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From signal modeling to processing

ntegrated sensing and communications (ISAC) are envi-
sioned to be an integral part of future wireless networks,
especially when operating at the millimeter-wave (mm-
wave) and terahertz (THz) frequency bands. However, es-
tablishing wireless connections at these high frequencies is
quite challenging, mainly due to the penetrating path loss
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that prevents reliable communication and sensing. Another
emerging technology for next-generation wireless systems
is reconfigurable intelligent surface (RIS), which refers to
hardware-efficient planar structures capable of modifying
harsh propagation environments. In this article, we provide a
tutorial-style overview of the applications and benefits of RISs
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for sensing functionalities in general, and for ISAC systems in
particular. We highlight the potential advantages when fus-
ing these two emerging technologies, and identify for the first
time that 1) joint sensing and communications (S&C) designs
are most beneficial when the channels referring to these op-
erations are coupled, and that 2) RISs offer the means for con-
trolling this beneficial coupling. The usefulness of RIS-aided
ISAC goes beyond the obvious individual gains of each of
these technologies in both performance and power efficiency.
We also discuss the main signal processing challenges and fu-
ture research directions that arise from the fusion of these two
emerging technologies.

Introduction

Recent years have witnessed growing research and indus-
trial attention in RISs [1]. An RIS is an array of elements
with programmable scattering properties [2]. Although this
definition accommodates a broad range of technologies,
the common treatment of RISs considers 2D arrays whose
elements can be tuned independently to generate desirable
reflection patterns in a nearly passive fashion, without uti-
lizing active radio-frequency (RF) chains to process the
impinging signals [3]. The core benefits of RISs stem from
their ability to shape the propagation profile of information-
bearing electromagnetic (EM) waves in a flexible, low-cost,
and energy-efficient manner [4].

One of the most common applications of RISs is in
wireless communications. This metamaterial-based tech-
nology brings forth the vision of smart programmable
environments [5], where RISs are expected to improve
coverage, energy efficiency, reliability, and EM field
exposure of wireless communications [6]. The role of
RISs in future wireless communications in modifying
harsh propagation environments and establishing reliable
links for communication via multiple-input multiple-out-
put (MIMO) systems is widely studied in the literature
(see, e.g., the recent survey papers [4], [7], [8], [9], and
[10]). Consequently, they are expected to play a key role in
5G-Advanced [1] as well as in 6G wireless networks [11].
Another application area where the use of RISs is the focus
of considerable research attention is RF localization [12].
The conventional task in such systems considers a mobile
device that determines its position based on the impinging
signals received from several terminals whose locations
are known. The commonly studied capability of RISs in
facilitating RF localization follows from their reliance on
forming multiple signals received from known locations.
RISs can thus create additional signal propagation paths
for their impinging signals without increasing the number
of transmitting terminals as well as overcome nonline-
of-sight (NLoS) conditions in an energy-efficient manner
[13], [14]. The growing popularity of RIS-enabled/-aided
RF localization has also been attributed to the fact that
this application area is naturally associated with wireless
communications devices, where RIS research has recently
been highly established.

This article focuses on another emerging technology: the
ISAC paradigm. This technology unifies wireless communi-
cations and RF sensing as both applications are associated
with radiating EM waves, and are expected to be simulta-
neously employed by a multitude of mobile devices [15]. As
such, ISAC is envisioned to be an integral part of future wire-
less systems, especially when operating at the mm-wave and
THz frequency bands [16], [17], [18], [19]. However, signal
propagation at these high frequencies is quite challenging due
to the penetrating path loss, which can be so severe that the
NLoS paths may be too weak to be of practical use, prevent-
ing reliable communication and, in certain cases, sensing.
ISAC systems share many similar aspects, in both opera-
tion and challenges, with the more established domains of
wireless communications and RF localization. In particular,
data communication is one of the two functionalities incor-
porated in ISAC systems. Yet, although RF localization can
be viewed as a form of sensing, the way the propagation of
EM waves is used typically differs from that in ISAC sys-
tems. In particular, ISAC commonly focuses on a wireless
receiver (Rx) (or transceiver) utilizing impinging RF signals
to sense an unknown environment, similar to what happens
in radar systems. Nonetheless, the ability of RISs to generate
controllable, desired reflection patterns was recently shown
to facilitate sensing applications, e.g., in [20]. This indicates
that the combination of RISs with ISAC systems may contrib-
ute to the development of future wireless networks and their
mobile devices.

In this article, we review the applications of RISs for ISAC
systems as well as the signal processing challenges and the
offered gains that arise from the integration of these two
emerging technologies. We present up-to-date research direc-
tions of such synergies, contribute new fundamental insights,
and highlight exciting research opportunities arising from the
use of the RISs. For this goal, we begin by reviewing the fun-
damentals of the RIS technology that are relevant for ISAC
applications. We briefly describe RIS hardware architectures,
focusing mostly on conventional passive architectures [4], [7]
as well as recent hybrid passive-active technologies [21]. We
then discuss the key capabilities of RISs in shaping wire-
less environments, and their associated use cases, based on
which we establish a generic model for the signals involved in
RIS-aided ISAC systems that we specialize in the subsequent
sections. We continue by overviewing the existing method-
ologies for utilizing RISs for sensing applications, focusing
specifically on radar sensing, which has the closest function-
ality to ISAC systems. Although the wireless communications
functionality, e.g., rate or signal-to-interference-plus-noise
ratio (SINR) improvement, considered in ISAC is similar to
metrics commonly adopted in the RIS literature, we provide
new perspectives on the sensing aspect of RI1S-aided ISAC,
which is typically geared toward radar-type operations, e.g.,
detecting targets and probing an unknown environment. We
discuss the different RIS-aided sensing configurations such
as monostatic active sensing, where the same device that radi-
ates the signal is the one probing the environment, as well
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as bistatic sensing, where a passive sensing RXx processes
the impinging signals to estimate parameters for targets in
the environment. We discuss transmit beamforming to show
the ability of RISs to enhance target illumination power and
improve sensing performance. The gains offered by RISs for
sensing in harsh and NLoS environments are showcased via
intuitive numerical examples.

The main bulk of the article considers RIS-empowered
ISAC. We discuss for the first time the dependence of ISAC
on the coupling between the communication and sensing
channels, proving that the more coupled the channels are,
the more gains one can achieve via joint design of commu-
nications and sensing. We then show that, in the context of
ISAC, RISs provide a means to control the level of coupling
between the channels. This reveals a nontrivial core benefit
of combining RISs with ISAC, in which signal processing
techniques play a profound role. We accompany our discus-
sion with a beamforming design example in multiantenna
ISAC systems with a single-antenna communication Rx. For
this example, we draw observations on the role of coupling
in the ISAC performance. We then show how the integra-
tion of RISs affects the level of coupling, and in turn, the
performance gains of a joint S&C design. Based on this
fundamental observation, we present a novel design for
simultaneously providing high-rate communications, while
achieving accurate estimation of remote targets, which lever-
ages the capabilities of R1S-empowered ISAC. We also dis-
cuss an RIS-aided ISAC design that guarantees a prescribed
SINR to a communication user and yields sensing wave-
forms with good cross-correlation properties, thus being
adequate for sensing and resolving targets. The article con-
cludes with a discussion on the open challenges and future
research directions associated with RIS-empowered ISAC

systems. Exploring these directions is expected to pave the
way to a successful fusion of the concepts of smart wireless
environments and ISAC, further bringing forth the gains of
joint holistic designs of RISs and ISAC.

Fundamentals of RISs

In this section, we include the key features of the RIS tech-
nology, setting the groundwork for the description of their
applications in the following sections in the context of ISAC.
We begin with a brief description of RIS hardware architec-
tures. Then, we elaborate on the requirements, capabilities,
and use cases of RISs for controlling wireless propagation
environments, based on which we formulate a generic signal
model that is specialized in the rest of the upcoming sections.

Hardware architectures

Broadly speaking, an RIS is a surface having multiple ele-
ments whose EM properties can be externally configured.
We focus our description on passive RISs, which comprise
passive reflecting elements that allow for achieving control-
lable reflection patterns. Nonetheless, one may utilize RISs
that are not purely passive and possess some sensing capabili-
ties on their own, as detailed in Passive Versus Active and
Hybrid Reconfigurable Intelligent Systems.

Although RISs can be realized using conventional reflec-
tarrays, a common implementation utilizes metasurfaces
[8]. Metasurfaces are 2D arrays of artificial metamaterial
elements, which can be based on, e.g., graphene or liquid
crystals. The EM properties of these elements, referred to as
meta-atoms, can be programmed, and their dimensions allow
them to be densely packed, possibly within subwavelength
spacing. The surface configuration is typically placed upon
a dielectric substrate layer, whose role is to prevent energy

Passive Versus Active and Hybrid Reconfigurable Intelligent Systems

RISs are metasurfaces with reconfigurable electromagnet-
ic (EM) properties. The common use of this terminology,
which is also the one adopted in this article, refers to
almost passive devices used as a sort of a full-duplex
relay that can generate controllable scattering and reflec-
tion patterns without being capable of amplifying its
impinging signals. An alternative use of metasurfaces
with controllable EM characteristics is as reconfigurable
massive multiple-input, multiple-output (MIMO) antennas,
including the concept of dynamic metasurface antennas
[S1]. The latter use, which serves as a candidate technol-
ogy for holographic MIMO [22], is intended to be a part
of an active transceiver with dedicated radio-frequency
(RF) chains and signal amplifiers (power and low-noise
amplifiers for transmitters and receivers, respectively),
and thus, its capabilities and tasks are fundamentally dif-
ferent from that of passive RISs.

The passive nature of RISs, which are used for program-
ming wireless environments, gives rise to multiple design chal-
lenges, and the resulting metasurfaces are dependent on at
least one distinct receiver device for sensing the environment
and handling their configurations. To tackle these challenges,
a hybrid passive and active RIS architecture has been pro-
posed [21], consisting of response-reconfigurable meta-atoms
placed on top of a waveguide that offers adjustable coupling
of the impinging signals on them to one or more reception RF
chains [see Figure 1(a)]. The resulting architecture was shown
to achieve desired reflection beampatterns [see Figure 1(b)],
while providing sensing capability to locally estimate the
angles of arrival at the same time [see Figure 1(c)].
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leakage from impinging signals and their attenuation upon
reflection. As a result, RISs may be fabricated in flexible
shapes and thicknesses, facilitating their deployment. In RIS
architectures that do not act as purely reflectors, such as RISs
that also sense the impinging signals [21] (see Passive Ver-
sus Active and Hybrid Reconfigurable Intelligent Systems )
or refract portions of it [23], the substrate layer is replaced
with a different substance, e.g., a waveguide exhibiting lim-
ited coupling to the elements [24].

The ability to modify the signal propagation profile via
deploying RISs is achieved using a dedicated control circuit-
ry for their dynamic configuration. The control circuitry can
adapt the EM behavior of each meta-atom separately, or of
groups of meta-atoms, either in a binary (or discrete) fash-
ion by incorporating one or several p-i-n diodes in each ele-
ment, or even in a continuous manner using, e.g., varactors.
Although the control circuit inevitably consumes power, the
almost passive nature of the elements themselves (in the typi-
cal order of microwatts [7]) allows the overall architecture to

Hybrid Metasurface

be nearly passive, typically consuming much less power than
required by active transmitters (Txs)/Rxs/relays [25].

Capabilities and use cases

Capabilities

The RIS technology enables the reflecting of impinging EM
waves in a controllable manner. In that sense, RISs, which are
typically considered as means to control the wireless envi-
ronment, can also be viewed as a form of passive relays [2]. In
fact, they have several core advantages compared with con-
ventional relays that utilize active Txs. First, RISs naturally
operate in a full-duplex fashion, an operation that increases
spectral efficiency and may be challenging to achieve using
conventional relays. Furthermore, the flexible planar shape of
RISs facilitates their deployment, particularly in urban set-
tings, e.g., on the facades of buildings [3]. Finally, the lim-
ited control circuitry of RISs, which is based on the fact that
they do not process the impinging signals and do not require
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FIGURE 1. The schematic of a hybrid passive and active RIS and full-wave simulation results adopted from [21]. The results in (b) and (c) were obtained
using an 1D hybrid RIS having 24 meta-atoms, and demonstrate the metasurface’s capability to reflect toward desired angles while accurately estimat-
ing the angle of arrival (AoA) of its impinging signal. (a) A simultaneous reflecting and sensing RIS architecture. (b) The reflected beampattern. (c) AoA

detection. SNR: signal-to-noise ratio.
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