory per-
formance gain, this approach usually needs a sufficiently large
number of power measurements for extracting the useful statis-
tics in CSI, which inevitably incurs high training overhead. In
contrast, the channel recovery-based approach requires less
power measurements but higher computational complexity for
channel estimation and IS reflection design. Both approaches
can be applied to real-time IS reflection design for improving
the instantaneous channels between the BS and users, under
the condition of slow-fading channels. While for fast-fading
channels, the two approaches are still feasible because they
can exploit the statistical CSI or the deterministic part of
time-varying wireless channels. As such, the corresponding
IS reflection design can improve the spatial power distribution
of channels between the BS and users over a long period.
For high-frequency bands (e.g., mmWave), beam training is
a more efficient approach for designing IS beamforming by
effectively exploiting the channel paths sparsity in the spatial
domain. Since this approach does not require the explicit CSI
of IS-involved links and only selects the best directional beam
from a designed codebook, its required training overhead and
computational complexity are much lower than those of the
blind reflection/beamforming approach and channel recovery-
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Fig. 9. An illustration of IS-integrated BS, where the IS elements and BS
antennas are integrated within the same antenna radome.

based approach. In addition to the pencil-like beamforming
based on instantaneous channels, the wide beam of IS can
also be designed based on the statistical channel knowl-
edge/deterministic channel components to improve the long-
term coverage performance over a target region.

B. Deployment

The deployment of ISs has a significant impact on their
reflected channels and the performance in IS-aided communi-
cation systems [92], [95], [104], [105]. In this subsection, we
present some practical approaches to deploy ISs and compare
their performance advantages in different use cases.

1) BS-Side IS: The existing literature has mainly con-
sidered deploying ISs near user terminals to improve their
performance. However, this approach may incur a high cost
since ISs need to be densely deployed in the environment to
cater to random user locations. Moreover, even with dense IS
deployment, each user can only enjoy the passive beamforming
gain brought by its nearby IS (as its signals reflected by
other far-away ISs are generally much weaker due to more
significant path loss). In [162], the authors have characterized
the capacity regions achievable by two IS deployment strate-
gies with the IS/ISs deployed near the BS and each of the
distributed users, respectively, and showed the superiority of
the former over the latter under the same total number of IS
REs.

Motivated by this result, the authors in [163] proposed a co-
site-IS empowered BS architecture, where ISs are deployed
in the vicinity of the BS to assist in its communications
with distributed users regardless of their locations. To further
reduce the product-distance path loss of cascaded BS-IS-user
channels, a new IS-integrated BS architecture was proposed
in [164], where the IS REs are integrated into the internal
surfaces of the antenna radome at the BS, as shown in Fig.
9. Due to the shorter distance between the IS REs and BS
antennas, the IS reflection channels’ path loss can be more
significantly reduced as compared to that in [163]. Moreover,
since the closely spaced IS REs have different orientations,
multiple reflections among them may further improve the path
diversity and the effective channel gain between the BS and

user. Last but not least, with the IS being installed at the BS,
this architecture can help reduce the signaling overhead and
provide the power supply for IS as compared to the user-side
or co-site ISs which require dedicated wireless/wired signaling
links and power supply.

However, the channel estimation for the IS-integrated BS
is more challenging compared to the user-side and co-site IS
systems because of the near-field channel response between
the IS REs and BS antennas as well as more significant
multi-reflection effects among IS REs. To circumvent this
difficulty, the authors in [164] proposed to employ the random
phase algorithm (RPA) for IS reflection design without explicit
CSI. Specifically, a large number of IS reflection patterns are
generated with a random phase for each RE and their resulting
communication performance is compared at the BS/user; and
the one which achieves the best performance is then chosen
as the IS reflection for data transmission. To further improve
the performance of RPA, an iterative RPA (IRPA) method was
proposed by alternately optimizing the reflection coefficients
of each sub-IS [164].

Since both the RPA and IRPA methods require a suffi-
ciently large number of IS reflection patterns for performance
measurement, the high training overhead may render them
practically inefficient. To address this issue, a codebook-
based passive reflection design for the IS-integrated BS was
proposed in [165]. In particular, a small number of codewords
are designed offline to enhance the coverage performance
of multiple sectors in a cell. Then, the BS performs online
training by testing all codewords sequentially and selecting
the best one for data transmission. This solution significantly
reduces the training overhead for IS reflection design and it
is also robust to user mobility requiring IS slow adaptation to
wireless channels in a long term.

Note that a BS-side IS is similar to a reflectarray as they
both reflect signals from active antennas to attain the passive
beamforming gain. Nonetheless, there are also differences
between them. On one hand, compared to the reflectarray, the
deployment of ISs is more flexible, which can be placed in the
vicinity of the BS or integrated into the antenna radome of the
BS. In contrast, a conventional reflectarray is usually placed at
the backside of active antenna. On the other hand, reflectarrays
are usually composed of a single planar surface mounted with
reflecting elements. However, BS-side ISs can deploy multiple
reflective surfaces with different positions and orientations
around the BS [162], [163], which can exploit their single
and double reflection gains to further improve communication
performance. As such, the conventional reflectarray can be
regarded as a special case of the BS-side IS by deploying a
single reflective surface at the backside of active antenna only.

2) Multi-IS Deployment: Despite the above appealing ad-
vantages of the BS-side IS, a blockage-free BS-user link via
any BS-side IS may not be available in practice, since the
reflection paths by BS-side ISs only may fail to bypass the
dense and scattered obstacles in complex environments (e.g.,
an indoor environment shown in Fig. 10(a)). To overcome
this limitation, recent works [103], [127], [166]-[171] have
proposed a multi-IS-reflection aided wireless system, where
multiple distributed ISs are deployed in the environment to
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Fig. 10. (a) Multi-IS-reflection aided wireless network in a typical indoor
environment, (b) illustration of the cell division for the region and LoS paths
created by ISs deployed at selected candidate locations, and (c) an example
of the graph-based model.

create more available cascaded LoS paths between the BS
and remote users, thereby significantly enhancing the wireless
coverage, as shown in Fig. 10(b). To achieve this purpose,
how to properly deploy multiple ISs to cater to the practical
environment is a critical problem of high importance.

To address this issue, the authors in [172] proposed a graph-
based system modeling and optimization approach for multi-
IS deployment. In particular, the network coverage area is
first divided into multiple non-overlapping cells containing a
set of predetermined candidate locations for deploying ISs, as
shown in Fig. 10(b). Then, based on the LoS path availability
between any two candidate locations, a graph-based model
was established to characterize the total deployment cost and
communication performance of any IS deployment solution
as shown in Fig.10(c), which also unveils an inherent trade-
off between deployment cost and communication performance.
Finally, optimal and suboptimal multi-IS deployment designs
were proposed in [172] to reconcile this tradeoff.

However, the communication performance in [173] was only
evaluated in terms of the number of signal reflections per
multi-IS link, which may not accurately indicate the actual
performance of each user. To tackle this issue, the authors
in [173] proposed an enhanced graph-based system modeling
approach which is able to characterize the SNR performance
at any user location with a given multi-IS deployment solution.
Moreover, to more effectively overcome the multiplicative path
loss over the multi-reflection LoS links, the joint use of active
and passive ISs was studied in [173]. The results in [173]
revealed that incorporating active ISs is beneficial to reduce
the total deployment cost for achieving a given SNR target
in the target region by dramatically reducing the number of
passive ISs required.

3) Relay-side ISs: When deployed in wireless networks,
passive IS and active relay differ in many aspects such as
energy/spectral efficiency, hardware cost, processing complex-
ity, and coverage range [175], [176]. Specifically, passive IS
can operate in full duplex and enhance the communication
performance within its local coverage cost-effectively; while
active relay typically operates in half duplex and is able
to achieve broader coverage at the expense of more power
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Fig. 11. A relaying IS-assisted communication system [174].

consumption [115], [177], [178]. To harness their combined
advantages, the relay-side IS deployment strategy has been
proposed in some prior works. However, most of the existing
works on relay-side IS simply add ISs to the relay system
and deploy them separately [179]-[183], which thus incurs
additional deployment cost and signaling overhead. In contrast,
an alternative relay-side IS deployment scheme was proposed
in [174] to integrate the active relay directly into the IS, by
exploiting the new role of the IS controller as an active relay, as
shown in Fig. 11. Specifically, IS-integrated relay significantly
enhances coverage performance compared to conventional ISs
(with passive signal reflection/refraction only), by enabling
the IS controller to actively relay information without ad-
ditional deployment or hardware cost. Moreover, similar to
IS-integrated BS, IS-integrated relay also has a considerably
shorter distance between IS REs and the active relay (see
Fig. 11), which yields several advantages such as reduced
product-distance path loss (equivalently, increased effective
channel gain), improved path diversity, expanded coverage
range, and reduced signaling/information exchange overhead.

However, the channel estimation for the IS-integrated relay-
aided communication system becomes more challenging than
that for the conventional IS-aided or relay-aided commu-
nication systems due to the increased number of channel
coefficients and the near-field channel response between IS
elements and relay antennas. To address this issue, a practical
channel estimation scheme was proposed in [174], where the
cascaded/direct CSI of the BS-relay link and the relay-user link
is estimated in parallel at the BS and user, respectively, based
on the pilot signals sent from the relay. For practicality and to
reduce training overhead, a codebook-based reflection design
tailored for the IS-integrated relay may be considered, which
needs to account for the mixed near- and far-field effect be-
tween relay/IS and BS/users (see Fig. 11). On the other hand,
half-duplex relay is considered in [174] for ease of imple-
mentation, where two-phase relaying transmission is required



and the IS can enhance both BS-relay and relay-user links
by exploiting its time selectivity property over two phases.
To boost transmission efficiency, the full-duplex relay could
be considered for one-phase relaying transmission. However,
this may introduce additional self-interference, necessitating
sophisticated signal processing techniques to properly manage
the interference, and the IS reflection would need to balance
the transmission performance between BS-relay and relay-user
links.

4) Aerial ISs: In addition to being deployed terrestrially,
ISs can also be deployed or mounted on aerial platforms
such as UAVs or balloons to achieve signal enhancement
by providing additional LoS air-to-ground or air-to-air links,
especially for post-disaster or scarcely covered areas [36], [37],
[184]-[186]. To fulfill this application, the joint optimization
of the aerial IS placement and the 3D passive beamform-
ing was considered in [187], [188]. Despite exploiting the
additional design degree-of-freedom (DoF) provided by the
vertical dimension, the enhanced performance resulting from
aerial ISs is mainly constrained by the limited onboard en-
ergy and computational capabilities. To overcome these chal-
lenges, practical energy-efficient resource allocation and place-
ment/trajectory optimization schemes have been proposed for
designing aerial ISs [189], where DL-based algorithms exhibit
potentials for solving non-convex optimization problems with
coupled variables more efficiently as compared to conventional
optimization algorithms [190]. However, the signal transmitted
on aerial links could suffer from high path loss, especially for
high frequency signals under long-distance transmission. To
address this issue, aerial relaying architectures were studied
in [191] where UAV-mounted ISs relay the transmitted signals
from aerial platforms at higher altitudes.

Furthermore, the application of IS to other types of airborne
systems such as low earth orbit (LEO) satellite communication
is an emerging direction of high interest. Specifically, LEO
satellite communication systems suffer from the large Doppler
effect due to the high mobility of satellites, while its unfavor-
able effects on signal quality can be effectively mitigated by
ISs [38], [192]. In addition, the qualities of satellite-terrestrial
and inter-satellite links can be improved by utilizing ISs.
For example, a new IS-aided satellite communication system
with two-sided cooperative ISs has been proposed, where
the communications between the LEO satellite and various
ground nodes are enhanced by distributed ISs deployed near
them [193]. The authors of [193] also proposed an efficient
cooperative beamforming design and a practical transmission
protocol to achieve distributed channel estimation and beam
tracking, and demonstrated the substantial performance gain
and great potential of the IS-aided satellite communication.
Nevertheless, to be more widely used in practice, the effects
of aerial IS’s mobility (e.g., trajectory drifts due to hardware
imperfections) on system performance deserve further inves-
tigation.

5) Roadside and Vehicle-side 1Ss: Existing research on IS
has primarily focused on static or quasi-static wireless chan-
nels, which may not be applicable to high-mobility scenarios
with fast time-varying channels, such as vehicular communica-
tions. In high-mobility communications, the transmitted signal

often arrives at the receiver with rapidly time-varying phase
shifts at different Doppler frequencies due to random scattering
and high-speed motion, leading to superimposed multipath
fast channel fading. Owing to its real-time control of signal
reflection/refraction, IS provides a new means of converting
wireless channels from fast fading to slow fading in high-
mobility scenarios, thus achieving more reliable communica-
tions. Initial works on IS-aided high-mobility communications
have considered deploying multiple ISs at the roadside to
enhance the communication performance between the BS and
high-mobility users moving on the road [194]-[197]. However,
this approach requires a large number of roadside ISs (due
to the limited coverage of passive reflection/refraction of
each roadside IS) to guarantee seamless coverage for high-
mobility users moving on the road, and frequent handovers
between the user/BS and nearby serving ISs are required,
which may require sophisticated ISs’ coordination and beam
alignment/tracking.

An alternative strategy is to install a vehicle-side IS at each
vehicle to constantly improve communication performance
between the remote BS and the IS-aided user [199]. Different
from roadside IS deployment, vehicle-side IS deployment only
requires one IS per vehicle. In this case, the vehicle-side
IS can easily associate with the onboard users constantly
and much less frequent IS-BS handover is triggered. The
comparisons between roadside and vehicle-side IS deployment
are summarized in Table V. Note that both roadside and
vehicle-side ISs can be based on either signal reflection or
refraction, depending on the deployment conditions. Moreover,
to achieve high passive beamforming gain for both roadside
and vehicle-side ISs, accurate CSI acquisition is essential yet
practically challenging. This is due to the high-dimensional
CSI associated with a large number of IS elements and the
short channel coherence time due to high mobility. As such,
instead of full channel estimation/acquisition, it is practically
appealing to perform beam alignment to efficiently track
the fast time-varying cascaded user-IS-BS channel with low
training overhead, which deserves further investigation.

Summary: In this subsection, we have reviewed the state-
of-the-art IS deployment strategies, including BS-side ISs,
multiple cooperative ISs, relay-side ISs, aerial ISs, roadside
ISs and vehicle-side ISs, which are important for practical use
and adaption to various wireless environments and application
scenarios. From the perspective of network architecture, BS-
side ISs can save the high cost of densely deploying user-
side ISs and also provide better overall system performance.
Apart from deploying ISs near BSs, the IS-integrated BS
architecture can further decrease the product-distance path loss
by integrating IS REs into the BS’s antenna radome, while the
increased channel estimation complexity can be addressed by
codebook-based IS reflection design. In complicated wireless
environment with dense obstacles and scatterers, multiple
ISs can be deployed to establish cascaded virtual LoS links
by utilizing graph-based system modeling and optimization
methods to improve the communication performance. For
further performance enhancement, ISs can be deployed close
to or integrated into active relays to combine the advantages of
both. Considering the vertical dimension of wireless networks,
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COMPARISON OF ROADSIDE IS AND VEHICLE-SIDE IS [198]
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Fig. 12. Comparison of transmitter-type and relay-type ISs.

aerial ISs can provide additional design DoFs for coverage
enhancement. To cope with the fast time-varying channels in
high-mobility scenarios, ISs can be deployed along roadside
or on/in vehicles to mitigate the unfavorable effects of fast
fading. For more practical use of these IS deployment strate-
gies, however, various issues such as cross-band interference,
hardware imperfections and costly channel estimation should
be further investigated.

C. Modulation

From a network functionality and information transmission
perspective, we can classify ISs into two types depending on
their roles in the network: relay-type IS and transmitter-type
IS [200]. Specifically, an individual IS can function as either
a relay or a transmitter, depending on its functionality and
the specific use cases. Relay-type IS, as depicted in Fig. 12
and discussed in the previous subsections, is strategically
positioned between the source (e.g., BS) and the destination
(e.g., users) to enhance communication performance between
them, especially when the direct link is considerably weak or
obstructed. On the other hand, transmitter-type IS is an integral
part of the transmitter, participating in its signaling and modu-
lation processes, as illustrated in Fig. 12. A key requirement is
the capability for each IS element’s phase/amplitude change at
the symbol level, which poses a critical challenge in hardware
design and implementation. However, with typical symbol
periods of current wireless systems like SG/WiFi being in the
order of microseconds, the switching speed of the IS element’s
phase/amplitude can match the symbol transmission rate [201],
[202]. A practical approach for realizing transmitter-type IS is
by connecting IS with its aided transmitter via a reliable wired
link, thus enabling real-time control of IS reflection on a per-
symbol basis. In this subsection, we focus on the transmitter-
type IS and provide an overview of two types of transmitter-
type IS-based modulation: amplitude/phase modulation (APM)
and index modulation (IM).

1) IS for Amplitude/Phase Modulation: In a setup where
the IS operates in transmitter mode, the incoming unmodu-
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lated carrier signal can be manipulated to encode information
bits. In simpler terms, feeding the IS with an unmodulated
carrier allows it to generate virtual signal constellations for
transmitting information. By adjusting IS reflection ampli-
tudes and phases appropriately, one can generate virtual APM
constellations. In this case, virtual phase shift keying (PSK)
constellations can be more easily created by altering outgoing
signal phases.

The application of transmitter-type IS for APM offers two
significant advantages. First, the hardware architecture of an
IS-based transmitter can be simpler compared to traditional
setups with upconverters and filters. Generating an unmodu-
lated cosine carrier signal is straightforward, typically using
an RF digital-to-analog converter with internal memory and
a power amplifier. Second, the proximity of the IS to the
signal source mitigates the multiplicative path loss effect. It is
even feasible to position the IS in the transmitter’s near-field
to further enhance received signal power, provided near-field
effects are carefully considered. In the following, we briefly
overview different APM schemes based on transmitter-type IS
in the existing literature.

The early work of [203] envisioned using the IS as an
RF chain-free BS/AP by creating virtual PSK constellations
over-the-air to perform data transmission. This study also
provided a theoretical framework to analyze the bit error prob-
ability of the underlying system. Independently, the authors
of [58] developed an RF chain-free transmitter that employs
metasurfaces to enable over-the-air 8-PSK modulation. This
innovative design simplifies hardware, improves signal qual-
ity, and enhances the efficiency of wireless communication
systems. In [204], another strategy was considered to im-
plement different modulation schemes, including quadrature
amplitude modulation (QAM) and PSK, thanks to the use
of harmonic frequencies. Specifically, IS has shown excellent
capability to manipulate EM waves in different domains, such
as space, time, and frequency, and this property is exploited
for information modulation. Using this flexibility, the study of
[205] implemented an IS-based frequency shift keying (FSK)



scheme. Interested readers can refer to [206] and references
therein for detailed description of information metasurface-
enabled transmitter architectures.

Another distinctive attribute of transmitter-type IS is its
ability to function as a virtual MIMO terminal. In this setup, an
IS exposed to an unmodulated carrier signal can be configured
to act as a virtual MIMO transmitter, completely devoid of RF
chains. Specifically, in [207], considering IS elements parti-
tioning, two novel IS-based MIMO solutions were proposed.
First, dividing the IS into two subsurfaces and using the PSK
modulation over two time slots, an IS-assisted Alamouti’s
scheme [208] is realized with the IS acting as the transmitter.
Second, an IS is used to enhance the performance of the
nulling and canceling-based suboptimal detection procedure
in a spatial multiplexing-based MIMO system and additional
information bits are also transmitted by the phases of the
IS REs to boost spectral efficiency. Later, in [209], a novel
space-time code based on PSK modulation was designed for
the single-antenna transmitter and IS, collectively acting as a
virtual two-antenna transmitter to achieve transmit diversity
without the need for any CSI. Moreover, it is demonstrated
in [209] that in addition to transmit diversity, IS can also
achieve passive beamforming simultaneously, thus fulfilling
both transmitter-type and relay-type functions at the same
time. In [210], utilizing multiple digital-to-analog converters, a
MIMO system that can transmit multiple streams was realized,
and a 2 x 2 MIMO system was experimentally tested. It
was shown that two independent 16-QAM data streams can
be successfully received by a traditional receiver at a carrier
frequency of 4.25 GHz. The above studies paved the way for
designing more advanced IS-based transmitters subsequently.
Specifically, in [211], a dual-polarized IS architecture was
created to transmit two data streams simultaneously at a
transmission rate of 20 Mbps.

On the other hand, the principle of transmitter-type IS is
also similarly applied in backscatter communication, where
a backscatter device (BD) transmits messages to a backscat-
ter receiver (BR) by reflecting an incident signal from an
external RF emitter. The adaptability of IS allows for its
effective deployment in backscatter communication networks.
Specifically, the fundamental principle of IS-aided backscatter
communication was introduced in [212], with various types of
modulation considered. The authors of [213] further analyzed
cooperative IS and backscatter communication performance
with different amplitude/phase modulations. The BER perfor-
mance of IS-aided backscatter communication networks was
examined in [214], demonstrating the effectiveness of ISs in
improving the channel conditions of both source-reader and
source-tag links. The closed-form achievable rate expressions
for IS-aided backscatter communication networks were pro-
vided in [215]. Further investigation was made in [216], where
the achievable rate of IS-aided backscatter communication net-
works adopting M -PSK was maximized by jointly optimizing
the phase shifts of IS. Unlike the aforementioned literature
where an IS is used solely for link enhancement, [203]
explored the function of an IS as an AP with an unmodulated
carrier, showing that ISs can also perform backscatter commu-
nication. Building on this result, [217] proposed dividing an

IS into two parts, one for transmitting the primary data signal
and the other for transmitting the backscatter signal.

2) IS for Index Modulation: 1M, which leverages the in-
dices of available transmit entities to encode digital informa-
tion [218], has also motivated another new line of research
on transmitter-type IS-based communication systems. In the
early work of [219], an IS illuminated by an unmodulated
carrier was utilized to perform IM by directing the signal
to a terminal’s receive antennas. This study also introduced
the concept of IS-based IM as a potential solution beyond
MIMO by considering IM at different parts of the system. In
the following studies of [220], [221], the performance of a
space shift keying scheme was investigated in the presence of
an IS.

The concept of IS-based IM was further advanced in [222],
where a promising IM scheme was proposed for transmitter-
type IS. Depending on joint or independent data mapping of
the transmitter and the IS to deliver information, IM is further
divided into two categories: jointly mapped and separately
mapped IM. To enhance transmission reliability, the authors
of [222] proposed a discrete optimization-based joint signal
mapping, shaping, and reflecting design with a given transmit
signal candidate set and a given reflecting pattern candidate
set. By combining reflect beamforming and IM, a subset of
the IS REs are activated to reflect a sharp beam towards the
intended destination while exploiting the index combination
of the on-state IS elements to implicitly convey additional
information [223]. Given the potentially large number of REs
at the IS, this leads to significant computational and storage
overhead for mapping information bits to on-state elements.
The authors thus adopted a grouping strategy to solve this
issue by dividing the IS into subgroups for activation. To
further enhance reflection power efficiency, the authors of
[224] proposed quadrature IM for transmitter-type IS. In this
approach, the IS elements are partitioned into two subsets to
reflect incident signals towards two orthogonal spaces, thus
achieving simultaneous passive beamforming and quadrature
IM-based information transfer. Using a similar IS subgrouping
strategy but considering a hybrid IS composed of both active
(amplifying) and passive reflecting elements, hybrid IM was
introduced in [225]. In this scheme, an over-the-air IS modu-
lation scheme is considered by turning active and passive IS
subgroups on and off to create a virtual amplitude shift keying
(ASK) constellation. The phase modulation concept has also
been combined with space shift keying, where the IS embeds
its own information by adjusting its phase shifts [226].

Summary: In this subsection, we have mainly reviewed the
works on transmitter-type IRS, which serves a unique role in
network functionality. A transmitter-type IS can simplify hard-
ware architecture and enhance signal quality by participating
in signaling and modulation processes, which are generally
based on two types of modulation: APM and IM. Specifically,
ISs can implement various modulation schemes (e.g., PSK,
QAM, and FSK) and act as virtual MIMO terminals, thus
enabling transmit diversity. Through IM techniques, ISs can
selectively activate/deactivate reflecting elements to convey ad-
ditional information. Despite these promising recent advances
in IS-based modulation designs, critical challenges remain
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to be tackled for fully unlocking their potential for future
wireless networks. As the changing speed of each IS element’s
phase/amplitude at the symbol level poses stringent require-
ments, the resulted low data rate of reflection modulation is
another practical issue to address in future work.

D. Sensing and ISAC

ISAC has been regarded as a promising technique for the
6G wireless network, where the sensing function and the
communication function can be carried out simultaneously by
sharing the same spectrum and hardware facilities [227]-[229].
However, ISAC systems still face practical challenges. For ex-
ample, sensing coverage is significantly smaller than commu-
nication coverage due to severe path loss in the BS-IS-target-
IS-BS cascaded echo link. Although the sensing coverage can
be guaranteed by deploying more BSs, this method incurs high
hardware cost and energy consumption. On the other hand,
hardware sharing of communication and sensing transceivers
increases the design and implementation complexity, while
spectrum sharing of communication and sensing signals results
in interference and performance trade-off. Fortunately, the use
of IS can achieve higher spectral/energy efficiency for wireless
communication [230], [231], as well as higher accuracy for
wireless sensing, thus promising to enable ISAC for 6G [232]-
[234]. Specifically, the IS can establish LoS channels to en-
hance both sensing/communication coverage, provide flexible
passive beamforming to balance their performance trade-off,
and reduce hardware cost and energy consumption compared
to dense deployment of BSs [235], [236]. Also, equipping ISs
with sensing capabilities enables an easier deployment of the
ISs [237] and energy harvesting capabilities [238].

1) IS-enhanced Wireless Sensing: Promising new system
architectures are essential to overcome the sensing range
bottleneck for wireless sensing systems. IS passive sensing
is shown in Fig. 13(a), where the sensing performance is
improved by establishing a virtual LoS link from the BS to the
IS and then to the target [239], [240]. However, the practical
performance of IS passive sensing is limited by the severe path
loss of the cascaded echo link. To address this issue, IS semi-
passive sensing was proposed in [241] (see Fig. 13(b)), where

Target

(b) IS semi-passive sensing

Target

BS/Radar station

(c) IS active sensing (d) Target-mounted IS sensing

dedicated low-cost active sensors are installed on the IS (i.e.,
semi-passive IS), allowing it not only to reflect signals from
the BS but also to directly receive echo signals from the target
for sensing. As such, IS semi-passive sensing incurs lower
path loss compared with IS passive sensing. Nevertheless, if
the BS is far from the IS, the sensing accuracy of IS semi-
passive sensing remains limited. To overcome this issue, a
new type of IS-aided sensing architecture, called IS active
sensing, has recently been proposed [242] (see Fig. 13(c)).
Specifically, in IS active sensing, the IS controller, typically
responsible for reflection control and information exchange
only, also acts as a transmitter to send probing signals for
sensing. This allows the IS to autonomously send (via the IS
controller) and receive (via sensors) sensing signals for target
localization, thus avoiding the dependence on BSs for sens-
ing signal transmission/reception. Although IS active sensing
incurs higher hardware and energy cost than IS passive/semi-
passive sensing, it achieves superior sensing performance due
to the short signal propagation distance and also helps reduce
the BS transmit power for sensing.

For conventional IS-aided wireless sensing systems, the
IS is deployed in the environment as an anchor node, and
its sensing performance relies crucially on the strength of
the reflected echo signal from the target to the receiver for
detection/estimation. However, this approach may be practi-
cally inefficient in achieving reliable sensing when the radar
cross section (RCS) of the target is limited. Recently, an
interesting new approach called target-mounted IS was pro-
posed in [243]-[246], where IS is mounted on the target (see
Fig. 13(d)) to provide enhanced/secure sensing by leveraging
IS’s controllable signal reflection and high spatial resolution
thanks to its large aperture. For example, in [244], the authors
considered mounting fully passive IS on the sensing target,
thereby estimating the IS’s location and orientation as that of
the target via a tensor-based algorithm. Due to the improved
target RCS and controllable signal reflection, this approach
can significantly enhance the 6D sensing performance of the
target (i.e., 3D position and 3D orientation) even when the
number of receivers/receiver antennas is small.
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Fig. 14. IS-aided ISAC for cellular-connected UAVs.

Besides enhancing sensing accuracy, target-mounted IS has
also been proposed to improve wireless sensing security.
Specifically, the secure sensing aims to enhance sensing per-
formance of the legitimate radar station (LRS) while pre-
venting the target detection by any unauthorized radar station
(URS). To achieve this goal, the authors in [243] proposed
a general secure sensing protocol with target-mounted semi-
passive IS, where each radar coherent-processing interval is
divided into two phases. In the first phase, the IS sensors
estimate the LRS/URS channel and waveform parameters
with all IS REs switched off. After that, in the second
phase, based on the estimated parameters, IS reflection is
designed to simultaneously boost the received signal at the
LRS receiver and suppress that at the URS receiver. Benefiting
from the flexible passive beamforming gain, such a new
design with target-mounted IS can offer significant secure
sensing performance gains as compared to the conventional
sensing without target-mounted IS. Moreover, target-mounted
IS also gives rise to a novel application in electromagnetic
stealth technology for evading radar detection [247], [248],
which offers a flexible and adaptable solution to overcome the
limitations of traditional stealth materials. In [247], [248], the
authors proposed an optimization problem for designing the
IRS’s reflection at the target to minimize the sum of received
signal power over all adversary radars to achieve electro-
magnetic stealth. Low-complexity closed-form solutions based
on reverse alignment/cancellation and minimum mean square
error (MMSE) criteria were proposed in [247] for the single-
radar and multi-radar cases, respectively. This new application
of target-mounted IS opens up new research avenues in anti-
radar detection, providing a promising direction for future
exploration in this field.

2) IS-aided ISAC: How to design IS-assisted ISAC systems
to achieve optimal sensing and communication performance
without significantly changing existing protocols in cellular
systems is a key challenge [249]-[251]. To overcome this
challenge, the authors in [252] proposed to exploit cooperative
ISs’ passive beam searching and the communication signal
from the BS (e.g., pilot signal sent for channel estimation) for
cellular UAV target sensing. The associated sensing protocol
is shown in Fig. 14, where each channel coherence interval
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Fig. 15. Achievable rate and RCRB versus beam training time.

is divided into three phases. In the first phase, background
channel is estimated without IS reflection. After that, in the
second phase, the angle parameters between IS 1 and UAV
are estimated with IS 2 OFF. Finally, in the third phase, the
angle parameters between IS 2 and UAV are estimated with
IS I’s beam fixed as the best one obtained in the second
phase. Note that by properly selecting the idle BS (i.e., without
communicating with any user) and its sensing resource block,
the communication interference from other active BSs (i.e.,
communicating with a user) to the sensing signal at idle BS can
be ignored thanks to the inter-cell interference coordination
(ICIC). The authors demonstrated that this cellular ISAC
scheme not only requires no modifications to the existing
BS beamforming design and transmission protocol, but also
does not impact the communication performance of users in
the existing network, thus achieving a superior performance
tradeoff between sensing and communication.

The IS is also particularly advantageous in mmWave ISAC
to compensate for the high path loss, thus greatly improving
the sensing coverage and communications performance [253],
[254]. In mmWave communication, beam scanning/training is
widely applied [255] and can be exploited for simultaneous
target sensing. In [256], the authors considered a mmWave
ISAC system where a multiple-antenna BS aims to communi-
cate with a single-antenna user, and also to detect the angle of a
sensing target from the semi-passive IS. They proposed a two-
phase simultaneous beam training and sensing (STAS) proto-
col to enhance local communication and sensing performance
at the same time via IS passive beam scanning. Specifically,
in the first phase, the ISAC system finds the best beam for
communication user and concurrently detects the target based
on its echo signal received by IS sensors. Next, in the second
phase, data are sent to the communication user with the best IS
beam found in the first phase. Due to the effective utilization
of the downlink beam training signal for simultaneous sensing,
the STAS protocol outperforms the benchmark protocol with
orthogonal beam training and sensing.

To show the fundamental trade-off in the above IS-aided
mmWave ISAC, Fig. 15 shows the achievable rate for com-
munication and root CRB (RCRB) for sensing versus the IS
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TABLE VI
A SUMMARY OF REPRESENTATIVE WORKS ON IS-AIDED SENSING/ISAC SYSTEMS.
Reference| Applications Link status Type of IS Role of IS Design objectives Algorithms
Sensing . . .
[241], ;a;tgigtn DoA esti- Only LoS ISSe MIPASSIVE 1 Sensing Improve the MSE of sensing | MUSIC
[242]
Sensin Sensin Maximize IS reflected sig-
2 43‘] & Secure sensing Only LoS Semi-passive and gsensing nal power to legitimate radar, | PDD-based algo-
2 46], IS securit while limiting it to unautho- | rithm
y rized radar
. Optimize the IS’s reflection at | Reverse  cancel-
Sensing . . . Stealth  and L .
[247] Electromagnetic Only LoS Semi-passive sensing th? target to minimize the re- | lation/MMSE
2 48], stealth IS securit ceived signal power of adver- | and Lagrange
y sary radars multiplier
Sensin Far-field and Maximization of the probabil- Sotriwnirzi_tlsgflkward
SIng near-field target | LoS and NLoS | Passive IS Sensing ity of detection under a fixed P .
[257] . . via alternating
detection probability of false alarm L
maximization
. . T Deep
Sensing 3D object detec- Only LoS Passive IS Sensing Minimizing cross-entropy loss reinforcement
[258] tion of the beampattern .
learning
ISAC | DFRC  with | Communication Semsing _and | g e e the
. . LoS, target | Passive IS communica- N yme | ADMM and MM
[259] Rayleigh fading LoS tion communication QoS require-
ment
L Train with the
ISAC DFRC with Ri- Communication Semi-passive L Improve the MSE of sensing | Adam optimizer
NLoS, target Communication
[260] cian fading LoS ’ IS and communication channels and MSE loss
function
Sensing, - .
ISAC Communication communi- N:l?tierIZZirtlhivlf{clzmnfarzflilgel: Lagrange dualit
Secure ISAC NLoS, target | Passive IS cation, and p gamn while guara grang ¥
[261] LoS information ing communication and infor- | and MM
security mation security requirements
ISAC Communication Sensing and | Maximize the average SINR of | Dinkelbach’s
[262] Wideband DFRC | NLoS, target | Passive IS communica- radar and the minimal commu- | method and
LoS tion nication SINR among all users | ADMM
ISAC Millimeter-Wave Communication Semi-passive Sensing . and | Use .downhnk beam seanning | ygac protocol de-
[256] DFRC LoS, target IS communica- for mmultaneoqs beam training sign
LoS tion and target sensing

1 PDD: penalty dual decomposition; MM: majorization-minimization; ADMM: alternating direction method of multipliers; SINR: signal-to-interference-plus-
noise-ratio, MUSIC: multiple signal classification; CRB: Cramer-Rao bound.

beam training time with the STAS scheme [256]. The number
of IS REs and sensors are set as 64 and 8, respectively, and
the carrier frequency is 28 GHz. As IS beam training time
increases, IS beamforming gain increases at the expense of
reduced data transmission time, which results in an initial
increase and subsequent decrease in the achievable rate for the
communication user. In contrast, sensing RCRB monotonically
decreases with beam training time. Thus, beam training time
needs to be properly set to balance the communication-sensing
performance trade-off.

Summary: In this subsection, we have discussed IS-aided
sensing schemes based on four approaches, namely, IS
passive sensing, IS semi-passive sensing, IS active sensing,
and target-mounted IS sensing. We compared their pros
and cons in terms of performance, hardware cost, and
implementation complexity. In addition, we discussed IS-
aided ISAC for cellular-connected UAV and mmWave
systems. In Table IV, we summarize the up-to-date research

works on exploring IS-aided sensing and ISAC. To motivate
future research on IS-aided ISAC, several important directions
are briefly discussed as follows which still need in-depth
investigation. First, it is necessary to explore the connection
between the IS-aided sensing and communication channels
to enhance ISAC performance. Furthermore, new IS architec-
tures, such as target-mounted IS [245], STAR-RIS [263], and
active IS [264] (to be discussed in the next section in detail),
open new opportunities for ISAC performance improvement.

III. ADVANCED IS ARCHITECTURES: RECENT PROGRESS
AND NEW CHALLENGES

Besides the passive reflection-based ISs discussed in Section
II, several new IS architectures have been proposed to over-
come their limitations and enable broader applications with
improved performance, including active IS, omnidirectional
IS, and holographic IS, elaborated as follows.
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A. Active IS and Integrated Active/Passive IS

1) Active IS: The communication performance of passive-
IS-assisted systems is practically constrained by the severe
product-distance path-loss in signal reflections, which can be
compensated for by equipping ISs with a massive number
of passive reflecting elements or reduced by deploying the
passive ISs closer to the transceivers. However, these methods
may not be applicable in practice, due to the high design
complexity and practical site constraints. To address this
issue, an efficient approach is by deploying a new type of
IS for assisting wireless communication, called active IS,
which enables the signal reflection with power amplification
for effectively compensating for the product-distance path-
loss [49], [265], [266]. Generally speaking, active IS can
be implemented by two types of hardware architectures as
illustrated in Fig. 16, namely, 1) the cascaded amplifying and
phase-shifting (APS) circuits (see Fig. 16 (a)) [265] and 2)
load modulation circuits (e.g., tunnel diodes) (see Fig. 16 (b))
[266]. With the power amplification capability, active IS can be
used for not only improving the communication performance,
but also enhancing the performance of other wireless applica-
tions, such as wireless power transfer, physical layer security
[267]-[274]. In this subsection, we provide an overview of
recent research results on active IS from the communication
design perspective, including active-IS reflection optimization,
channel estimation, and deployment.

First, the active-IS reflection design is more complex than
the passive-IS case, since it needs to jointly optimize the
active-IS reflection amplitude and phase. Moreover, compared
with passive IS, there is a new design tradeoff for active
IS between maximizing the received signal power and min-
imizing the amplification noise and residual self-interference
power. Although the above issues usually render non-convex
constraints over IS reflection coefficients and hence non-
convex optimization problems, various methods have been
proposed in the literature to optimize the active-IS commu-
nication performance from different aspects. For example,
the authors in [266] proposed an alternating optimization
(AO)-based algorithm to maximize the SNR for an active-
IS-aided SIMO system. In addition, the authors in [275]
investigated a multi-user MISO system, where a joint transmit
beamforming and reflect precoding scheme was proposed

to maximize the sum-rate by using fractional programming
techniques. Moreover, instead of the fully-connected active
IS, a sub-connected active-IS architecture was proposed in
[276] to reduce the power consumption of an active-IS aided
multi-user MISO system, where the active IS elements are
grouped into multiple sub-surfaces, each consisting of one
power amplifier. This new architecture offers a flexible tradeoff
between minimizing the power consumption and maximizing
the communication rate for active IS. Furthermore, for wide-
band active-IS systems, the authors in [277] proposed a novel
hardware architecture for OFDM active-IS systems to address
its frequency non-selectivity issue. Specifically, each active-IS
element/sub-surface is equipped with multiple amplifying and
phase-shift circuits operating at different frequencies. Then the
subcarriers are partitioned into several groups, each configured
by one amplifying and phase-shift circuit.

Second, for active-IS channel estimation, the conventional
methods designed for passive ISs cannot be directly applied,
since the active-IS reflection design generally requires the CSI
of the separate transmitter-IS and IS-receiver links (instead of
the cascaded CSI for passive IS) due to the new consideration
of amplification noise. Moreover, the amplification factors
need to be properly chosen in the active-IS channel estimation
for satisfying the maximum amplification power constrain. To
address the issue in estimating the BS-IS channel, the authors
in [278] proposed two practical channel estimation schemes
with and without IS-mounted sensors, respectively. In addition,
by assuming the BS-IS link CSI known a priori based on the
fixed BS and IS locations, the authors in [279] proposed a
new training reflection pattern for active IS, by minimizing
the estimation error variance of the IS-user channel in the
presence of active-IS-induced noise.

Last, for the active-IS deployment design, several factors
need to be considered, such as the physical environment, num-
ber of ISs and their REs, uplink or downlink communication,
amplification power budget, etc. Specifically, for the single-
active-IS aided communication system, it was shown in [264]
that the active-IS should be deployed closer to the receiver to
compensate for the amplification noise in the downlink/uplink.
It was revealed in [280] that given the fixed per-element
amplification power, the received SNR at the user increases
asymptotically with the square of the number of REs, while
the double-active-IS aided wireless system only achieves a
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linear capacity scaling order with the number of active REs
under the total amplification power constraint, due to the noise
amplification over the double-reflection link [281].

2) Integrated Active/Passive IS: Besides the use of active
and passive ISs only, recent research has also been dedicated to
studying efficient approaches to integrate both active or passive
ISs in one system to harness their respective advantages.
Specifically, one efficient approach is by deploying both active
and passive elements in a single surface as shown in Fig. 17
(a), which is called hybrid (active/passive) IS [282], [283]. For
this architecture, the authors in [282] proposed to optimize
the hybrid-IS elements allocation based on the statistical
CSI under the constraints on the total deployment budget
and maximum amplification power. It was shown that with
optimized elements allocation, the hybrid-IS is able to achieve
better communication performance than the conventional IS
with active or passive elements only. The same hybrid-IS
architecture is further studied in [284] to maximize the system
energy-efficiency. On the other hand, the authors in [285] con-
sidered a different hybrid-IS architecture, where each element
is integrated with an amplifier and can be switched between
the active and passive modes. For this hybrid-IS architecture,
it was demonstrated that the received SNR at the user can
be further improved by optimizing the placement of active
IS elements according to different channel gains at different
elements’ locations.

In contrast, another design of integrated active and passive
ISs deploys both active and passive ISs in a distributed manner
to improve the communication performance of the wireless
network as illustrated in Fig. 17 (b) [171], [173], [286]. For
example, instead of deploying multiple passive ISs only in the
wireless system for passive beam routing, a more effective
approach is by adding several active ISs in the network to
enable opportunistic signal amplification over some multi-
reflection signal paths, thus more effectively compensating for
the product-distance path-loss. For this new multi-active and
multi-passive (MAMP) IS-aided wireless system, the authors
in [171] proposed a new hierarchical beam routing design to
solve the intricate MAMP-IS beam routing problem based on
graph theory. Besides the beam routing design, the communi-
cation performance of MAMP-IS aided wireless system can be
further improved by optimizing the placement of active/passive
ISs. In [286], the authors considered a wireless information

and power transfer system aided by a single active-IS and
multiple passive-ISs via multi-reflection path. It was shown
that given fixed passive-IS locations, the optimal active-
IS placement is generally different for wireless information
transfer (WIT) versus wireless power transfer (WPT) due to
the different roles of active-IS-induced amplification noise.
Furthermore, the authors in [173] optimized the locations of
all active/passive ISs in an MAMP-IS aided wireless system
in a given region. An optimization problem was formulated
and efficiently solved to minimize the total deployment cost
under the SNR constraints.

In future work, there are several key design issues worthy
of investigation. For example, the existing works on active-
IS have usually assumed ideal reflection coefficients with
continuous and independent phase-shift and amplitude control,
which may not be implementable in practice and thus calls
for efficient algorithms to handle their practical constraints.
In addition, for MAMP-IS aided systems, it is interesting to
study how to optimize the density of active and passive ISs in a
multi-cell network for maximizing the network throughput by
using e.g., the stochastic geometry theory [287]. Furthermore,
a research direction is the design of globally passive ISs based
on the optimization of surface waves, since no power ampli-
fiers are required but more advanced optimization schemes are
needed [288].

B. Omnidirectional IS

Our discussions so far have mainly focused on reflection-
based ISs, passive or active. However, reflection-based ISs
have one fundamental limitation after they are deployed in
practice: they can only reflect incident waves from a restricted
angular range, i.e., only users and the BS that are located
in the same reflection half-space of the IS can benefit from
the signal reflection by the IS. To overcome this restriction, a
new concept of omnidirectional IS has been proposed [289].
The omnidirectional IS can enable a dual function of signal
reflection and refraction simultaneously, i.e., some power of
the incident signal is reflected to serve users located in the
same reflection half-space of the IS, and the rest of power
penetrates the IS to serve users located in the refraction half-
space of the IS [290], [291]. As a result, a doubled 360°
service coverage is ensured compared to reflection-based IS.



This type of surfaces is also referred to as STAR-RIS as
aforementioned [292]. In this subsection, we first introduce
the working principles of the omnidirectional IS and its new
characteristics. Then, two hardware implementations of the
omnidirectional IS are presented. Finally, emerging applica-
tions of the omnidirectional IS are discussed.

1) Working Principles: An omnidirectional IS is an engi-
neered surface that comprises electrically-controllable scat-
tering elements. Each element comprises multiple metallic
patches and N PIN diodes that are evenly distributed on a
dielectric substrate, as shown in Fig. 18. The metallic patches
are connected to the ground via the PIN diodes that can
be switched between their ON and OFF states according
to predetermined bias voltages. The ON/OFF state of these
PIN diodes determines the amplitude and phase responses
applied by the omnidirectional IS to the incident signals.
Each metallic patch can be configured in 2%V different states,
which results in P < 2% different amplitudes I" and phases
6 (usually equally distributed in [0, 27]), depending on the
implementation of the omnidirectional IS. As illustrated in Fig.
18, when a signal impinges, from either side of the surface,
upon one element of the omnidirectional IS, for example,
a fraction of the incident power is reflected and refracted
towards the same side and the opposite side of the incident
signal, respectively [39]. Under the assumption of periodic
boundary conditions, complex-valued reflection and refraction
coefficients of a generic omnidirectional IS element can be
defined. Mathematically, the received signals at each user can
be expressed by

y= H®Gx, (D
where x is the signal vector at the BS, G is the channel
matrix between the BS and the omnidirectional IS, and H
is the channel matrix between the omnidirectional IS and the
user. ® is the phase shift matrix of the omnidirectional IS,
which is different for reflection and refraction in general. ®
is typically diagonal, and its diagonal elements correspond to
the reflection/transmission coefficient of each omnidirectional
IS element T'e7%, respectively.

In general, the reflection and refraction/transmission co-
efficients may depend on the direction of incidence. The
amplitude of the reflection and transmission coefficients of
a generic omnidirectional IS element are determined by the
size and shape of each element. It is worth mentioning that
the proposed omnidirectional IS is flexibly designed to ensure
that the amplitude of the reflected and refracted signals can
be different. The power ratio between them is, in particular,
a constant determined by the hardware implementation of
the omnidirectional IS elements. When the states of the PIN
diodes are changed, the reflection and transmission coefficients
are changed simultaneously. For instance, the phase shifts for
reflection and refraction satisfy a linear model as suggested
in [289], i.e., a pair of reflection and refraction phase shifts
satisfies 0;(i) — 0,.(i) = ¢(i), where the subscript i refers to
the i-th omnidirectional IS element and ¢(%) is a constant. This
indicates the coupling of refraction and reflection, which needs
to be considered in the omnidirectional IS beamformer design.

2) New Characteristics: Due to the coupling of refraction
and reflection, the following key factors need to be revisited

24

User 1

Refractive
Surface signal
EEER ®

Energy Split

. Each element
PIN diodes

71T37/Ground

|

|

|

Refractive/ :

‘ Reflective |
— |

patch

signal

|

|

I

Reflected |
|

User 2 :

Fig. 18. An illustration of the omnidirectional IS-based hybrid beamforming
for two users.

in order to achieve full-dimensional omnidirectional IS-aided
communications.

e Channel Characteristics: As the omnidirectional IS
splits the energy of the incident signals, one may raise a
question: Does the uplink (UL) and downlink (DL) reci-
procity hold for omnidirectional IS-aided wireless com-
munications? According to the theoretical analysis and
experimental results given in [293], the authors showed
that the channels are reciprocal while the beams are not.
This indicates that we may not need separate channel esti-
mations for UL and DL, but we may need different phase
configurations for UL and DL communications, which
is different for reflection-based ISs. Channel estimation
is, however, a critical issue for omnidirectional IS-aided
wireless communication systems because of the coupling
effect of reflection and refraction. An initial attempt to
tackle this issue can be found in [294], where the authors
used the minimum mean square error (MMSE) metric to
estimate the CSI, by jointly designing the pilot sequences
of the users, the energy splitting ratio, and the training
pattern matrices under a coupled phase shift model.

« Phase Shift Optimization: Due to the coupling between
reflection and refraction, the phase optimization for an
omnidirectional IS is different from that of reflection-
based ISs, where only the users on one side of the
surface are considered. Two cases were considered in the
literature: 1) CSI is known. The authors of [39] proposed
a hybrid beamforming framework for an omnidirectional
IS-aided wireless system, where an omnidirectional IS
is deployed at the cell edge to extend the coverage.
Here, assuming that the CSI is perfectly known at the
BS, the authors jointly optimized the digital beamformer
at the BS and the analog beamformer enabled by the
omnidirectional IS with discrete phase shifts to maximize
the sum-rate. Their results showed that an omnidirectional
IS enhances the data rate of users located on both sides of
the surface, which asymptotically doubles the achievable
sum-rate and the service coverage; 2) CSI is unknown.
In dynamic environments, it is costly to obtain real-
time CSI. The work in [295] developed a codebook-
based scheme to bypass the channel estimation. In this
work, a phase shift configuration of the omnidirectional
IS corresponds to a codebook, and the codebooks for the
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An omnidirectional IS-aided wireless communication prototype

BS and the omnidirectional IS are pre-designed jointly.
Then, a multi-layer beam training scheme was proposed
to select a codeword with the maximum data rate. The
work [296] further analyzed the optimal codebook size
to achieve a trade-off between the data rate and the train-
ing overhead for an omnidirectional IS-aided wireless
system. The results showed that the optimal codebook
size is influenced by the refraction-reflection ratio, which
decreases as the ratio approaches to one. Moreover, as
the reflection and transmission coefficients depend on
the incident angle, the orientation and position of the
omnidirectional IS also need to be considered in the phase
shift optimization [296].

3) Hardware Implementation: Two implementation meth-
ods can be used to realize simultaneous reflection and refrac-
tion of omnidirectional IS, elaborated as follows.

o Power Domain: A straightforward idea is to split the
incident signal into two parts: one for reflection and the
other for refraction, as shown in Fig. 18. Such a function
can be realized by a symmetric structure provided in [66],
for which the layout parameters can be optimized by
modeling each element as a two-port network. With such
a structure, the incident signals first induce currents on the
patches, and then radiate reflective and refractive signals
on both sides of the omnidirectional IS. By changing the
equivalent impedance of each element through switching
the ON/OFF states of embedded PIN diodes, the phases
and amplitudes of the refracted and reflected signals
are changed accordingly, thus enabling beamforming.
Following this element design, the authors of [297]
implemented the omnidirectional IS and built an omnidi-
rectional IS-aided wireless communication prototype, as
shown in Fig. 19. Their experimental measurements ver-
ified the feasibility of full-dimensional communications
provided by the omnidirectional IS. They also pointed
out that the response of each omnidirectional IS element
is a function of the angle of incidence, which should be
considered in the beamformer optimization, as otherwise
beam misalignment can be resulted.

« Polarization Domain: Polarization is the property of an
EM wave that determines the direction of the electric field
oscillations. There could be different polarization states
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depending on the direction of these oscillations in the
plane perpendicular to the propagation direction, such as
linear (vertical and horizontal) and circular polarizations.
Different polarizations can be utilized to control reflective
and refractive waves simultaneously with a polarization-
dependent characteristics provided by the omnidirectional
IS. For example, an omnidirectional IS element can
only reflect vertical-polarized waves while horizontal-
polarized waves can only be refracted. An initial imple-
mentation for the omnidirectional IS in the polarization
domain was reported in [298], where two orthogonal po-
larized components are integrated in one omnidirectional
IS element with a decoupling structure to guarantee their
orthogonality. However, with such a design, the effective
aperture for either reflection or refraction is reduced to
only half of that of the surface. Therefore, how to fully
utilize the whole surface with different polarizations is
still a challenging unsolved problem.

It is worth noting that some existing designs utilize cou-
pling among elements to realize simultaneous reflection and
refraction [24]. In other words, the incident signals on an
element will also be reflected or refracted from the neighboring
elements. As a result, the phase shift matrix ® is not diagonal
any more for either reflection or refraction, and this type
of surface is also referred to as BD-RIS as mentioned in
Section I-B. Under the BD-RIS framework, the reflective and
refractive patches for an element are grouped into a cell, and
the cell is modeled as a two-port impedance network, which
is similar to the equivalent circuit discussed in [297]. The
BD-RIS considers a more general concept that the IS can
be divided into several sub-surfaces and each sub-surface is
modeled as an M -port impedance network, where M is the
number of reflective/refractive patches within the sub-surface.
This implies that the incident signal on a sub-surface can be
reflected or refracted by any patch within each sub-surface.
This can be achieved by forming coupling currents among
elements within the sub-surface. Such a coupling can provide
another dimension to optimize, i.e., the equivalent amplitude
of the coefficient for each element can be adjusted, leading to
additional performance improvement. However, the coupling
poses an increasing complexity on the hardware design of
the omnidirectional IS. Therefore, it is necessary to strike a
trade-off between the performance and complexity in such a
framework.

4) New Applications: The new characteristic of simultane-
ous reflection and refraction has unlocked various new appli-
cations [289]. For example, the omnidirectional IS has been
introduced for self-interference cancellation in full-duplex
communication systems. In particular, the omnidirectional IS
can be deployed between the Tx and the Rx, and we can
configure the phase shifts of the omnidirectional IS to enhance
the received signal strength by reflection and to null the self-
interference to the Rx on the refraction side.

The integration of the omnidirectional IS with existing
communication systems also faces its own challenges as the
coupling of refraction and reflection further complicates the
joint optimization, which requires further investigation.
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C. Holographic IS

Wireless communications enabled by holographic ISs strive
to overcome the limitations of massive MIMO systems [21].
Specifically, holographic ISs refer to spatially-continuous EM
apertures incorporating densely-packed large number of radi-
ation elements [299]. By leveraging the holographic principle,
as shown in Fig. 20, the radiation characteristics of the EM
wave (which is also called reference wave) propagating on
the surface can be changed by the holographic pattern to
generate the desired object wave [300]. Hence, holographic
ISs are capable of achieving amplitude and phase modulation
to enable signal processing within the EM domain, while
maintaining a low hardware cost and power consumption. In
this subsection, we first introduce the theoretical aspects and
transmission schemes of holographic IS. Then, we present
the hardware implementation of holographic IS. Finally, we
discuss its potential applications.

1) Theoretical Aspects: The theoretical foundations of
holographic IS such as channel model, degrees of free-
dom (DoF), and system capacity require new and efficient
approaches due to the dense packing of nearly infinite ra-
diation elements and spatially-continuous EM apertures. In
particular, one of the most prominent design shifts is from the
traditional digital domain to the EM domain [301]. This new
domain provides a promising space to unveil the fundamental
limitations of holographic IS-aided communications. In the
following, we present the recent advances in theoretical aspects
on holographic IS in terms of channel modeling, DoF, and
system capacity.

e Channel modeling: Channel modeling of holographic IS
systems differs from that of conventional MIMO systems
due to the compact distribution of radiation elements in
a holographic IS, where strong spatial correlations and
mutual coupling effect need to be considered. To tackle
this issue, a spatial correlation based channel model was
proposed [302]. Mathematically, the channel model can
be denoted by h ~ CN(0, R), where R = E(hhf) is
given by

R:B//f(¢+6¢,9+69)a(¢+6¢,9+59)
aH(QS + (5¢, 9 + 59)d5¢d50,

B is the average channel gain, ¢ and 6 are the azimuth
and elevation angles, respectively, d4 and &y are the
angular deviations corresponding to ¢ and 6, f(¢,0) is
the normalized spatial scattering function, and a(¢,0)
is the array steering vector. The authors of [303] fur-
ther developed a joint spatial-temporal correlation model
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characterized by a four-dimensional sinc function by
considering both spatial and temporal correlations.

e DoF: The DoF reveals the number of independent data
streams that can be transmitted simultaneously. The DoF
of holographic IS has been fully studied to explore
the optimal communication performance. Specifically, the
study in [304] explored the DoF of a point-to-point
holographic IS-aided system. An approximate closed-
form expression of the DoF achieving performance limits
was derived, which indicates that the DoF of LoS channel
is only determined by geometric factors normalized to the
wavelength, and can be higher than one. More recently,
the authors of [301] have comprehensively analyzed the
DoF and the optimal waveforms of holographic MIMO
under general network deployments.

o System capacity: As one of the most critical metrics
for the system performance, the capacity of holographic
[S-aided communication has also been investigated. The
authors in [305] presented pioneer studies on the system
capacity of holographic IS considering LoS channels. It
is proved that the normalized capacity will converge to
a constant value as the terminal density grows and the
wavelength approaches zero. Such an asymptotic limit is
expressed as ﬁ, where P denotes the transmit power
per volume unit and Ny is the noise spatial power spectral
density. In addition, the capacity with non-LoS (NLoS)
channels was studied in [306]. It is revealed that as the
element spacing decreases, strong mutual coupling effects
among elements will deteriorate the system capacity for
a given number of radiation elements.

2) Transmission Scheme: The differences in transmission
schemes between holographic ISs and conventional MIMO
mainly involve in two aspects. On one hand, due to the
large aperture of holographic ISs, the communication distances
fall within the near-field region. Hence, transmission schemes
applicable to near-field communication need to be developed
for performance enhancement. On the other hand, in addition
to conventional phase-controlled beamforming, holographic
ISs can also apply amplitude modulation for holographic
beamforming. Therefore, novel transmission schemes tailored
for amplitude-controlled beamforming are also needed. In the
following, we present the recent advances in transmission
schemes in terms of near-field holographic IS and amplitude-
controlled holographic IS aided communications.

o Near-field transmission scheme: In near-field communi-
cations, the phases and distances observed by the user
with respect to the elements are different, and thus the
conventional uniform plane wave approximation in the
far-field region cannot be applied anymore. Therefore,
transmission scheme designs need to consider this char-
acteristic for the system design. A mathematical model
was presented to characterize the near-field channels and
transmission patterns in [307]. Also, the authors of [308]
developed effective beam-focusing transmission scheme
by exploiting the distance information and phase variants
to achieve favorable performance gains in the near-field
region. Moreover, considering the randomness of user
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TABLE VII

COMPARISON BETWEEN DIFFERENT HARDWARE IMPLEMENTATIONS

Tuning mechanism Working frequency Advantages Limitation Typical Applications
PIN diodes (Sub-) mmWave Low cost, f’flSt response'tlme bNonlmearltles in Mobile communlcatlon
and easy implementation high-frequency bands scenarios

Low power consumption,
Liquid crystal (Sub-) mmWave linear properties in
high-frequency bands

(Quasi-) Static

Slow response time L .
communication scenarios

Ultra-fast response time,
Photosensitive devices GHz-optical protecting signals from EM
interference

Difficult to maintain high Long-distance deployments
phase stability with optical fiber technology

distribution, near-far field beamforming for holographic
IS was proposed in for sum rate maximization.
o Amplitude-controlled transmission scheme: In the
amplitude-controlled transmission, the amplitude of the
EM wave at each radiation element is controlled by the
holographic beamformer to generate desired directional
beams [300]. Hence, the sum rate maximization problem
can be modeled as a complex-domain optimization
problem subject to unconventional real-domain amplitude
constraints. The authors of [309] introduced a novel
hybrid beamforming scheme for a general amplitude-
controlled holographic IS system. Specifically, the
signal processing at baseband is conducted at the BS.
The holographic IS utilizes an amplitude-controlled
beamforming technique to generate desired directional .
beams and transmit the processed signals to each user.
3) Hardware Implementation: The primary challenge in
the hardware implementation of holographic ISs is to design
tunable radiation elements which are capable of optimiz-
ing the current distribution on the surface. Specifically, the
tunability of radiation elements enables the construction of
any holographic pattern on the surface, such that dynamic
beamforming can be achieved. In the following we will list
the state-of-the-art tuning mechanisms for the realization of
holographic ISs, which rely on PIN diodes, liquid crystal,
and photosensitive devices, respectively. A summary of these
hardware implementations is listed in Table VII.
e PIN diodes: A radiation element capable of controlling
the radiation amplitude of the EM wave can be achieved

through the integration of a complementary electric-
LC (cELC) resonator, which incorporates PIN diodes
for modulation purposes [310]. The cELC resonator, as
depicted in Fig. 21, is a micro-strip line etched with a
circle of annular slot to form a metal patch combined
with a closed loop. The operational states of PIN diodes
are actively controlled by the application of distinct
bias voltages. Such control holds significant influence
over the mutual inductance properties of the cELC res-
onator, consequently dictating the radiation power of the
EM wave. Owing to their cost-effectiveness and easy
implementation, PIN diodes find extensive applications
predominantly in sub-mmWave and mmWave frequency
ranges.

Liquid crystal: Although PIN diodes are capable of
achieving high beampattern gains, the nonlinearities of
PIN diodes in high-frequency bands deteriorate the per-
formance of holographic ISs. Thanks to the linear proper-
ties of liquid crystal in high-frequency bands, the above
limitation of PIN diodes can be overcome. The liquid
crystal-based holographic ISs were proposed in [311],
where the liquid crystal is filled in cavity boxes between
slots and radiating patches. The permittivity of liquid
crystal is changed with the applied bias voltages, such that
the EM wave can be regulated to achieve beamforming.
Liquid crystal-controlled holographic ISs offer numerous
benefits, such as their versatility in integration into diverse
structures due to their fluid nature and efficiency in
power usage, attributing to the predominantly capacitive



functions that involve minimal currents. Nonetheless, a
significant limitation is the relatively slow response time,
which constrains their utility to applications that do not
demand rapid tunability.

o Photosensitive devices: In addition to the above electrical
control methods, the tunability of radiation elements
can also be realized by optical control. Specifically,
different EM responses of each radiation element are
controlled by properly illuminating the corresponding
photosensitive semiconductors. Such an optical control
method is capable of achieving a rapid tuning speed,
while also safeguarding signals against EM interference.
Moreover, when integrated with optical fiber, it becomes
feasible to deploy holographic ISs and signal processing
units at separate locations for long-distance deployments.
However, a critical challenge associated with these optical
tuning systems is the necessity for high phase stability,
that is, the preservation of a constant phase difference
among parallel optical signals [312]. Since optical fibers
are highly susceptible to environmental influences, the
above requirement is challenging to be met in practice.

4) Potential Applications: As an ultra-thin and lightweight
antenna, the holographic IS has shown its potential in various
wireless applications, including, e.g.,

e LEO satellite communications: LEO satellite communica-
tions are one promising solution to deliver high-capacity
backhaul or data relay services for terrestrial networks.
Nonetheless, the high mobility of LEO satellites and the
severe path loss pose challenges on antenna technologies
in terms of precise beam steering and high antenna
gain [313]. Traditional antennas integrated with user
terminals such as dish antennas and phased arrays either
require heavy mechanics or costly phase shifters, ren-
dering their adoption in practical systems economically
unviable. As a new paradigm to achieve beamforming
with low hardware cost and low power consumption,
holographic ISs can be adopted in integrated terrestrial-
satellite networks to overcome the above limitations. In
particular, Kymeta together with Microsoft has developed
a commercial holographic IS for satellite communications
in the event of natural disasters.

o Wireless Simultaneous Localization and Mapping
(SLAM): Wireless SLAM, as a technique for user
positioning and mapping in uncharted environments,
holds promise for enhancing location-based services.
This method utilizes antennas to estimate both the time
of arrival and the angle of arrival by analyzing the
amplitudes of received multi-path components [314].
Consequently, the precision of the SLAM system is
determined by the directive gain of the antennas. Given
that holographic ISs consist of numerous elements,
offering enhanced beam-steering capabilities and high
directive gain, they present a viable option to be applied
in wireless SLAM systems. It also shows great potential
in radar detection [315].

e ISAC: In 6G, it is envisaged that the functions of sensing
and communication are fully integrated in the same
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system by sharing resources, waveforms, hardwares, etc.
In ISAC systems, wideband waveforms are required to
achieve high data rate for the communication function and
high-resolution detection or estimation for the sensing
function. However, wideband transmission with tradi-
tional phase controlled schemes typically suffers from
beam squint. Holographic ISs, with the linear additivity of
holographic patterns, can be used to effectively alleviate
the beam squint issue [316].

IV. CONCLUSIONS

In this paper, we provided a comprehensive overview of
the state-of-the-art results on IS-aided wireless systems and
networks by focusing on the main design issues of commonly
adopted reflection-based ISs such as reflection optimization,
deployment, modulation, sensing and ISAC, as well as new
and emerging IS architectures and their new design issues.
Particularly, we pointed out several new trends in the research
on ISs including the shifts from a single surface to multiple and
cooperative-routing surfaces, from passive surfaces to active
and integrated active/passive surfaces, from reflective surfaces
to refractive and omni-directional surfaces, from terrestrial
surfaces to integrated air-ground surfaces, from static surfaces
to mobile surfaces, etc. Since there are still many open issues
in the design and implementation of ISs-empowered wireless
networks, we hope that this paper will serve as a timely and
useful resource for future research on ISs to unleash their full
potential for 6G and beyond.
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