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ABSTRACT Upcoming beyond fifth generation (5G) communications systems aim at further enhancing
key performance indicators and fully supporting brand-new use cases by embracing emerging techniques,
e.g., reconfigurable intelligent surface (RIS), integrated communication, localization, and sensing, and
mmWave/THz communications. The wireless intelligence empowered by state-of-the-art artificial intelli-
gence techniques has been widely considered at the transceivers, and now the paradigm is deemed to be
shifted to the smart control of radio propagation environment by virtue of RISs. In this paper, we argue that
to harness the full potential of RISs, localization and communication must be tightly coupled. This is in
sharp contrast to 5G and earlier generations, where localization was a minor additional service. To support
this, we first introduce the fundamentals of RIS mmWave channel modeling, followed by RIS channel state
information acquisition and link establishment. Then, we deal with the connection between localization and
communications, from a separate and joint perspective.

INDEX TERMS Channel modeling, millimeter wave, simultaneous localization and communications, radio
localization, reconfigurable intelligent surface.

I. INTRODUCTION
As the demand on the quality of services (QoSs) keeps
rapidly growing, upcoming beyond fifth generation (B5G)
systems are envisioned to meet more stringent require-
ments, which are beyond those enabled by the ultra-reliable
low-latency communication (URLLC), enhanced mobile
broadband (eMBB), and massive machine-type communica-
tions (mMTC) in the current 5G system. In addition, B5G
will also need to support diverse industry vertical appli-
cations, e.g., autonomous driving and industry 4.0. Hence,
more challenges are brought on physical layer (PHY) trans-
missions, multi-access, network design, and resource man-
agement technologies. A plethora of disruptive techniques,
e.g., holographic multiple-input multiple-output (MIMO),
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reconfigurable intelligent surface (RIS), artificial intel-
ligence (AI) enabled communications and networking,
mmWave/THz communications, and simultaneous localiza-
tion and communications (SLAC), are under active inves-
tigation to fulfil the targeted QoS requirements for B5G
[1]–[3]. SLAC is a special case of the wider field of integrated
sensing and communication (ISAC) [4]. In particular, SLAC
is limited to bi-static operation (communication and sensing
and localization of connected devices), while ISAC also con-
siders monostatic operation. While the focus of this paper is
limited to SLAC, RIS is also expected to play an important
role in ISAC, as shown in, e.g., [5]–[8].

In order to push data rates, interests towards high-
frequency bands, e.g., millimeter wave (mmWave) and even
THz, keep increasing [9], [10]. At these frequencies, the
transceivers need to be equipped with a large array of
antennas, often called as massive MIMO (mMIMO), to
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compensate for severe free-space path loss through substan-
tial beamforming gains. Due to the usage of high-resolution
analog-to-digital converters (ADCs), a vast amount of power
is consumed [11]. When the direct path between transmitter
and receiver is blocked, received power drops drastically,
adversely affecting QoS. Hence, there is a need for a low-
power technology that can overcome link blockages. The
introduction of RIS to perform analog beamforming towards
dedicated users [1], [12], [13] aims to address this need.
An RIS is a surface or often a thin covering of a surface
with controllable electromagnetic properties. The impedance
values of the RIS elements can be controlled so that it realizes
an array of phase shifters, thereby modifying the reflection
properties and redirecting the impingingwave. Other possible
ways to realize smart surfaces are by metasurfaces, groups of
strongly coupled meta-atoms, and holographic surfaces [14].
In addition to reflection, an RIS also has other operational
functionalities, e.g., diffraction, refraction, polarization, and
absorption, which together makes the intelligent control of
wireless propagation channels feasible with enhanced spec-
tral efficiency (SE), energy efficiency (EE), security, and
network coverage [1], [15].

RISs have several characteristics that distinguish them
from typical analog arrays. For instance, RISs usually possess
a large aperture and a massive number of elements, so the
users are likely in the near field. Also, mutual coupling
exists among the RIS elements when sub-half-wavelength
inter-element spacing is considered [14]. To keep the cost
down, a passive RIS (with no radio frequency (RF) chains)
is usually made of inexpensive components with severe hard-
ware limitations. Hence, when combined with high channel
losses and many channel coefficients to be estimated, channel
estimation (CE) becomes extremely challenging, and may
lead to prohibitive training overhead. On the other hand,
directional high-gain antennas and a small number of mul-
tipath components lead to a sparse geometric channel with
lower delay spread and higher coherence bandwidth, which
should be exploited during CE. Due to the low-rate change
of the geometric parameters (user location and orientation),
it becomes natural and necessary to harness location infor-
mation to reduce CE overheads and predict link blockages.
Furthermore, an RIS provides a low-cost means to localize
users as it is an additional location reference that enables
time and angle measurements [16]. Hence, the RIS itself
provides the localization solution to solve the communication
challenges. Two exemplary scenarios are unmanned aerial
vehicle (UAV) and autonomous driving systems, depicted in
Fig. 1, where data transfer between the base station (BS) and
mobile station (MS) and radio localization can be simultane-
ously enabled by RISs.1 While there have been a large num-
ber of magazines and technical papers on the benefits of RIS
for communication and localization separately, their intimate
connection via SLAC has been largely ignored. In addition,

1Here, we focus on the outdoor scenario. In general, the study can also be
applied to the indoor scenario, where the type of users differs.

localization and sensing play a more and more important
role in future cellular networks. The study in this paper is
closely aligned with the recent emerging techniques, ISAC
and (cellular) network as a sensor. However, sensing is a
much broader concept. Thus, we have a special focus on
localization, and offer some insights between localization and
communications.

In this paper, we provide an overview of the key research
directions closely related to the realization of SLAC in RIS
mmWave systems: RIS channel modeling and parameter
estimation, and RIS-aided localization and communications.
We first briefly review the salient properties of RIS channels
and then describe different approaches to CE (based on com-
pressive sensing (CS) and data-driven deep learning (DL)).
Then, in contrast to the majority of the reported works on
energy- and spectrum-efficient RIS-aided communications,
we specially focus on the connection between localization
and communications, as well as SLAC with RISs.

II. RIS CHANNELS: MODELING AND ESTIMATION
In this section, we give an overview of the high frequency
channel modeling of RISs, as well as the related challenges.
Then, we show how to exploit the sparse and geometric nature
of the channel when establishing links for communications
and localization.

A. RIS mmWave CHANNEL MODELING
Compared to low frequency systems, the mmWave and THz
band channels tend to be simpler, but suffer more from
non-line-of-sight (NLoS) propagation losses and hardware
challenges (phase noise, nonlinearity) [10]. The simplicity
of the mmWave channel is due to small number of multi-
path components, in the addition to the line-of-sight (LoS)
path [9]. With ongoing development of mmWave and THz,
spatio-temporal channel models comprising angle of arrival
(AoA), angle of departure (AoD), time-of-arrival (ToA),
delay spread, and distribution of the NLoS paths, the sig-
nal processing techniques can be adapted to sparse channel
conditions. RISs have mainly gained interest as a means to
overcome the large losses at high frequencies by control-
ling the radio propagation environment [12]–[14]. Similarly,
under optimized phase control, they can provide additional
measurements of AoA, AoD, ToA, independent of the uncon-
trolled multipath, thus enabling or boosting localization and
sensing capabilities [16].

1) MATHEMATICAL MODEL
An illustration of a system with an RIS is given in Fig. 2,
where the BS and MS are equipped with multiple antennas
connecting to both phase shifters and power amplifiers while
the RIS has multiple elements made of phase shifters only.
The shapes of the antenna (element) array can be uniform
linear array (ULA), uniform planar array (UPA), uniform
rectangular array (URA), and even uniform circular arrays
(UCA). In the system, some components affect the end-to-
end BS-MS MIMO channel matrix. These include amplitude
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FIGURE 1. Typical applications for SLAC with RISs. A UAV serves as a mobile location reference and high-gain
communication relay, which is configured to meet the red truck’s SLAC requirements. When the LoS is blocked, the RIS can
be reconfigured to provide a strong backup path to the red self-driving car. Different from previous generations,
localization and communication will reinforce each other, rather than compete for resources.

FIGURE 2. An illustration of an RIS system model with BS and MS antenna arrays and some LoS, NLoS, and RIS-aided channels, as well as
AoA and AoD ranges of all possible paths. A control channel (CC) is established between the BS and RIS.

and phase control at the BS/MS, the gains of the BS and
MS antennas, RIS phase control matrix, and LoS, NLoS and
RIS paths. Mathematically, the channel at subcarrier k is
expressed as

Hk = Hk,LoS +Hk,NLoS +Hk,RIS, (1)

where the LoS path is

Hk,LoS = αLoSaMS(θLoS)a>BS(φLoS)e
2πk1f τLoS (2)

for LoS path gain αLoS, AoA θLoS, AoD φLoS and ToA τLoS,
where 1f is the subcarrier spacing, and aMS(·) and aBS(·) is
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the MS and BS response vector, respectively. Similarly, the
NLoS part of the channel is the superposition ofM paths:

Hk,NLoS

=

M∑
m=1

αm,NLoSaMS(θm,NLoS)a>BS(φm,NLoS)e
2πk1f τm,NLoS ,

where each path may be a single-bounce or multiple bounce
path, αm,NLoS, θm,NLoS, φm,NLoS, and τm,NLoS are the NLoS
path gain, AoA, AoD, and ToA associated with the mth path,
respectively. Final part of the channel related to the RIS is

Hk,RIS = αRISe2πk1f τRIS

×aMS(θRIS)a>RIS(ϑRIS)�kaRIS(ϕRIS)a
>

BS(φRIS),

where �k is a diagonal matrix that describes the RIS control
(in phase and amplitude), ϕRIS and φRIS are the AoA and
AoD for the channel between the BS and RIS, while θRIS
and ϑRIS are the AoA and AoD for the channel between the
RIS and MS, and τRIS is the corresponding ToA. Note that
the path gains αm,NLoS and αRIS may be random, if each path
corresponds to an unresolved cluster of paths.

2) MODELING CHALLENGES
The RIS channels are modeled as compound channel between
BS-RIS and RIS-MS with the phase control at the RIS.
The channel models of the compound link depend on the
environment, mobility of users and other network elements,
and the frequency band. The phase control at RIS modifies
the behavior of the compound link to maximize the channel
gains. The RIS (phase) control depends on various aspects,
but predominantly the type of the RIS itself and its limitations
(element spacing, element gains, phase shifter resolutions,
etc.). Models for RIS control should account for these limita-
tions [17], as well as possible frequency selectivity [18]. As a
low-cost RIS will be HW-limited, each of these limitations
must be carefully modeled. For instance, realistic models for
mutual coupling are needed when RIS elements are spaced
less than half a wavelength apart [19]. An additional mod-
eling challenge stems from the large aperture of the RIS,
which pushes the far field of the array far away from radiation
source, leading to wavefront curvature [20]. This near field
region can be handled with beamforming algorithms via CE,
but may result in decreased channel gains compared to far
field operation. There are many different types of RISs whose
physical properties have impact on the control algorithms.
The two most common in literature are phased reflective
arrays andmetasurface-based RISs [14]. Themost commonly
utilized RIS models in literature are phased reflective arrays
as those allow easy way to model and modulate the phase
shifts, and subsequently, the beamforming at the RIS.

In summary, the RIS channel models can be composed by
combining the conventional static andmobile channel models
with specific RIS hardware models and RIS control algo-
rithms. There are many research challenges ahead to physi-
cally and algorithmically understand the behavior of the RISs
and channels with RISs, how to estimate the channel, how to

FIGURE 3. A systematic framework for CS-aided RIS CE, RIS beam
alignment, and deep neural network (DNN) based data-driven
approaches for RIS joint active and passive beamforming, channel
parameters extraction, and even MS localization. The beam training
matrix design is also of great importance for the above tasks, and can be
enhanced by prior location information on MS and environmental
objects. As for different SLAC objectives, a variety of loss functions can be
considered accordingly.

steer beams efficiently, and ultimately, how to simultaneously
maximize the communication and localization performance.

B. RIS CHANNEL ESTIMATION
RISs possess several fundamental limitations that affect CE
capabilities: (1) a large number of elements but no or limited
number of RF chains; (2) low computational power and small
storage space; (3) severe hardware issues such as phase quan-
tization and mutual coupling. All these properties should be
taken into consideration when designing and developing effi-
cient yet effective RIS-aided communication and localization
protocols. A systematic framework is sketched in Fig. 3, con-
taining three approaches: pilot-based approaches relying on
CS [21]–[23], blind beam alignment relying on pre-designed
beam codebook [24], and data-driven approaches [25]–[27].
These are described now in detail.

1) RIS CHANNEL ESTIMATION VIA COMPRESSIVE SENSING
In order to achieve the optimal or sub-optimal joint active
and passive beamforming, it is essential to get an accurate
channel state information (CSI) of all the individual channels
in (2)–(3) or parameters (i.e., AoAs, AoDs, and path gains)
therein. As discussed earlier, there exists inherent sparsity
in the mmWave MIMO channels, benefiting from the poor
scattering propagation environment, which can be leveraged
in the CE algorithm development via advanced CS tech-
niques, e.g., approximate message passing (AMP) and off-
the-grid atomic norm minimization (ANM) [21]. However,
for the purely passive RIS architecture without any connected
baseband processing units, CE can only be performed either
at the BS via uplink training or the MS via downlink training,
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due to the lack of observations at the RIS and its limited
computation capabilities. When extending to multi-user RIS
CE, a shared BS-RIS channel exists among all the users, and
this fact should be considered for CE algorithm development.
In order to simplify the CE, a few active sensors or anchors
can be deployed at the RIS, so that CE can be performed at
the RIS, by alternations of uplink and downlink training [28].

With respect to the beam training matrix, if no prior
knowledge about the MS location and environmental objects,
e.g., scatters, reflectors, is available, a random construc-
tion or selection from part of unitary discrete Fourier trans-
form (DFT) matrix or array response vectors are usually
considered. The prior information on MS location and
environmental objects can be transformed into the prior
knowledge on channel parameters, e.g., AoAs and AoDs.
Thus, a better beam training matrix can be designed with
higher resolution, compared to the case without any prior
information [29]. This in turn brings better performance on
RIS CE. On the other hand, the prior information can be used
to reduce training overhead by beam selection, resulting in an
increase on effective SE.

2) RIS BEAM ALIGNMENT
Beam alignment, a one-step direct approach, can intention-
ally skip the CE process and directly focus on the optimal or
suboptimal beam pair selection. It scans and chooses the best
pair of beams, one for each terminal, according to a certain
criterion, for data transmission [24]. Meanwhile, a coarse
MS location can be extracted from the selected beams. The
criteria of choosing the best beam pair include maximizing
the received power, multiple hypothesis testing, etc. These
criteria work well in the high signal-to-noise ratio (SNR)
regime and bring a promising performance in terms of beam-
forming gains and effective SE. Same as RIS CE, the prior
location information can also help. The weakness lies in that
the performance of beam alignment will be determined by
the resolution of the predetermined beams (closely related to
training overhead) and the criterion of beam selection. When
the number of RIS elements is large, its overhead will be
inevitably high, which might prevent its usage for RIS-aided
mmWave MIMO systems in practice.

3) RIS DATA-DRIVEN APPROACHES
In practice, a huge number of low-cost RIS elements are
needed in order to compensate for the severe path loss
occurred in the reflection route via RIS. Under such an
extreme situation, advanced CS-based CE scheme and stan-
dard beam alignment may fail to deliver a satisfactory perfor-
mance due to either the inevitably high complexity or training
overhead. In this regard, data-driven approaches come into
effect and may play a pivotal role in CE [25], [26], joint
active and passive beamforming [30], MS localization, and
SLAC (see Fig. 3). In general, data-driven approaches enable
us to learn a model from the huge amount of available data
(usually with labels) for different purposes. After the training,
the learned model is leveraged to predict the output with

FIGURE 4. Case study 1: CE via compressive sensing (ANM [21]) and
beam alignment in terms of effective SE, considering 16 BS and 16 MS
antennas and 64 RIS elements, all with half-wavelength spacing. Each
individual channel is modelled by following Section II-A, and the CE is
performed at the MS via downlink training. Beam alignment is conducted
by creating single-layer beam codebooks at all the terminals.

new input. The commonly known data-driven approaches
include DNN, convolutional neural network (CNN), deep
unfolding neural network, etc. In the data-driven approaches,
the dataset can be collected by fixing the beam training
matrices (with reasonable sizes) at all the terminals, resulting
in a reasonable training overhead. The labels include the
exact (cascaded) channels or parameters therein, joint active
and passive beamforming, MS location, or combinations of
these. A fully connected DNN or its variant is then trained
to map the received signals to the aforementioned labels.
Besides, deep unfolding can also be applied with the aid
of domain knowledge to mimic the conventional iterative
CE algorithms, e.g., iterative reweighted method, projected
gradient descent, yielding better estimation performance as
well as speeding up the convergence [26]. The training pro-
cedure can be done offline with parameter fine-tuning online
with a negligible effort. The SLAC loss functions include the
combinations of the normalized mean square error (NMSE),
SE, and position error bound (PEB). After training, the DL
model is used for real-time implementation with the same
fixed beam training matrices as in the channel acquisition
phase to collect observations. The output of DL model can
be used for multiple purposes, as various loss functions can
be applied, shown in Fig. 3.

C. CASE STUDIES
To demonstrate the relative performance of the different
approaches, the usefulness of exploiting sparsity, as well
as different performance metrics, we have conducted two
case studies. The first case study (shown in Fig. 4) com-
pares RIS channel estimation via compressive sensing (using
ANM [21]) with beam alignment, with performance mea-
sured in terms of the effective SE (i.e., accounting for the rate
loss due to using Tp training signals compared to a frame time
of duration Tc = 500). CE viaANMoutperforms the standard
beam alignment due to its fixed beam resolution. As the
effective SE is a function of the training overhead Tp/Tc,
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TABLE 1. Overview of SLAC for possible applications in RIS-aided communication. Here, 3means that the information has limited impact, 33means that
the information is useful, and 333means that the information provides significant performance benefits. We observe that location and map information
can boost RIS-aided communication performance, and should themselves be provided with the aid of RIS.

FIGURE 5. Case study 2: CE via data-driven approaches (deep unfolding)
and least squares (which ignores the channel sparsity) in terms of NMSE,
considering 1 BS antenna, 16 MS antennas, and 32 RIS elements, all with
half-wavelength spacing. Each individual channel is modelled by
following Section II-A.

we observe that the performance does not further improve
when we increase the training duration from Tp = 40 to
Tp = 56 in the beam alignment. On the contrary, performance
improvement can still be seen in the CE viaANM. The second
case study (shown in Fig. 5) compares cascaded channel esti-
mation via data-driven deep unfolding with the standard least
squares approach (which ignores channel sparsity), in terms
of NMSE [26]. Deep unfolding mimics the gradient descent
algorithm for a regularized optimization problem, where both
channel rank deficiency and noise effect are considered. Deep
unfolding based cascaded channel estimation is capable of
offering better estimation performance in terms of NMSE
compared to the least squares estimation with lower training
overhead Tp/Tc.

III. RIS SIMULTANEOUS LOCALIZATION
AND COMMUNICATION
Many practical applications can be enabled by virtue of
RISs. The RIS mmWave MIMO channels contain the geom-
etry information about the environmental objects and the
terminals, which inextricably link the two important func-
tionalities, i.e., communications and localization. This also

emphasizes the importance of CSI acquisition, already dis-
cussed in Section II-B, and the RIS control. An overview of
how prior location and sensing information can be harnessed
for communication and localization applications with RIS is
provided in Table 1. For instance, prior location informa-
tion can be leveraged for RIS phase profile optimization in
both communication and localization applications. The two
research topics are closely coupled. For this reason, we will
discuss, in this section, RIS optimization for communications
and localization performance separately, as well as their joint
performance. We conclude with a brief remark on the use of
RIS for radar-like sensing.

A. RIS FOR COMMUNICATIONS
A typical use case of an RIS in wireless communications is
to use it as a reflector enabling communications ‘‘around a
corner’’ by using directive beamforming. In mmWave com-
munications, the path loss of the radio wave propagation is
very large requiring usually a LoS connection between the
transmitter and the receiver. If the direct link is obstructed,
a reflected ‘‘LoS’’-like link may be created by an RIS:

Hk = Hk,NLoS +Hk,RIS(�k ), (3)

where the RIS control �k can be tuned to optimize the end-
to-end SNR. The reflection loss decreases the receive power
level, but still it can in many cases be much higher than
that caused by random scattering from uncontrolled channel,
though still limited of course by physics [39]. Due to its large
area, an RIS can leverage the near-field effect and create
not only directional beams, but also positional beams. Such
beams focus energy and provide communication quality in
a specific location, rather than a specific direction, with as
extreme case so-called holographic RIS [40].

The RIS operation can be interpreted by at least two ways.
• One is to see it as a mechanism to control on the random
wireless channel realization [38]. The classical system
design takes the wireless channel as it is so that the
waveforms, channel codes, transmit and receive pro-
cessing etc. are the functionalities that an engineer can
design. The introduction of an RIS (or multiple RISs) in
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the channel changes the paradigm so that one can also
design the channel to optimize communication-relevant
performance metrics.

• The other way to interpret the use of an RIS is to inter-
pret it as a passive relay station. A true relay station
amplifies the received signal directly in the amplify-and-
forward (AF) protocol, or decodes and re-transmits it in
the decode-and-forward (DF) one. The RIS can operate
in some sense similarly to the AF relay without active
power amplification or receive noise, because it is a
passive element. However, similar order or even better
power gains have been reported [41].

The performance metrics for the communications include
the link range, SE or EE, for example [15]. The former can
be characterized as the probability of outage of given data
rate as a function of the distance between the transmitter and
the receiver. The latter is basically the achievable rate or the
sum rate in the case of multiple users. Both depend on the
signal-to-noise-plus-interference ratio (SINR) at the receiver.
The target of the RIS control algorithm is to adjust the phase
shifts so that the SINR is maximized by coherent combining
of the propagated signal given the instantaneous CSI.

B. RIS FOR LOCALIZATION
The RIS has been recognized as one of the key enabling
technologies toward B5G localization [16], [42]. A typical
use case on an RIS in localization, is to use it as a location
reference point when the LoS connection is obstructed. The
reflected LoS path created by the RIS provides an informative
measurement of the user’s position. When LoS is present,
the RIS can provide localization improvement, by turning
multipath from a foe to a friend, andmoreover controlling this
multipath to optimize localization performance. In particular,
the RIS has great potential to improve the estimation accuracy
of the channel parameters (such as AoA, AoD, ToA, phase-
of-arrival (PoA), and even Doppler shifts), by optimizing the
adjustment of the phase profile or the current distribution in
the RIS elements. As a result, the position estimation by uti-
lizing the geometric relationship between the measurements
and positions, can be significantly improved.

More precisely, considering downlink transmission as in
Figure 1, and denoting the state (3D position, 3D orientation)
of MS, BS, and RIS by sms, sbs, sris, and the position of
physical interaction points by pip, then the different channels
in (1) are functions of these geometric parameters:

Hk = Hk,LoS(sms, sbs)+Hk,NLoS(sms, sbs, pip)

+Hk,RIS(sms, sbs, sris).

Hence, by estimating the individual channels in Hk and their
geometric parameters, it is in principle possible to recover the
MS position and/or RIS position, provided BS state is known.

As in communications, RIS operation for localization can
be interpreted in several ways.
• First, an RIS with known position and orientation serves
as a location reference (similar to a BS) in a global

coordinate system. The signal from this reference pro-
vides measurements of ToA, AoA, and AoD, which
enable more accurate localization.

• A second interpretation is as a smart object with a unique
signature, providing a distinguishable multipath compo-
nent, thus aiding localization and environment mapping
applications.

An RIS can operate as a reflector, a receiver, and a trans-
mitter. For the most commonly used reflector mode, an RIS
can be deployed to smartly forward the wave signals to user
terminals or based station, where the multi-path propagation
is fully utilized to localize users. For the receiver mode,
an RIS can be configured with a nearly continuous phase
profile, acting as a lens. Due to the large size of the RIS,
wavefront curvature can be harnessed to localize MS and
help with system synchronization [43]. For the transmitter
mode, an RIS can act similarly to analog transmit beamformer
and generate phase-shift keying (PSK) modulated symbols
as pilots, hence the channel and position estimation can be
performed.

The performance metrics for localization include root
mean-square error (RMSE) of position estimation and the
localization coverage. Through Fisher information analysis,
the Cramér–Rao bound of position can be derived, using as
the PEB for localization frameworks.

C. RIS FOR SIMULTANEOUS LOCALIZATION AND
COMMUNICATIONS
With the development of 5G and beyond, emerging
applications have posed stringent constraints on both com-
munications and localization. For example, in autonomous
driving, a large amount of information needs to be exchanged
among vehicles and roadside infrastructure and decimeter-
level localization accuracy at the MS side should simulta-
neously be achieved. In these emerging SLAC applications,
the signal and algorithm designs, architecture, and standards,
should be further investigated. The RIS can be a promising
candidate technology in realizing SLAC applications, since,
as we will see, it shows great potential in achieving high SE
communications and high accuracy localization performance.

Distinct from the conventional communications or local-
ization framework, where either the communications metrics
(SE, for example) or the localization performance (PEB) are
considered, RIS-assisted SLAC requires a proper trade-off
between communications and localization. Particularly, the
optimal adjustment of the phase profile for the RIS should
be designed to meet both the communications and localiza-
tion requirements. In Fig. 6, we study the trade–off between
communication and localization in a SISO system equipped
with a single RIS (as in [44, Fig. 1]). The coherence time is
assumed to be Tc = 1000 symbols, where we use Tp ≥ 3
symbol slots for transmitting specific pilots and the rest for
communication. For each value of Tp, the localization and
communication performance are calculated in terms of PEB
and SE, and illustrated as a curve in Fig. 6. The RIS phase
profile sequence can be random (when there is no a priori
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FIGURE 6. PEB vs. NLoS SE with Tp increasing from right to left, for a SISO
system equipped with a single RIS of size 16 × 16 (blue curves) and
32 × 32 (red curves). The BS, RIS and the user are located at (1,1,0),
(0,0,0), and (5,5,−5), respectively. We consider directional or random
RIS profiles for localization and communication. The rest of the
parameters can be found in [44, Table 1].

location information) or directional (when there is a priori
location information) during pilot transmission, while it is
always directional during communication, as it is based on
the estimated channel from the pilots. We observe that such a
priori location information can significantly boost both maxi-
mal SE (about a factor of 2) and minimal PEB (about a factor
of 10). The size of the RIS has a major impact on the per-
formance, where going from 256 elements to 1024 elements
improves the maximal SE about 4 times and the minimal
PEB about 2–4 times. The figure also clearly illustrates three
distinct regimes: (i) communication and localization quality
are bad when Tp is too small, as we obtain a poor estimation
of the user position, which leads to directing the signal to
an incorrect location and subsequently a low SNR. In this
regime, both PEB and SE can be improved by increasing Tp;
(ii) good localization performance but low rate occurs when
Tp is too high, since toomuch of the coherence time is devoted
to pilots, leading to excellent channel estimates, but no time
to exploit them; (iii) a regime where both positioning and
communication have good performance, near the peak of the
PEB–SE curves, obtained by moderate values of Tp (about
5% overhead for the directional RIS phase profiles and 25%
for the random RIS phase profiles, irrespective of the RIS
size).

More generally, in the SLAC framework, the objective
function involves both communication metrics (e.g., SE) and
localization metrics (e.g., PEB). Considering x as the avail-
able resources, which include RIS phase profiles, power,
BS beamforming, and time/frequency allocation, canonical
versions of the SLAC problem are as follows.

• Communication-centric design: The aim is to opti-
mize communication performance, while ensuring good
enough localization quality:

max
x

SE(x) (4)

s.t. PEB(x) ≤ γ. (5)

FIGURE 7. RIS for radar-like sensing, providing 2 additional propagation
paths compared to the conventional backscattered signal. These two
paths can boost sensing performance.

• Localization-centric design: The aim is to optimize
localization performance, while ensuring good enough
communication quality:

min
x

PEB(x) (6)

s.t. SE(x) ≥ γ. (7)

• Multi-objective design: The aim is to optimize both com-
munication and localization metrics,

max
x

[SE(x),−PEB(x)], (8)

where the Pareto-optimal frontier can be found by, e.g.,
linear scalarization:

max
x

ωcSE(x)− ωlPEB(x), (9)

in which ωc ≥ 0 and ωr ≥ 0 are the scalarization
weights.

When SE and PEB are conflicting, we have a trade-off;
when SE and PEB are aligned, they will reinforce each-other.
This is visible in Fig. 6, where for short pilots, SE and PEB are
aligned (increasing the pilot improves both metrics), while
for very long pilots, they are in a trade-off (increasing the
pilot improves PEB but worsens SE). It is our vision that
reinforcement will be more likely, especially when we are
able to exploit data symbols for positioning, in addition to
conventional pilot symbols. On the other hand, conflicting SE
and PEB, which are associated with pre-5G communications,
will likely become less relevant.

D. RIS FOR RADAR-LIKE SENSING
This paper was limited to RIS for SLAC, where both local-
ization and communication rely on channel estimation, which
is a form of bistatic sensing. RIS has also been considered
for directly supporting radar-like monostatic sensing appli-
cations, such as target detection and tracking. An example of
this is shown in Fig. 7. The conventional backscattered signal
is shown in red and is used by the radar to detect and localize
passive objects. The RIS provides 2 secondary paths:‘abc’
and ‘abde’, which can be used to detect and localize the target
when the backscattered signal is weak. However, overcoming
the large path loss corresponding to the double bounce or
triple bounce reflections requires careful design of the RIS
placement and the RIS configuration. This is the focus of
much ongoing work [45].
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IV. OUTLOOK
We have argued that beyond 5G systems enabled by RIS
will have to rely on a synergy between communications and
localization, since (i) both services rely on the same physical
channel; and (ii) one will rely on the other for optimized per-
formance. This leads to the concept of SLAC, which relies on
the co-design of communications and localization resources
and the flexible trade-off and reinforcement between the
two services. To realize SLAC, reliable geometric channel
models (including RIS and their hardware effects), as well as
low-complexity channel estimation and resource allocation
routines must be developed. More research and development
are required to address the RIS and SLAC technologies
towards a wide commercial usage, e.g., in cellular com-
munications, UAV, industry 4.0, autonomous driving, and
others.

REFERENCES
[1] C. Huang, S. Hu, G. C. Alexandropoulos, A. Zappone, C. Yuen, R. Zhang,

M. D. Renzo, and M. Debbah, ‘‘Holographic MIMO surfaces for 6G
wireless networks: Opportunities, challenges, and trends,’’ IEEE Wireless
Commun., vol. 27, no. 5, pp. 118–125, Oct. 2020.

[2] W. Saad, M. Bennis, and M. Chen, ‘‘A vision of 6G wireless systems:
Applications, trends, technologies, and open research problems,’’ IEEE
Netw., vol. 34, no. 3, pp. 134–142, May/Jun. 2019.

[3] J. Yang, J. Xu, X. Li, S. Jin, and B. Gao, ‘‘Integrated communication and
localization in mmWave systems,’’ 2020, arXiv:2009.13135.

[4] F. Liu, Y. Cui, C. Masouros, J. Xu, T. X. Han, Y. C. Eldar, and S. Buzzi,
‘‘Integrated sensing and communications: Toward dual-functional wireless
networks for 6G and beyond,’’ IEEE J. Sel. Areas Commun., vol. 40, no. 6,
pp. 1728–1767, Jun. 2022.

[5] R. Liu, M. Li, and A. L. Swindlehurst, ‘‘Joint beamforming and reflection
design for RIS-assisted ISAC systems,’’ 2022, arXiv:2203.00265.

[6] S. Buzzi, E. Grossi, M. Lops, and L. Venturino, ‘‘Foundations of MIMO
radar detection aided by reconfigurable intelligent surfaces,’’ IEEE Trans.
Signal Process., vol. 70, pp. 1749–1763, 2022.

[7] A. Aubry, A. De Maio, and M. Rosamilia, ‘‘Reconfigurable intelligent
surfaces for N-LOS radar surveillance,’’ IEEE Trans. Veh. Technol., vol. 70,
no. 10, pp. 10735–10749, Oct. 2021.

[8] R. S. P. Sankar, B. Deepak, and S. P. Chepuri, ‘‘Joint communication
and radar sensing with reconfigurable intelligent surfaces,’’ in Proc. IEEE
22nd Int. Workshop Signal Process. Adv. Wireless Commun. (SPAWC),
Sep. 2021, pp. 471–475.

[9] I. A. Hemadeh, K. Satyanarayana, M. El-Hajjar, and L. Hanzo,
‘‘Millimeter-wave communications: Physical channel models, design con-
siderations, antenna constructions, and link-budget,’’ IEEE Commun. Sur-
veys Tuts., vol. 20, no. 2, pp. 870–913, 2nd Quart., 2018.

[10] P. Hillger, P. Hillger, M. van Delden, U. S. M. Thanthrige, A. M. Ahmed,
J. Wittemeier, K. Arzi, M. Andree, B. Sievert, W. Prost, A. Rennings,
D. Erni, T. Musch, N. Weimann, A. Sezgin, N. Pohl, and U. R. Pfeiffer,
‘‘Towardmobile integrated electronic systems at THz frequencies,’’ J. Infr.,
Millim., THz Waves, vol. 41, no. 7, pp. 846–869, 2020.

[11] A. Alkhateeb, O. El Ayach, G. Leus, and R. W. Heath, Jr., ‘‘Chan-
nel estimation and hybrid precoding for millimeter wave cellular sys-
tems,’’ IEEE J. Sel. Topics Signal Process., vol. 8, no. 5, pp. 831–846,
Oct. 2014.

[12] E. Basar,M. Di Renzo, J. De Rosny,M. Debbah,M. Alouini, and R. Zhang,
‘‘Wireless communications through reconfigurable intelligent surfaces,’’
IEEE Access, vol. 7, pp. 116753–116773, 2019.

[13] Q. Wu and R. Zhang, ‘‘Intelligent reflecting surface enhanced wireless
network via joint active and passive beamforming,’’ IEEE Trans. Wireless
Commun., vol. 18, no. 11, pp. 5394–5409, Nov. 2019.

[14] M.Di Renzo, A. Zappone,M.Debbah,M.-S. Alouini, C. Yuen, J. de Rosny,
and S. Tretyakov, ‘‘Smart radio environments empowered by reconfig-
urable intelligent surfaces: How it works, state of research, and the road
ahead,’’ IEEE J. Sel. Areas Commun., vol. 38, no. 11, pp. 2450–2525,
Nov. 2020.

[15] C. Huang, A. Zappone, G. C. Alexandropoulos, M. Debbah, and
C. Yuen, ‘‘Reconfigurable intelligent surfaces for energy efficiency in
wireless communication,’’ IEEE Trans. Wireless Commun., vol. 18, no. 8,
pp. 4157–4170, Aug. 2019.

[16] H. Wymeersch, J. He, B. Denis, A. Clemente, and M. Juntti, ‘‘Radio local-
ization and mapping with reconfigurable intelligent surfaces: Challenges,
opportunities, and research directions,’’ IEEE Veh. Technol. Mag., vol. 15,
no. 4, pp. 52–61, Dec. 2020.

[17] S. Abeywickrama, R. Zhang, Q. Wu, and C. Yuen, ‘‘Intelligent reflecting
surface: Practical phase shift model and beamforming optimization,’’ IEEE
Trans. Commun., vol. 68, no. 9, pp. 5849–5863, Sep. 2020.

[18] K. D. Katsanos, N. Shlezinger, M. F. Imani, and G. C. Alexandropoulos,
‘‘Wideband multi-user MIMO communications with frequency selective
RISs: Element response modeling and sum-rate maximization,’’ 2022,
arXiv:2202.02169.

[19] X. Qian and M. D. Renzo, ‘‘Mutual coupling and unit cell aware optimiza-
tion for reconfigurable intelligent surfaces,’’ IEEEWireless Commun. Lett.,
vol. 10, no. 6, pp. 1183–1187, Jun. 2021.

[20] O. Rinchi, A. Elzanaty, and M.-S. Alouini, ‘‘Compressive near-field local-
ization for multipath RIS-aided environments,’’ IEEE Commun. Lett.,
vol. 26, no. 6, pp. 1268–1272, Jun. 2022.

[21] J. He, H. Wymeersch, and M. Juntti, ‘‘Channel estimation for RIS-aided
mmWave MIMO systems via atomic norm minimization,’’ IEEE Trans.
Wireless Commun., vol. 20, no. 9, pp. 5786–5797, Sep. 2021.

[22] P. Wang, J. Fang, H. Duan, and H. Li, ‘‘Compressed channel estimation
for intelligent reflecting surface-assisted millimeter wave systems,’’ IEEE
Signal Process. Lett., vol. 27, pp. 905–909, 2020.

[23] A. Lee Swindlehurst, G. Zhou, R. Liu, C. Pan, and M. Li, ‘‘Channel esti-
mation with reconfigurable intelligent surfaces—A general framework,’’
2021, arXiv:2110.00553.

[24] P. Wang, J. Fang, W. Zhang, and H. Li, ‘‘Fast beam training and alignment
for IRS-assisted millimeter wave/terahertz systems,’’ IEEE Trans. Wireless
Commun., vol. 21, no. 4, pp. 2710–2724, Apr. 2022.

[25] A. M. Elbir, A. Papazafeiropoulos, P. Kourtessis, and S. Chatzinotas,
‘‘Deep channel learning for large intelligent surfaces aided mm-Wave
massive MIMO systems,’’ IEEE Wireless Commun. Lett., vol. 9, no. 9,
pp. 1447–1451, Sep. 2020.

[26] J. He, H. Wymeersch, M. Di Renzo, and M. Juntti, ‘‘Learning to estimate
RIS-aided mmWave channels,’’ IEEE Wireless Commun. Lett., vol. 11,
no. 4, pp. 841–845, Apr. 2022.

[27] A. M. Elbir and S. Coleri, ‘‘Federated learning for channel estimation
in conventional and RIS-assisted massive MIMO,’’ IEEE Trans. Wireless
Commun., vol. 21, no. 6, pp. 4255–4268, Jun. 2022.

[28] R. Schroeder, J. He, and M. Juntti, ‘‘Passive RIS vs. Hybrid RIS: A com-
parative study on channel estimation,’’ in Proc. IEEE 93rd Veh. Technol.
Conf. (VTC-Spring), Apr. 2021, pp. 1–7.

[29] J. He, H. Wymeersch, and M. Juntti, ‘‘Leveraging location information for
RIS-aided mmWave MIMO communications,’’ IEEE Wireless Commun.
Lett., vol. 10, no. 7, pp. 1380–1384, Jul. 2021.

[30] O. Ozdogan and E. Bjornson, ‘‘Deep learning-based phase reconfiguration
for intelligent reflecting surfaces,’’ in Proc. 54th Asilomar Conf. Signals,
Syst., Comput., Nov. 2020, pp. 707–711.

[31] A. Abrardo, D. Dardari, and M. Di Renzo, ‘‘Intelligent reflecting
surfaces: Sum-rate optimization based on statistical position infor-
mation,’’ IEEE Trans. Commun., vol. 69, no. 10, pp. 7121–7136,
Oct. 2021.

[32] M. Rahal, B. Denis, K. Keykhosravi, F. Keskin, B. Uguen, and
H. Wymeersch, ‘‘Constrained RIS phase profile optimization and time
sharing for near-field localization,’’ 2022, arXiv:2203.07269.

[33] K. Zhi, C. Pan, H. Ren, K. Wang, M. Elkashlan, M. Di Renzo, R. Schober,
H. V. Poor, J. Wang, and L. Hanzo, ‘‘Two-timescale design for reconfig-
urable intelligent surface-aided massive MIMO systems with imperfect
CSI,’’ 2021, arXiv:2108.07622.

[34] S. E. Zegrar, L. Afeef, and H. Arslan, ‘‘A general framework for RIS-aided
mmWave communication networks: Channel estimation and mobile user
tracking,’’ 2020, arXiv:2009.01180.

[35] J. Hu, H. Zhang, B. Di, L. Li, K. Bian, L. Song, Y. Li, Z. Han, and
H. V. Poor, ‘‘Reconfigurable intelligent surface based RF sensing: Design,
optimization, and implementation,’’ IEEE J. Sel. Areas Commun., vol. 38,
no. 11, pp. 2700–2716, Nov. 2020.

[36] H. Guo, B. Makki, M. Åström, M.-S. Alouini, and T. Svensson, ‘‘Dynamic
blockage pre-avoidance using reconfigurable intelligent surfaces,’’ 2022,
arXiv:2201.06659.

VOLUME 10, 2022 68083



J. He et al.: Beyond 5G RIS mmWave Systems: Where Communication and Localization Meet

[37] N. Abuzainab, M. Alrabeiah, A. Alkhateeb, and Y. E. Sagduyu, ‘‘Deep
learning for THz drones with flying intelligent surfaces: Beam and handoff
prediction,’’ in Proc. IEEE Int. Conf. Commun. Workshops (ICC Work-
shops), Jun. 2021, pp. 1–6.

[38] E. C. Strinati, G. C. Alexandropoulos, H. Wymeersch, B. Denis,
V. Sciancalepore, R. D’Errico, A. Clemente, D.-T. Phan-Huy,
E. De Carvalho, and P. Popovski, ‘‘Reconfigurable, intelligent, and
sustainable wireless environments for 6G smart connectivity,’’ IEEE
Commun. Mag., vol. 59, no. 10, pp. 99–105, Oct. 2021.

[39] E. Bjornson and L. Sanguinetti, ‘‘Power scaling laws and near-field behav-
iors of massive MIMO and intelligent reflecting surfaces,’’ IEEE Open
J. Commun. Soc., vol. 1, pp. 1306–1324, 2020.

[40] Z. Wan, Z. Gao, F. Gao, M. Di Renzo, and M.-S. Alouini, ‘‘Terahertz mas-
sive MIMO with holographic reconfigurable intelligent surfaces,’’ IEEE
Trans. Commun., vol. 69, no. 7, pp. 4732–4750, Jul. 2021.

[41] M. Di Renzo, K. Ntontin, J. Song, F. H. Danufane, X. Qian, F. Lazarakis,
J. De Rosny, D.-T. Phan-Huy, O. Simeone, R. Zhang, M. Debbah,
G. Lerosey,M. Fink, S. Tretyakov, and S. Shamai (Shitz), ‘‘Reconfigurable
intelligent surfaces vs. relaying: Differences, similarities, and performance
comparison,’’ IEEE Open J. Commun. Soc., vol. 1, pp. 798–807, 2020.

[42] C. De Lima, D. Belot, R. Berkvens, A. Bourdoux, D. Dardari, M. Guillaud,
M. Isomursu, E.-S. Lohan, Y. Miao, A. N. Barreto, M. R. K. Aziz,
J. Saloranta, T. Sanguanpuak, H. Sarieddeen, G. Seco-Granados,
J. Suutala, T. Svensson, M. Valkama, B. Van Liempd, and H. Wymeersch,
‘‘Convergent communication, sensing and localization in 6G systems:
An overview of technologies, opportunities and challenges,’’ IEEE Access,
vol. 9, pp. 26902–26925, 2021.

[43] Z. Abu-Shaban, K. Keykhosravi, M. F. Keskin, G. C. Alexandropoulos,
G. Seco-Granados, and H. Wymeersch, ‘‘Near-field localization with a
reconfigurable intelligent surface acting as lens,’’ in Proc. IEEE Int. Conf.
Commun., Jun. 2021, pp. 1–6.

[44] K. Keykhosravi, M. F. Keskin, G. Seco-Granados, and H. Wymeersch,
‘‘SISO RIS-enabled joint 3D downlink localization and synchronization,’’
in Proc. IEEE Int. Conf. Commun., Jun. 2021, pp. 1–6.

[45] X. Shao, C. You, W. Ma, X. Chen, and R. Zhang, ‘‘Target sensing
with intelligent reflecting surface: Architecture and performance,’’ 2022,
arXiv:2201.09091.

JIGUANG HE (Member, IEEE) is a Docent with
the Centre for Wireless Communications (CWC),
University of Oulu, Finland, and he is also with
the Technology Innovation Institute, Abu Dhabi,
United Arab Emirates. His research interests
include span mmWave MIMO communications,
reconfigurable intelligent surfaces for simultane-
ous localization and communications, and AI for
wireless communications.

FAN JIANG (Member, IEEE) is a Postdoctoral
Researcher with the Chalmers University of Tech-
nology, Sweden. His research interests include
signal processing for wireless communications,
massive multiple-input multiple-output (MIMO),
millimeter wave systems, localization, tracking,
and navigation framework.

KAMRAN KEYKHOSRAVI (Member, IEEE) is a
Postdoctoral Researcher with the Chalmers Uni-
versity of Technology, Sweden. His main research
interests include reconfigurable intelligent sur-
faces and radio localization.

JOONAS KOKKONIEMI (Member, IEEE) is a
Postdoctoral Research Fellow with the Centre for
Wireless Communications, University of Oulu.
His research interests include THz band and
mmWave channel modeling and communication
systems.

HENK WYMEERSCH (Senior Member, IEEE)
received the Ph.D. degree in electrical engi-
neering/applied sciences from Ghent University,
Belgium, in 2005. He is currently a Professor of
communication systems with the Chalmers Uni-
versity of Technology, Sweden.

MARKKU JUNTTI (Fellow, IEEE) was a Senior
Specialist at Nokia Networks, from 1999 to 2000.
He is currently a Professor with the Centre for
Wireless Communications, University of Oulu,
Finland. His research interests include signal pro-
cessing for wireless networks and communication
and information theory.

68084 VOLUME 10, 2022


