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Fifth-generation (5G) wireless networks,
which are being deployed massively
worldwide these days, provide higher
flexibility and spectrum/energy ef-
ficiency compared with their earlier
counterparts. However, sixth-generation
(6G) wireless networks that are expected
to roll out in around 2030 will require
more radical communication paradigms,
especially at the physical layer of the
communication stack. In this context,
communication by means of reconfig-
urable intelligent surfaces (RISs) has
been put forward as a potential candidate
to satisfy the challenging requirements
of future wireless networks in terms of
energy efficiency and deployment cost
[1]. In simple terms, an RIS can ma-
nipulate the propagation environment
by performing unique functions such
as anomalous reflection, over-the-air
amplification, backscattering, refraction,
absorption, etc. to boost the signal
strength, alleviate the inter-channel
interference and thus enhance the
channel capacity gains. Specifically, the
power consumption of a fully passive
sub-6-GHz RIS, which can be controlled

throughUSB, can be as low as a couple of
watts. Due to their promising advantages,
researchers considered the use of RIS
technology in diverse communication
scenarios. In this perspective article,
we will provide a brief overview of RIS
applications for emerging multiple-
input multiple-output (MIMO)
systems.

The generic model of an RIS-assisted
MIMO system is given in [2–4]. In a nut-
shell, in terms of MIMO interaction, an
RIS can used for (i) spatial multiplexing
rank improvement, (ii) joint active and
passive beamforming, (iii) RIS reflection
modulation and(iv) virtualMIMOtrans-
mission. As shown in Fig. 1, depending
on the availability as well as the condition
of the direct channel between the source
(S) and the destination (D), an RIS is
used indifferentways. For instance,when
the channels between transmit and re-
ceive antennas have a strong correlation
due to the existence of a strong line-of-
sight communication link, the number of
eigenchannels is limited for parallel data
transmission. In this case, an RIS can
be used for spatial multiplexing rank im-
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Figure 1. RIS-assisted MIMO communications with four different use cases. (a) Spatial multiplexing rank improvement. (b) Joint active and passive
beamforming. (c) RIS reflection modulation. (d) Virtual MIMO transmission.

provement by increasing the available de-
grees of freedom in the channel [4]. Sim-
ilarly, in higher frequencies, the channel
can be dominated by one or two strong
paths and an RIS can be used to increase
the spectral efficiency as well.

Alternatively, by jointly optimizing
the transmit beamforming andRIS reflec-
tion phases, the received signal power, in
return, the capacity can be boosted for
a traditional MIMO system [2]. How-
ever, this joint optimization requires
the availability of perfect channel state
information (CSI) at the transmitter
and non-convex capacity maximization
problems should be solved. At this point,
alternating optimization-based methods
can be considered to optimize the
MIMO system capacity in the presence
of an RIS. In [2], considering both
frequency-flat and frequency-selective
channels, the fundamental capacity
limits of an RIS-aided point-to-point
MIMO system are derived. Instead of
complicated optimization problems,
an efficient low-complexity algorithm,
which is based on the cosine similarity
theorem, can also be used to maximize
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the error performance of the target
MIMO system by carefully adjusting the
RIS phases [3].

The use of RISs can bring many op-
portunities for MIMO communication.
Specifically, an RIS can be used to en-
hance the performance of the nulling
and canceling-based suboptimal detec-
tion for a spatial multiplexing system
[5]. In this way, spectral efficiency can
be also boosted by conveying extra bits
through the adjustment of the phases of
the RIS elements. Another unique prop-
erty of RISs is their operation as a vir-
tual MIMO terminal [5–7]. In this case,
an RIS illuminated by an unmodulated
carrier can be configured to operate as
a MIMO transmitter without any radio
frequency chains. Specifically, in [5], a
virtual space–time coding system utiliz-
ing Alamouti’s coding is developed by
carefully adjusting the RIS phases. In [6]
and [7], RIS-based modulation, as well
as multichannel transmitter designs, are
experimentally demonstrated and virtual
MIMO systems are created by using sin-
gle and dual-polarized RIS architectures.
Practical experiments from the literature
have shown that an RIS can boost the re-
ceived signal power up to 10 dB by care-
fully adjusting its phases and using direc-
tional antennas.

Beyond improving the signal power
of the target receiver or the rank of a
considered channel, RISs can also be
used to suppress interference, e.g. inter-
cell, inter-user and inter-antenna interfer-
ence, by using its signal nulling capability
[8]. For instance, in the case of a multi-
antenna transmitter without any addi-
tional signal processing, an over-the-air
beamforming solution is presented in [9]
by eliminating inter-user interference. In

[10], a synergy is created between index
modulation (IM) and RISs by using an
RIS to implement a receive IMschemeby
focusing the reflected signal on one of the
multiple antennas of a receiver.

Despite these attractive application
areas for RIS-empowered MIMO sys-
tems, the inclusion of RISs in practical
networks brings many challenging prob-
lems considering their passive nature.
Particularly, wide-scale optimization of
RISs should be performed to carefully
position them in the network (i.e. base-
station side or user-side deployments)
and their real-time configuration with-
out complicated signal processing and
CSI acquisition. For instance, artificial
intelligence-based solutions and prede-
fined RIS codebooks can be used to de-
termine the optimum RIS phase config-
urations to interact with existing MIMO
systems, without utilizing full CSI knowl-
edge.Metasurface-based RIS designs can
be considered as well to obtainmore flex-
ibility in the system design despite their
more complicated structure.

In conclusion, the past few years have
witnessed significant interest from both
academia and industry in the applica-
tion of RISs for future wireless networks.
In this context, the seamless integration
of RISs into MIMO technologies, which
lie at the heart of modern communica-
tion systems and standards, appears to
be an interesting way to move forward.
The growing interest from the industrial
partners, for instance within the con-
text of the ETSI RIS-Industry Specifica-
tion Group, might be closely followed
for future RIS deployments. Potential re-
search directions for the following years
include the development of simpler al-
gorithms for the real-time adjustment

of RIS-empoweredMIMO systems, con-
sideration of practical RIS setups with
discrete phase elements, exploration of
more advanced RIS architectures such as
active RISs and simultaneous transmit-
ting and receiving-RIS (STAR-RIS), and
effective integration of RISs into massive
and cell-free MIMO systems.
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