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ABSTRACT | With massive deployment, multiple-input–

multiple-output (MIMO) systems continue to take mobile com-

munications to new heights, but the ever-increasing demands

mean that there is a need to look beyond MIMO and pursue

the next disruptive wireless technologies. Reconfigurable intel-

ligent surface (RIS) is widely considered a key candidate tech-

nology block to provide the next generational leap. The first

part of this article provides an updated overview of the conven-

tional reflection-based RIS technology, which complements the

existing literature to include active and semiactive RIS, and the

synergies with cell-free massive MIMO (CF mMIMO). Then, we

Manuscript received September 30, 2021; revised January 23, 2022; accepted
April 17, 2022. The work of Kai-Kit Wong was supported in part by the
Engineering and Physical Sciences Research Council (EPSRC) under Grant
EP/V052942/1. The work of Nhan Thanh Nguyen, Visa Tapio, and Markku Juntti
was supported in part by the Academy of Finland through 6G Flagship under
Grant 318927 and the EERA Project under Grant 332362, in part by Infotech
Oulu, and in part by InterDigital Europe Ltd. (Corresponding author:
Arman Shojaeifard.)

Arman Shojaeifard, Alain Mourad, Afshin Haghighat, and Ibrahim
Hemadeh are with InterDigital Communications Inc., London EC2A 3QR, U.K.,
and also with InterDigital Communications Inc., Montreal, QC H3A 3G4, Canada
(e-mail: arman.shojaeifard@interdigital.com).

Kai-Kit Wong, Kin-Fai Tong, and Zhiyuan Chu are with the Department of
Electronic and Electrical Engineering, University College London, London WC1E
6BT, U.K.

Nhan Thanh Nguyen, Visa Tapio, andMarkku Juntti are with the Faculty of
Information Technology and Electrical Engineering, University of Oulu, 90570
Oulu, Finland.

Digital Object Identifier 10.1109/JPROC.2022.3170247

widen the scope to discuss the surface-wave-assisted RIS that

represents a different design dimension in utilizing metasur-

face technologies. This goes beyond being a passive reflector

and can use the surface as an intelligent propagation medium

for superb radio propagation efficiency. The third part of this

article turns the attention to the fluid antenna, a novel antenna

technology that enables a diverse form of reconfigurability that

can combine with RIS for ultrahigh capacity, power efficiency,

and scalability. This article concludes with a discussion of the

potential synergies that can be exploited between MIMO, RIS,

and fluid antennas.

KEYWORDS | 6G; B5G; emerging technologies; fluid antennas;

reconfigurable intelligent surfaces (RISs); surface waves.

I. I N T R O D U C T I O N
A. Background

Mobile communications today mean more than simply
untethered voice communications between two parties. It
represents a multitude of services ranging from traditional
ubiquitous access to multimedia communications to the
Internet of Everything (IoE) [1], [2], mobile edge com-
puting [3], wireless power transfer [4], and so on. Cellular
vehicle-to-everything (C-V2X) in fifth generation (5G) is
also expected to revolutionize the automotive industry for
years to come [5]. No matter how mobile networks have
evolved, it has always been an effort to push spectral
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efficiency and energy efficiency. The next generation, 6G,
will look to support a myriad of new use cases and more
ambitious key performance indicators (KPIs) [6].

During the past decades, numerous technology trends
have been driving mobile communications forward.
Among the various technologies, many consider multiple-
input multiple-output (MIMO) by far the most important
breakthrough in the recent history of mobile technology.
The first edition of MIMO appeared in the patent by
Paulraj and Kailath [7] in 1994, way ahead of its time.
The interest, however, exploded only after the work of
Foschini and Gans [8] and Tarokh et al. [9]. Foschini
and Gans [8] demonstrated that the channel capacity of
MIMO increases linearly with the number of antennas at
both ends. Concurrently, Tarokh et al. [9] stunned the
wireless world with their design criteria for space–time
codes to exploit the spatial diversity. Shortly afterward,
Alamouti [10] invented a genius 2 × N space–time code,
which has now been included in many wireless standards.
The intuition that multipath can boost capacity was not
easy to swallow at the time, and the benefits of MIMO were
only formally characterized by introducing the notion of
diversity and multiplexing tradeoff by Zheng and Tse [11]
in 2003.

Furthermore, scattering in wireless communications
means that MIMO can exploit the spatial signature of each
user for multiple accesses. Research in multiuser MIMO
began in 2000 [12], [13], and subsequently, the work by
Vishwanath et al. [14] and Spencer et al. [15] sparked
enormous interest and a paradigm shift from single-user
MIMO to multiuser MIMO [16]. Using multiuser MIMO,
the network capacity can scale with the number of users
without additional bandwidth if the channel state infor-
mation (CSI) is available at the transmitter side. A great
deal of research was subsequently concentrated on the
acquisition of CSI with limited feedback for multiuser
precoding [17]. There have also been interesting develop-
ments when MIMO is to operate in the millimeter-wave
(mmWave) band in which hybrid analog-digital precoding
can deliver high spectral efficiencies with less hardware
cost and power consumption compared to fully digital
solutions [18]–[20].

Building on 3GPP specifications work on full-dimension
(FD) MIMO, 5G NR provides support for deploying an
arbitrarily large number of antennas. More specifically, in
4G long-term evolution (LTE), MIMO operation is lim-
ited to up to eight downlink and four uplink antennas,
whereas 5G base station (BS) products today employ
64 or more antennas. The ultrahigh spatial selectivity of
using a large number of antennas means that interference
can be suppressed by applying a simple spatial matched
filter [21], [22].

It goes without saying that our mobile technology
has been improving a lot generation after generation.
To satisfy the increasing data-rate requirements, mobile
networks have had to move to higher frequency bands
for larger bandwidths. The usage of a higher frequency

band unfortunately means reduced coverage performance
in practice even in the presence of beamforming. Small
cell technologies can deliver coverage enhancements by
bringing transmission–reception points (TRPs) closer to
the user equipments (UEs) at the price of lofty deployment
and operational (in particular, energy) costs. Network
densification does pair well with edge computing, which
gives the UEs access to the supercomputing capability at
the network edge [23], [24]. The prospect of bringing
TRPs closer to the UEs seems bright if only the energy
footprint of cells can be minimized. Today, operating an
mmWave massive MIMO system would require an exten-
sive amount of power; on the other hand, relaying solu-
tions for improving coverage, such as integrated access
and backhaul (IAB), are expensive and infeasible for time-
stringent applications. Repeaters are more cost-efficient
but, in many scenarios, lead to increased interference
levels.

B. Beyond MIMO Technologies

One red-hot idea to emulate the extraordinary perfor-
mance of a massive MIMO system, but with a much smaller
form factor and at a more affordable cost, is to deploy
a surface of a large number of radiating elements in the
environment. This essentially provides a large aperture
to capture the radio waves from the BS (or UEs) and
intelligently redirects them to the targeted UEs (or BS)
by adapting the reflection coefficients of the elements. In
this article, this concept is referred to as reconfigurable
intelligent surface (RIS), which is best introduced in the
pioneering work [25]–[27].1 A notable advantage of RIS is
that it does not need power-hungry amplifiers to operate.
With recent advances in low-power electronics, perpet-
ual RIS operation can even be feasible [32]. The use of
relatively cheap radiating elements also ensures a low
hardware cost.

RIS represents an exciting, new paradigm of engineering
the radio environment via carefully designed software-
controlled elements (usually referred to as “meta-atoms”)2

that can change their electromagnetic (EM) properties to
suit communications. A recent report [33] demonstrates
that it is possible to achieve a 21.7-dBi antenna gain using
an RIS with 256 2-bit elements at 2.3 GHz, and a 19.1-dBi
antenna gain at 28.5 GHz. RIS can even be used to perform
digital modulation by adapting their reflection coefficients
without using standard components, such as mixers and
phase shifters, offering an opportunity to reduce the hard-
ware complexity of wireless systems [29], [30].

Though the results are remarkable, RIS is an
infrastructure-based approach and may require a large

1The same concept may go by other names, such as large intelligent
surface [28] or programmable metasurface [29], [30]. A majority of
research in the literature in fact refers to the concept as intelligent
reflecting surface (IRS), but the recent industry specification group (ISG)
by the European Standards Organisation ETSI has settled on the name
RIS [31].

2In the literature, many names have been used. The terms “atom,”
“element,” and “cell” will be used interchangeably in this article.
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surface to be useful. There remains interest to incorporate
a large number of antennas not only into the BS but also
the UE. Equipping a UE (e.g., a mobile phone) with multi-
ple antennas is, nevertheless, difficult because of its limited
space. Despite the fact that moving up the frequency bands
has helped make the antenna smaller, a UE in 5G is not
expected to have more than four antennas, while the
number of antennas at a BS has risen to as many as 64.
To overcome the physical limits, metamaterials appear to
be a promising technology and have been researched to
allow small-sized antennas to be made [34], [35].3

Unfortunately, it is not just the antenna size that matters
but also the separation between antennas. The common
practice is that multiple antennas are deployed only if they
have at least half a wavelength separation to guarantee
sufficient diversity of the signals.4 The “half-λ” rule of
thumb is suggested by the fact that, in rich-scattering
environments, the spatial correlation between two signals
is close to zero if they are half-wavelength apart [36]. It
was shown in [37] that the “half-λ” rule appears in the
spacing of RIS elements as well to ensure performance.

Recently, a rather surprising result was presented in [38]
and [39] that enormous diversity could be obtained to
reduce the outage probability even in a very small space
if the position of an antenna can be changed. The concept
is empowered by the emerging fluid antenna technology,
which represents any software-controllable fluidic, con-
ductive structure that is able to alter its shape and posi-
tion to reconfigure the gain, radiation pattern, operating
frequency, polarization, and other parameters [40]. In a
wider sense, it may even include designs that involve no
fluidic materials if they can mimic the agility [41], [42].

The term “fluid antenna” was first used in [43] when
distilled water and chemicals were proposed as potential
materials for an antenna but reconfigurable fluid antennas
emerged only in recent years, e.g., [44]–[49]. There is
also an emerging idea to use pixels with RF switches
for designing reconfigurable antennas, and such an idea
could be an alternative version of the “fluid” antenna
that can have delay-free switchable ports [41], [42].
A contemporary literature review for liquid-metal-based
“fluid” antennas can be found in [50]. Note that seawa-
ter, albeit much less conductive than metal, has already
been demonstrated a radiation efficiency of 70% by Mit-
subishi Electric [51]. Also, a research group even devel-
oped an advanced saltwater-based antenna to achieve
360◦ beamsteering that works for frequencies between
334 and 488 MHz [52], [53].

3Metamaterials are also particularly relevant to the RIS work as they
may allow many more elements to be fit in a given area for better
performance.

4Diversity order measures the rate at which the error rate in commu-
nications drops against the log of the signal-to-noise ratio (SNR). It is
well known that the diversity order will be M if we have M independent
copies of the signal.

C. Vision and Scope

RIS has dominated the research of wireless communica-
tions in recent years and is tipped as a strong favorite to
be a key enabling technology for 6G. The majority of RIS
research has focused upon passive reflection, but several
variants have been proposed to enhance the capability of
RIS utilizing reflection amplifiers [54], [55]. These recent
developments motivate us to present an up-to-date review
on active or semiactive RIS that is much less understood.
As a matter of fact, intelligent surfaces represent more
than an intelligent reflector and can include other recon-
figurabilities, such as acting as an intelligent propagation
medium. In [56], RIS was conceptualized to create smart
radio environments using nonradiative, trapped surface
wave propagation on surfaces in addition to bouncing
space waves off surfaces as in reflection-based RIS. In
particular, a surface-wave aided RIS can make radio waves
glide along the surface before hopping off to reach the UEs,
so as to do the following.

1) Enjoy a more favorable propagation condition for
transmitting radio signals that has much less path
loss. Specifically, the received power for surface
wave is inversely proportional to the propagation
distance, d, compared to the squared distance in the
case of space wave propagation [57]. In the far-field
from an RIS, it is known that the received power, P RIS

r ,
satisfies Pr ∝ (1/d2

1d
2
2) [58],5 while, if surface wave

is used on the RIS (see Fig. 1), the received power
can become P s-RIS

r ∝ (1/d2
1d

α
SWd2

3), in which all the
distances dSW, d1, d2, d3 are defined in the figure and
d2 = (d2

SW + d2
3)

1/2. Also, α denotes the path loss
exponent for the surface wave and typically equals
one for a standard surface. If a specially designed
reconfigurable surface platform is used, it is even
suggested that α ≈ 0 might be possible [59]. In that
case and when the UE is close to the surface, i.e.,
dSW, d2 � d3, we have

P s-RIS
r ∝ 1

d2
1d

2
3

� P RIS
r ∝ 1

d2
1d

2
2

. (1)

2) Simplify interference management: Surface waves
adhere to the surface, and radio waves away from
the surface are drastically attenuated. Interference
over the air is much less a problem, and interference
only matters if it is close to the surface. It means
that multiuser communications on the same time-
frequency resource can be achieved easily by region-
alizing their signals, as shown in Fig. 2.

Evidently, such surface-wave aided RIS operates dif-
ferently compared to the mainstream effort that focuses
primarily on passive RIS. This article is devoted to review
the relevant literature on where we, for RIS, discuss what

5Note that an inverse square law is assumed here for simplicity.
In practice, the exact path loss exponent will depend on the type of
environments.
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Fig. 1. Coarse illustration for path loss comparison when RIS

operates in different modes. To highlight the advantage of using

surface waves, only the path from the leftmost of the surface is

traced, but the radio waves arriving at different locations of the

surface follow similarly.

it means to the design of mobile networks and shed light
on what potentials lie before us. In particular, we will also
highlight the synergy between massive MIMO, RIS, and
fluid antennas.

D. Organization

The rest of this article is organized as follows. In
Section II, we first review the recent literature on active
and semiactive RIS. Then, Section III covers the basics of
surface-wave-based RIS. In Section IV, our attention is then
turned to fluid antennas. We will outline some latest fluid
antenna technology and review some important theoretical
results of fluid antenna systems. Most important of all,
Section V presents our views on the potential of combining
RISs and fluid antennas with MIMO for future-generation
mobile communications. Finally, we provide our conclud-
ing remarks in Section VI.

II. A C T I V E A N D S E M I A C T I V E R I S
Greatly motivated by low-cost electronics, the main-

stream effort on intelligent surfaces so far focuses on the

Fig. 2. Regionalized multiuser communications through RIS using

a mixture of surface wave and space wave communications.

architecture that acts as a gigantic passive reflector to intel-
ligently redirect the radio waves toward the intended UE
receivers. An RIS is composed of many cells (or “atoms”),
each of which serves as a reflecting element with its reflec-
tion coefficient controllable via, e.g., changing the biasing
voltage of a varactor diode. The current state of the art is
to use a microstrip or patch design for each reflecting cell,
which is best described in [60] and [61]. In this section,
we complement the existing work to discuss the active
and semiactive RIS architectures. Compared to [62]–[64]
that focus only on the optimization of semiactive RIS, we
here analyze the capabilities of both active and passive
RIS beamformings, and discuss how RIS can combine
with cell-free massive MIMO (CF mMIMO) for enhancing
performance.

A. Passive Beamforming

In the physical layer, the optimization of RIS is gener-
ally equal to choosing the best phase values of the RIS
cells since the amplitude responses of the cells cannot
be independently adjusted and are usually assumed to be
unity. Various system models have been considered for
designing the RIS. In most cases investigated, a multi-
antenna BS is considered to transmit to the RIS, which
redirects the signals to one or many UEs. In the multiple-
input–single-output (MISO) case, the UE(s) is equipped
with only a single antenna, while the MIMO case refers
to the situation where the UE(s) has multiple receiving
antennas. Wu et al. [65] studied the joint optimization of
the BS beamforming and the passive reflection coefficients
of the RIS for a single-UE system, and the work was
extended to the multiuser scenario in [66] where the total
transmit power minimization problem was tackled subject
to the UEs’ signal-to-interference plus noise ratio (SINR)
constraints. The same problem was then studied for the
discrete phase shift model in [67] and the amplitude-
varied phase shift model in [68].

The optimization of RIS-assisted MIMO systems has also
been studied in [69]–[72], and the work in [73] even
addressed the multicell scenario. In the MIMO case where
multistream transmission is supported, the RIS needs to
properly balance the channel gains of the different spatial
data streams.

The performance improvement of deploying multiple
RISs is also characterized in [74] and [75]. Yang et al. [74]
provided an approximate expression for the capacity in the
asymptotic regime to examine the capacity scaling with the
number of RISs. Wang et al. [75] then combined RIS with
mmWave communications and showed that the received
signal power increases quadratically with the number of
reflecting cells for both single-RIS and multi-RIS cases.
A common assumption in the capacity analysis of previous
works is the adoption of Gaussian signaling, yet the input
signals in practical systems use discrete constellations. This
was also recently investigated in the context of RIS in [76].
Finally, multiple RISs were also recently applied to cell-free
networks in [77] and [78].
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B. Active/Semiactive Beamforming

With the introduction of reflection amplifiers [54], RIS
can dramatically improve the beamforming gain. In this
case, the amplitude response of each cell is no longer lim-
ited and can be independently controlled and optimized.
Long et al. [79] illustrated that active RIS achieves higher
capacity than the conventional passive RIS. The gain of
active RIS was further elaborated in [55], reporting up to
40-dB gain in the received SNR compared to the passive
RIS system.

Though active RIS prevails, the use of reflection ampli-
fiers adds to the cost of RIS considerably, which may out-
weigh its benefit. A more attractive option is to have only a
few active cells out of the many cells on the RIS. This idea
was pursued recently in [62]–[64]. A fixed configuration
was considered in [63], while Nguyen et al. [64] looked
into dynamically selecting the number of active cells and
their positions based on the propagation condition. The
results in [63] and [64] indicated that a few active cells
were sufficient to obtain satisfactory performance gain.
Another important benefit of this hybrid architecture is
that the additional RF chains can aid channel estimation.

C. Power Consumption

An active RIS is neither a BS nor a relay. The config-
urability of an active RIS is enabled through low-power
electronic circuits (e.g., switches, varactors, and tunnel
diodes) [79]. In contrast, a BS or relay is equipped with
sophisticated and power-hungry active electronic compo-
nents, such as analog-to-digital converters (ADCs), digital-
to-analog converters (DACs), mixers, power amplifiers for
transmission, and low-noise amplifiers for the reception.
Advanced coding/decoding and signal processing tech-
niques are also expected at the BS or relay, which is not
normally required by an active RIS. A surprising fact is
that the computational complexity for optimizing an active
RIS can be lower than that for optimizing a passive RIS. In
particular, the complexity for optimizing the passive RIS
coefficients is O(M6) [80], [81], while that for design-
ing an active RIS needs only O(M1.5 log((2Mc/β))) [79],
where M denotes the number of elements, c is a constant,
and β is a prescribed accuracy.

The power consumption of an active or semiactive RIS
is, however, higher compared to a passive one. It is shown
that their power consumptions are, respectively, given
by [79]

PRIS =

����
���

MPc, if passive

M(Pc + Pdc) + Pout/ξ, if active

MPc + M̃Pdc + P̃out/ξ, if semiactive

(2)

where Pc is the power consumption of the switch and
control circuit at each element, Pdc is the dc bias power
consumption, Pout is the output power of the active RIS,
ξ ∈ (0, 1] is the amplifier efficiency, M̃ is the number of

active elements in the semiactive RIS, and P̃out denotes
the output power of the semiactive RIS. Note that, in the
semiactive RIS, M̃ � M , and the output power is generally
proportional to M .

D. Channel Estimation

Typically, RIS, regardless of passive, active, or semiac-
tive, requires the availability of CSI for the beamforming
design. CSI acquisition for RIS scenarios, nonetheless, is
very challenging and involves estimating two cascaded
channels. Several channel estimation procedures have
been proposed [82]–[85], some of which exploited the
sparsity of the channel to simplify the estimation. Chan-
nel estimation can be done at the RIS if it has active
receive processing chains [86]. However, typically, channel
estimation is conducted at the BS mostly in the uplink
direction [87]. The control network will need to send
the used codebooks to the RIS so that training can be
performed.

If identification of the individual component channels is
required, a hybrid RIS (HR-RIS) architecture with receiver
functionality (e.g., demodulation) will become necessary.
Such an architecture was reported in [86]. Channel esti-
mation for this hybrid architecture has further been stud-
ied in [88]–[90], while Alexandropoulos et al. [91] even
presented a hardware proof of concept.

E. RIS and CF mMIMO

While RIS seems perfect to work with MIMO at the
BS for enhancing mobile coverage, mobile networks may
see another transformation by letting a large number of
access points (APs) serve as distributed BS antennas for
supermassive coordinated beamforming in the cell-free
architecture for accommodating many users on the same
time-frequency resource block [92]–[95]. The integration
of RIS and CF mMIMO has the potential to improve the
network performance further [96], [97].

New interest has emerged to leverage the semiactive
beamforming capability of HR-RISs in combining with CF
mMIMO [98]. Consider a downlink communication from
L APs, each with NA antennas to K single-antenna UEs,
assisted by NRIS semiactive RISs (i.e., HR-RISs). It can be
shown that the downlink per-user rate is given by [98]

Rk =
B0οd

οc
log2

�
��1 +

ρN2
A

�	L
�=1

√
η�kγ�k


2

ρNA

	K
k�=1

	L
�=1 η�kζ�kγ�k� + σ2

k

�
�
(3)

where B0, ρ, οd, and οc are the system bandwidth,
maximum transmit power at each AP, length of training
sequence, and coherence interval, respectively. Also, η�k

is the power control coefficient for the symbol intended
for the kth UE, and γ�k is the variance of the channel
estimation error, which depends on the large-scale fading
channel coefficients between the APs, RISs, UEs, and the
reflection coefficients of the RISs.
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Fig. 3. Downlink per-user throughputs of passive and semiactive

RIS-aided CF mMIMO systems when NA � 2, L � 30, NRIS � {5,10},
M � 40, and K � 5. Each semiactive RIS has a transmit power of

−3 dBm and a single active element. RIS is passive, but HR-RIS is

semiactive.

As LNA → ∞, the received signal in the RIS-aided
system becomes free of interference and noise, such as
in conventional CF mMIMO systems [93]. The analytical
derivation is verified in Fig. 3. It is observed that, with ran-
dom phase shifts, passive RISs offer negligible performance
gain for CF mMIMO systems. By contrast, the semiactive
RISs provide considerable throughput improvement, and
the gain is more significant at low and moderate APs’
transmit power. Also, it is clear that deploying more RISs
offers greater improvements.

III. S U R F A C E - W A V E - B A S E D R I S
While a conventional RIS provides a number of key

benefits, using the surface as a propagation medium for
surface-wave communications in addition to a reflector
creates new opportunities for mobile communications. The
use of surface waves is motivated by its two unique charac-
teristics. The first is its low propagation loss compared to
space wave [see (1)], whereas its localized transmission
leads to less interference in space while still capable of
reaching the users via surfaces (see Fig. 2). It is antic-
ipated that these new functionalities will combine with
the reflection-based RIS technology to greatly enhance
mobile communications in a novel way. In this section,
we cover the basics of surface waves and review the
required technologies that facilitate RIS to produce those
phenomena.

A. Surface Waves

The discovery of radio surface waves dated back as early
as the 1930s by Burrows [99]. Barlow and Cullen [57]
then provided a unified theory of various forms of surface
wave and offered its physical interpretation in the 1950s.
A comprehensive review of surface waves can be found

in [100]. Of particular relevance to RIS is the nonradiating
trapped surface wave propagation along with an interface
between two media [101], [102].

The surface wave propagates on a surface with spe-
cific surface impedance, which can be realized by many
inexpensive common materials, such as polytetrafluo-
roethylene (PTFE). Fig. 4 illustrates the propagation phe-
nomenon of the surface wave for a PTFE surface. It can be
seen that the radiation power mostly stays on the surface
and propagates strongly along the surface. Also, the wave
attenuates greatly away from the surface. The former
property ensures high propagation efficiency, while the
latter property is desirable for interference management in
the RIS application. Note that, in the figure, the launcher is
there to produce a radio wave on the surface and may not
exist if the wave comes from elsewhere, e.g., BS. Also, the
reflected wave is caused by the mismatch at the launcher,
which can be minimized by improving the design of the
launcher.

B. Excitation Efficiency

To excite purely surface wave without space wave radi-
ation, an ideal transducer of infinite height with expo-
nential decay of electric field (E-field) distribution along
the height would be required [57]. In reality, nonetheless,
a finite-height transducer with a rectangular aperture is
usually employed if the surface wave is originated from the
surface [103]. In this case, space waves and/or reflected
waves will exist, and it can be formally characterized by
the excitation efficiency [101], [104]

ηs =
Psurface

Ptotal
=

Psurface

Psurface + Pspace + Preflect
(4)

where Psurface, Pspace, and Preflect represent, respectively, the
power of surface wave at the output of the launcher, the
power of space wave at the output of the launcher, and
that of the reflected wave at the aperture-air boundary of
the launcher. Also, Ptotal is the total power at the input of
the launcher.

Fig. 4. Cross section illustration of surface wave propagation at

60 GHz along a surface with surface impedance of j200 Ω.
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The reflected power is caused by the impedance mis-
match and can be expressed as

Preflect = Ptotal|Γl|2 (5)

where Γl denotes the reflection coefficient at the feed
port of the launcher. The total power coming out of the
launcher is, therefore, given by Psurface + Pspace = Ptotal(1 −
|Γl|2). For high efficiency, the reflection coefficient of the
launcher should, thus, be minimized by properly choosing
the dimensions of the transducer’s aperture. Nevertheless,
for typical RIS applications, the launcher is not present,
and the source of the radio wave is the BS in the downlink
and the UE in the uplink. In this case, the requirement on
the reflection coefficient of the RIS will be different. If it
is used for beamforming, the design will aim to have a
large, invariant amplitude, i.e., |Γm,n| ≈ 1, and a large
range of controllable phase values ∠Γm,n for each surface
atom. In the case of using RIS for modulation [29], [30],
independent control of both amplitude and phase of the
reflection coefficient for each atom will be required.

Away from the launcher, the excitation efficiency
depends mainly on the surface reactance, Xsurf. It was
found in [101] that the excitation efficiency appears to be
maximum (∼95%) if Xsurf is around j250 Ω. That is to say,
for RIS, the surface impedance should have its reactance
close to j250 Ω if the surface wave is exploited to improve
propagation efficiency.

C. Surface Impedance

As depicted in Fig. 4, the basic geometry of a dielectric-
coated surface wave platform consists of a dielectric layer
with some relative dielectric constant βr and thickness h,
sitting on top of a metal ground plane with conductivity σ.
The surface impedance of the platform is given by [57]

Zsurf = Rsurf + jXsurf (6)

where

Rsurf =
1

2
ωμ0Δ (7)

Xsurf = ωμ0

�
βr − 1

βr
h +

Δ

2

�
(8)

where ω denotes the operating angular frequency, μ0 =

4π × 10−7 Hm−1 is the permeability of free space, and
Δ = ((2/ωμ0σ))1/2 is the skin depth of a copper sheet.
Also, we can define the relative permittivity of the surface
platform by

βsurf � Z2
0

Z2
surf

(9)

where Z0 ≈ 377Ω is the intrinsic impedance of free space.
The surface impedance of the platform can be reconfig-

ured via the meta-atoms if they are connected to electronic

Fig. 5. Geometry of a possible reconfigurable surface meta-atom

and its simplified equivalent circuit model assuming a varactor

diode connection.

devices, such as varactor diodes. Fig. 5 shows an archi-
tecture that can tune the effective impedance of each
meta-atom, Zatom, using a varactor diode. In the model,
Cvar is the variable capacitance controllable by the biasing
voltage of the varactor diode, and Lp and Cp denote,
respectively, the intrinsic inductance and capacitance of
the rectangular pads. By altering Cvar, we can obtain a
prescribed effective capacitance of each meta-atom, Ceff,
which, in turn, influences the meta-atom impedance by

Zatom = Z0

�
C0

Ceff
(10)

where C0 denotes the capacitance of air substrate and
Ceff is geometry-specific and depends on Lp, Cp, and Cvar.
There is a relationship between the meta-atom impedance
and the effective surface impedance of the reconfigured
surface, which will be given in (19).

Having the ability to reconfigure the effective impedance
for each meta-atom (by, e.g., varactor diode) is important
as it empowers the surface to change its characteristics at
liberty. In Section III-F, the transition from surface wave
to space wave using reconfigurable meta-atoms will be
discussed.

D. Path Loss

Given a plane wave propagating on a surface, the E-field
of the surface wave in the cylindrical coordinate system,
with z being the vertical distance from the surface and r

the radial propagation distance, can be expressed as [105]6

Er = A

�
u2

jωβ0

�
e−u2zH(2)(−jγr) (11)

where A is a scaling constant, H(2) is the Hankel function
of the second kind,

u2 ≈ ω2μ0β0√
2ωμ0σ

×
��

1 − ωβ0(βr + 1)

2σ

�
+ j

�
1 +

ωβ0(βr + 1)

2σ

��
(12)

6To study the propagation loss of a surface wave, the literature
considered a point source emitting a wave on a surface, and therefore,
the cylindrical coordinate system was used to help conduct the analysis.
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β0 = 8.854 × 10−12 Fm−1 is the permittivity of free space,
and γ is the propagation constant along the surface, given
by

γ = γα + jγβ = γd
α + γc

α + jγβ. (13)

The parameters γd
α and γc

α account for the losses due to the
surface material. If the dielectric surface does not involve
any conducting structures, then the conduction loss will be
zero, and γc

α = 0. On the other hand, γd
α is related to the

loss tangent (tan δ), given by

γd
α =

ω
√

βr

2c
tan δ (14)

which is sufficiently small to be ignored for typical sub-
strates. For PTFE as an example, tan δ is in the order of
10−3 at 10 GHz. In what follows, γ ≈ jγβ . Under this
setup, for large r, the Hankel function can be approximated
by

H(2)(−jγr) ≈
�

2

πγβr
e−j(γβr+ 3π

4 ). (15)

Combining (11) and (15), and replacing r by d to denote
the propagation distance, we have

Er ∝ 1√
d
. (16)

In other words, the received power of surface wave over
distance satisfies PSW ∝ d−1. This is the classical path
loss result for surface wave propagation. As a matter of
fact, the path loss exponent can be further improved using
reconfigurable structures on the surface, which will be
discussed later.

E. Nonflat and Broken Surfaces

The surface wave has robust connectivity, and the sur-
face does not need to be perfectly flat to support the
transmission. Fig. 6 shows the case of a curved surface in
which the surface wave makes a smooth 90◦ turn round
the corner. The results reveal that the surface wave still
possesses large radiated power after the curved turn. The
noticeable space waves are caused by the sharp edge
discontinuities for a relatively narrow surface. In addition,
the space and reflected waves around the transducers can
be ignored as the transducers are there only to generate
the surface wave, but, in the RIS application, the source of
the radio waves is external from the BS or UEs. Fig. 7(a)
further demonstrates that surface wave propagation is
sustained even if the surface makes angled turns although
the discontinuities at the turns do emit more space waves.
In the RIS application, where the UEs are away from the
surface, however, angled surfaces could be exploited, if
suitable, to produce the needed space waves to reach the
UEs away from the surface.

Furthermore, a surface wave is surprisingly robust to
gaps on the surface due to damage, knowing the fact

Fig. 6. Surface wave propagation over a curved surface with ten

free-space wavelengths of the operating frequency as the radius of

curvature at the turn.

that an RIS may be installed in an outdoor environment.
Fig. 7(b) looks at this situation and examines the impacts
on the surface wave propagation. It can be observed that,
while the gap introduces discontinuities, the wave is able
to leap across the gap and continue to glide along the
surface after the gap. Evidently, the gap causes space waves
to emit, and typically, the larger the gap, the more the
space wave as a consequence.

F. Switching Between Surface and Space Waves

RISs deployed in the environment are aimed to bridge
the communication between BS and UEs. If the RIS oper-
ates as a reflector, then the working principle is relatively
straightforward, and the radio signals naturally come off
the surface via the reflection coefficients of the surface
atoms to reach the UEs after propagating onto the surface
from the BS. The challenge is to acquire the CSI and
optimize all the reflection coefficients at once to shape the
reflected beams [106], [107]. By contrast, the RIS utilizing
surface waves does require a transition from surface wave
to space wave. Such transition can be realized by introduc-
ing discontinuities on the surface.

To do so, one approach is to create a change in the sur-
face impedance from one section of the surface to another.
The discontinuity introduced by the change in surface
impedance will lead to space waves off the surface. The
surface impedance can also be optimized to launch space
waves from the surface. In [108] and [109], it is found that
the required surface impedance of a metasurface to launch
a space wave at an angle θ∗ (measured from the normal of
the surface) is given by7

Zmeta-surface = − jZ0

cos θ∗ cot
Φr

2
(17)

7Note that Zsurf refers to the surface impedance of the platform
without the reconfigurability, while Zmeta-surface concerns the effective
surface impedance with reconfigurable meta-atoms.
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Fig. 7. Surface wave propagation over a surface with (a) 45◦ cornered turns and (b) gap of 0.4 wavelengths.

where

Φr(d, ω) =
ωd (sin θ∗ − sin θin)

c
+ Φ0(ω) (18)

where d represents the propagation distance, which also
marks the position on the surface, θin denotes the incident
angle of the wave, c is the speed of light, and Φ0(ω)

denotes the initial phase of the surface wave at d = 0.
The corresponding effective impedance of the meta-atom
for achieving the required Zmeta-surface can also be found as

Zatom =
jZmeta-surfaceZsurf tan (βsurfh)

jZsurf tan (βsurfh) − Zmeta-surface
(19)

in which βsurf = ω(μ0β0βsurf)
1/2 and Zsurf and βsurf have

been defined in (6) and (9), respectively. As a result,
given the requirement (17), we can find the needed Zatom

by (19) and achieve this using the method discussed in
Section III-C.

Another approach is to use preinstalled metallic struc-
tures on the surface. The metallic structures provide the
discontinuities on the surface that diffracts the surface
wave to the space, and the pattern of the structure
can be designed accordingly to steer the space wave
toward a given direction. The transition from surface
wave to space wave using diffraction patterns can be
explained by leaky-wave and holographic antenna theories
[110]–[113]. When a surface wave is incident onto metal
patterns, the dimensions of the patterns will determine
the leakage rate of the wave, and the leaky wave will
be excited with the proper mode phase velocity and the
degree of coupling to the metal patterns [113]. The works
in [114] and [115] have provided the analysis of the
relationship between the launching angles with different
pattern parameters. Fig. 8 provides the 3-D EM simulation
results of some simple periodic metallic structures on a

surface, illustrating the wave transition. The results illus-
trate that surface waves can be diffracted to produce space
waves at a launching angle from the platform through
periodic metal square pattern geometries. The direction of
the space wave varies with the size of the metallic squares
and the spacing between them.

G. Reconfigurable Surface Platform

Reconfigurable meta-atoms have been discussed in
Sections III-C and III-F, which equips the surface with
the ability to adapt the surface wave and space wave for
transmission. In fact, more can be done on the surface to
enhance the reconfigurability of the platform. Despite the
superior path loss compared to space wave propagation
(see Section III-D), the path loss of surface wave propaga-
tion can be improved further if reconfigurable conductive
structures are adopted on the surface. In [59], a reconfig-
urable surface platform, where small tubes of controllable
feed of conductive fluid are installed, is proposed. Fig. 9(a)
illustrates the setup where the conductive fluid can come
from underneath the surface when needed via digitally
controlled nanopumps. In practice, the tubes should be
spread all over the entire surface so that high-resolution
control of the surface wave on the entire surface can be
achieved. A more thorough, practical design using a punc-
tured surface platform is given in [116]. The punctured
cavities allow conductive fluid to appear on demand to
control the surface waves.

The advantages of the use of conductive bars are
twofold. First, it can be used to create a pathway resem-
bling a waveguide for concentrating the power of the sur-
face wave, as is the purpose of the setup in Fig. 9(a) where
two rows of bars filled with Galinstan are installed. In so
doing, the pathway has an effect similar to beamforming
so that the path loss of surface wave can be considerably
reduced. In Fig. 9(b), the results for the received power of
the surface wave over the distance along the pathway are
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Fig. 8. Launching of space waves from the surface, pointing direction of −15◦ by a 5 × 15 2 mm square periodic metallic pattern.

provided. The corresponding results without the Galinstan
bars are also given for comparison. As we can see, the
attenuation of the received power over distance in the
case with the bars is negligible (i.e., the path loss expo-
nent α ≈ 0), while the same cannot be said without the
Galinstan bars. It is also possible to concentrate the surface
wave power even more if more layers of Galinstan bars are
employed, but the rigorous analysis will be required in the
future.

Another advantage is that turned pathways can be
formed to cater to a variety of communication needs.
Making sharp turns for the surface wave is not challenging.
What it takes is simply to feed the bars at the required
locations with a conductive fluid, e.g., Galinstan in this
example. The results in Fig. 10 illustrate such possibilities,
and it can be observed that the surface wave can make 90◦

Fig. 9. (a) Reconfigurable surface platform using fluidic

conductive bars. (b) Received power of surface waves against the

propagation distance.

Fig. 10. Pathways created by Galinstan bars to facilitate turned

transmissions.

turns and also support multiway transmissions. Besides, in
all the cases considered, the power of the surface wave
remains very strong within the pathways. It is noted that
surface waves making sharp turns were also independently
studied in [117], but the work required mechanically con-
trolled metal bars, which is practically difficult to achieve.

IV. F L U I D A N T E N N A S Y S T E M
In this section, we switch our attention to another

emerging technology, a new antenna technology that can
combine with MIMO and RIS in mobile communications.
Conventional antennas are usually made of solid materials,
such as metal wires, plates, and dielectric slabs. Their
predefined geometries limit their performances in dynamic
wireless environments. In contrast, an antenna made of
fluid has no predefined form and can be shaped to any
desirable form and mobilized to adapt to the ever-changing
wireless environments. This idea may be realized using
reconfigurable pixels [41], [42]. Such an antenna can be
broadly referred to as a “fluid” antenna. Here, we review
the basic architecture of some well-known fluid antennas
and cover the theoretical result that can be useful in the
context of the design of mobile communications networks.

A. Basic Structure

Reconfigurable antennas have been one of the hot
research topics for decades [118], [119], but the research
for fluid antennas is only heating up over the last ten
years, mainly because of the concern in radiation effi-
ciency compared to conventional solid-based antennas.
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Fig. 11. Monopole fluid antenna.

Recent high-profile successes, such as the highly efficient
seawater antenna system by Mitsubishi Electric [51] and
the beamsteering network using seawater antennas in
[52] and [53], have helped fluid antenna research gather
pace. So far, there has already been rich literature on
fluid-type antennas that focus on a range of reconfigura-
bility [50]. Here, we describe the two most relevant types
of fluid antenna.

1) Monopole Fluid Antenna: The first type is a frequency-
agile monopole fluid antenna system [44]. Fig. 11 illus-
trates the basic architecture of the frequency-agile fluid
monopole antenna system where the resonant frequency
can be adjusted. Variants can be derived based on the
required reconfigurabilities and applications. However, the
key components are: 1) the feeding network for deliver-
ing/collecting the RF signal; 2) the fluid serving as the
sole or part of the radiating element; 3) the fluid container
and reservoir for holding the fluid; and 4) the pump,
feedback mechanism, and the corresponding control unit
for changing the antenna performance.

The feeding network is responsible for delivering or
receiving the RF signal to or from the radiating element. In
the case of frequency diversity, wideband feeding geome-
tries are required. Also, independent performance tuning
and a leakage-free environment are important. Direct-
contact feeding methods are sensitive to the change of the
fluid volume in the container, which will incur impedance
matching problems [120]. Hence, coupling-fed methods
that indirectly deliver/collect the RF signal from the radi-
ating element are preferred [121], [122].

The fluid, depending on their electrical properties, can
be considered either metallic, e.g., mercury and eutectic
gallium–indium (EGaIn), or dielectrics, such as pure water
and ionized solution, radiating element [123]. Liquid
metal radiating elements can be EM-modeled like common
metals with specific conductivity, whereas fluid antennas
using water or ionized solution can be categorized as
a dielectric resonator antenna (DRA) with the resonant
frequencies determined by its size, shape, material, and
permittivity [124], [125].

The fluid should be kept in a container when in use
or in the reservoir as a reserve. Currently, there are two
main processes to assemble the container. One material
used is polydimethylsiloxane (PDMS). This is a flexible
and deformable elastomer that is commercially available.
Photolithography is first used to create the microchannels
in the PDMS container and then let the fluid flow in to
create the radiating elements [47]. Another option is to
use a 3-D printer to fabricate the container using resin.
Several designs using 3-D printing for rapid prototyping of
fluid antennas were presented in [44], [126], and [127].

The pump is employed for flowing the fluid in and
out of the container for tuning the antenna performance.
Micropumps [128] or nanopumps [129] are required. The
microcontroller unit (MCU)/computer is there to control
the fluid flow. In the case of frequency diversity, a vector
network analyzer (VNA) is used to measure the reflection
coefficient of the antenna.

2) Surface Wave-Based Fluid Antenna: Though
frequency-agile antennas are useful in cognitive radio
applications [130], [131], fluid antennas can certainly
do more. Another type of fluid antenna concerns the
ability to adjust the position and/or the radiation pattern
of the antenna [132]. Having this ability enables the
antenna to exploit the ups and downs of wireless channels
resulting from the distinctive superposition of multipath
due to scattering in the environments. The benefits can be
formally characterized using communication theory and
will be summarized in Sections IV-C and IV-D later.

The technology that produces a position-flexible
antenna is a surface wave-based fluid antenna [132].
As discussed above in Section III, when a surface wave
propagating along a dielectric medium is diffracted by
metallic geometries, a current will be induced, and the
surface wave will be scattered into the free space, creating
a radiation pattern. This same principle can be applied
to design a position-flexible antenna. Fig. 12 depicts the
geometry of the surface wave-based fluid antenna where
the fluid radiator scatters the E-field onto free space for
radiation, and the position of the fluid radiator is tunable
by the micropumps. Fig. 13 further shows the E-field
distributions of the geometry with and without the fluid
radiator. As we can see from the results, the fluid radiator
with Lfluid_start = 25 mm can produce a directional radiation
pattern (pointing to 65◦). Note that this is achieved with a
single RF chain. Presumably, the direction of the radiation
pattern would be changeable by optimizing the position
and shape of the fluid radiator, but more work will need to
be carried out in this area.

3) Others: Apart from the above designs acting as the
main radiating element of the antennas, fluid has also
been used as parasitic elements, loading elements, or
switches. A center-feed parasitic circular patch antenna
with continuously tuning linear polarization capability was
reported in [133]. Based on the Yagi–Uda antenna concept,
distilled water was loaded or unloaded as the reflector
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Fig. 12. Surface wave-based fluid antenna.

or director for changing the radiation pattern in [134],
whereas a 360◦ beam steering was obtained in the salty
water antenna described in [53].

In liquid-based fluid antennas, the response time is
a legitimate concern as mobilizing fluid from one point
to another takes time, however small. To overcome the
response time limitation, another option is to use recon-
figurable pixels to emulate the agility of fluid by turning
on and off pixels intelligently to form changeable radiating
structures [41], [42].

B. Type of Fluids and Their Characteristics

The choice of a fluid radiator deserves careful consider-
ation. Liquid metal and metal alloy have high conductivity,
ranging from 1 × 106 to 3.46 × 106 Sm−1 at 20 ◦C, when
it is used in antenna design, and the radiation efficiency
is higher than that of dielectric solution. Nonetheless,
mercury is toxic, and its high surface energy tends to
minimize surface area, which prevents it from forming

Fig. 13. E-field distributions with and without the fluid radiator.

mechanically stable structures. Although Galinstan and
EGaln [135] are usually used in fluid antenna designs, they
are highly corrosive against other solid metals commonly
used in electronic circuits [136].

Alternatively, water and ionized solution are low-cost,
eco-friendly, and easily accessible, but their high freezing
point, evaporation, and low conductivity are the chal-
lenges. Researchers have attempted to use an antifreezer
to lower the freezing point of water [137], but the antenna
suffers from its high-temperature sensitivity resulting in
large frequency fluctuation [50]. Solvent-based, oil-based
fluid and ionized solutions have also recently been used
for realizing fluid antennas. The solvent-based fluid anten-
nas utilizing ethyl acetate with polarization diversity have
demonstrated over 80% of radiation efficiency in the fre-
quency range of 3.5–4.5 GHz [138], [139], but the mate-
rials for building the container must be carefully chosen to
avoid potential chemical reactions and damage. Oil-based
fluid antennas with good frequency tuning range and high
efficiency have also been reported in [140] and [141]. The
antennas are more chemically stable but at the price of
larger antenna size. In addition, the viscosity of the oil-
based fluid will affect the flow speed, giving rise to a longer
response time.

C. Diversity Gain

Given the recent advances in fluid antennas, it is antic-
ipated that position-flexible antennas will become reality
for years to come. The early results for surface wave-based
fluid antennas suggest that the position of the fluid radiator
can be tuned with the nearly infinite resolution if we
have sufficiently high-resolution control of the pump. The
implication can be massive. Wong et al. [38], [39] studied
a wireless communication system in which a position-
flexible fluid antenna is used at the receiver. Specifically,
the fluid radiator is assumed to always move to the best
of N predefined positions (referred to as “ports”) for min-
imal outage probability performance. In the following, we
summarize some key results that give important insight.

Note that a UE typically only has a small space to
house the antenna; the fluid radiator is not expected to
have a large space for exploitation. In addition, if high-
resolution control of the radiator’s position is possible, i.e.,
large N , the wireless channels seen by the fluid radiator at
nearby ports will be very highly correlated. Assuming rich
scattering (Rayleigh fading envelope) and modeling the
fluid radiator at a given port as an ideal omnidirectional
point antenna, the outage probability of a fluid antenna
system can be defined based on an outage event with an
average SNR target, γ̄, i.e.,

OSNR(γth) =
�
max

k
|gk|2 <

γ̄

Θ
≡ γth

�
(20)

in which gk denotes the channel at the kth port of the fluid
antenna, Θ represents the average symbol energy to the
noise power, and γth denotes the normalized SNR target.
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Fig. 14. Geometry of a fluid antenna system with N ports, where

{gk} are the complex channel envelopes at the ports. For single-user

systems, the best port is defined as ���{|gk|} to obtain the

maximum received SNR.

In [39], it was reported that the outage probability of the
fluid antenna system is given by

Prob (OSNR(γth))

=

� γth
Γ

0

e−t
N�

k=2

�
1−Q1

��
2μ2

k

1−μ2
k

√
t,

�
2

1−μ2
k

�
γth

Γ

��
dt

(21)

where Γ = σ2Θ is the average received SNR at each port,
σ2 is the average power of the channel seen at each port,
Q1(a, b) denotes the first-order Marcum Q-function, and

μk = J0

�
2π(k − 1)

N − 1
W

�
, for k = 2, . . . , N8 (22)

where J0(·) is the zero-order Bessel function of the first
kind and the space for the fluid radiator to move is D =

Wλ, with λ being the wavelength of radiation. Fig. 14
shows the geometry of such fluid antenna system with N

fixed ports.
To gain more insight, an upper bound can be obtained

as

Prob (OSNR(γth))

<
�
1 − e−

γth
Γ


 N�
k=2

�
1 − ��|μk|

e
− κ

1−μ2
k
( γth

Γ )
�

(23)

where κ > 1 can be any constant and

� � e
1

π(κ−1)+2

2κ

�
(κ − 1)(π(κ − 1) + 2)

π
. (24)

8Recently, in [142], it was proposed to set all the {µk} to be equal
so that the correlation between any two ports can be better modeled.

From this upper bound, it can be seen that the kth antenna
port contributes to a diversity gain of (�/(|μk|)1/2) but
comes with an SNR scaling penalty of (1 − μ2

k/κ) (see
[39, Corollary 4]). More remarkably, it can be shown
that the fluid antenna system with some finite dimension
W > 0 can achieve any arbitrarily small outage probability
if N → ∞ [39, Th. 8]. This reveals that the diversity can
be enormous even with a small space.

Also, the outage performance of the fluid antenna sys-
tem (with a single RF chain) can outperform that of an
L-branch maximal ratio combining (MRC) system (with
L RF chains and independent branches) if the number of
ports satisfies

N > 2

�
���

ln

�
p

MRC,L
out (γth)

1−e
− γth

Γ

�

ln

�
1 − �√
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out (γth) = 1 − e−

γth
Γ
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1

k!

�γth

Γ


k

(26)

is the outage probability for the L-antenna MRC system.
Note that (25) is observed by combining the results in
[39, Corollary 6 and Theorem 9]. While the superiority
of fluid antenna may be counterintuitive, it comes directly
from the ability to change the position of the fluid radiator
at high resolution, i.e., large N , to exploit the differences
in the fading envelopes.

The diversity gain of the fluid antenna can also be trans-
lated into capacity gain, and such results were reported
in [38].

D. Multiple Accesses and Multiplexing Gain

The main advantage of a fluid antenna lies in its ability
to deal with multiuser communications [143]. A fluid
antenna allows a UE to observe the fading envelopes in
the available space and switch the fluid radiator to the
position where the interference suffers from a deep fade
to facilitate multiple accesses. Fig. 15 shows the concept
of using a fluid antenna for multiple accesses (FAMA).
For this to work, it requires that the desired signal and
the interference signal have independent fading envelopes
at the UE. This is naturally achieved if the multiuser
signals come from different BSs (e.g., in multicell environ-
ments or device-to-device applications). In the downlink,
it is possible if multiple antennas are present at the BS,
and multiuser signals are made independent by random
beamforming or each user’s signal is transmitted from a
dedicated BS antenna.

There are two approaches to achieve FAMA. The first one
is referred to as fast FAMA (i.e., f -FAMA) in which the fluid
antenna is expected to switch to the best port and track the
interference null on a symbol-by-symbol basis. In this case,
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Fig. 15. Multiple accessed by exploiting the deep fade of

interference.

the outage event can be defined based on a target symbol-
level signal-to-interference ratio (SIR) threshold, γ, i.e.,

Of -FAMA
SIR (γ) =

$
max

k

%%%%% gks	NI
�=1 g

(�)
k s�

%%%%%
2

< γ

&
(27)

where s� denotes the information symbol from the �th
interferer and g

(�)
k is the channel from this interferer

encountered at the kth port of the user of interest. Assum-
ing that |s| = 1 for simplicity, the outage probability for
f -FAMA has been provided in [143, Th. 1], which is given
as (28), shown at the bottom of the page, where I0(·)
represents the zero-order modified Bessel function of the
first kind, σ2

I is the average power of the accumulated
interference, σ2 = E[|gk|2] = E[|g(�)

k |2], and μk has
been defined before in (22). Notice that the interference
immunity is not decided by the number of interference
signals but their sum average power. A larger number
of interference signals actually cause deeper fades. The
achievable multiplexing gain, m, of the f -FAMA network
is given by

m = (NI + 1)
�
1 − Prob

�
Of -FAMA

SIR (γ)




(29)

which is lower bounded by [143, Corollary 4]
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where NI denotes the number of interferers (or NI + 1 is
the total number of UEs) and (b) uses the fact that σ2

I =

NIσ2. The multiplexing gain, m, measures the number
of times the network capacity compared to a single-user
capacity.

Corollary 1 in [143] reveals that, given all other para-
meters fixed, as N → ∞, Prob(Of -FAMA

SIR (γ)) → 0, which
means that, if the fluid antenna has infinite resolution, the
interference can always be resolved. Theorem 8 in [143]
gives an estimate on how large N needs to be for a given
performance.

While fast port selection to track and tune in to the
interference null performs very well, it can be problematic
in terms of complexity and response time. Alternatively,
the fluid antenna can be operated to change its port on
a block-by-block basis only. In other words, a port once
selected remains activated until the channels change to
demand a reoptimization. In this case, FAMA attempts to
find a region (or ports) where all the fading envelopes
of the interferers dip, and that of the desired signal is
acceptable so that the reception quality remains good
independent of the information symbols from the inter-
ferers. This is referred to as slow FAMA (i.e., s-FAMA),
which has the outage event defined based on the average
SIR as

Os-FAMA
SIR (γ) =

���
��max

k

|gk|2	NI
�=1

%%%g(�)
k

%%%2 < γ

+�,
�- (31)

where it has been assumed that E[|s|2] = E[|s�|2].
Presumably, a similar analysis to [143] can be
obtained.
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Fig. 16. MIMO, RIS, and fluid antennas all combine to provide mobile communications from the BS to several UEs via an RIS.

E. Port Selection

The performance of fluid antenna systems relies on the
fact that the “best” port is known. This is a straightforward
task if all the ports are observed. However, for large N , this
becomes infeasible due to excessive channel estimation
and response time. A more realistic scenario is when only
a few ports are observed to reason and deduce the best
port by exploiting the spatial correlation among the ports.
In [144], this problem was addressed for single-user fluid
antenna systems using learning-based methods. How these
methods fare for FAMA is, however, not understood and
should be properly investigated.

V. W I R E L E S S C O M M U N I C AT I O N S
W I T H R I S A N D F L U I D A N T E N N A S
MIMO has been the capacity driver for mobile commu-

nications for decades and will continue to be so beyond
5G. The main issue is, however, the overreliance on BS
densification in order for MIMO to be effective when mov-
ing up the operating frequency. The introduction of RIS
alleviates this problem by making available large apertures
(via many unit cells spread over large surfaces) to help
collect radio waves and redirect them to the UEs, extending
the coverage area of the BS.

Nonetheless, conventional RIS has its own limitations.
First, current meta-atom technology relies on a patch
design, which has a relatively small bandwidth in which
the amplitude of the reflection coefficient is not severely
attenuated, and the phase of the reflection coefficient
has a good dynamic range. Second, the full range of
phase control for each meta-atom is still less than 2π,
not to mention the fact that the amplitude cannot be

independently controlled. Furthermore, in the case of
multicarrier communications [e.g., orthogonal frequency-
division multiple-access (OFDM)], the reflection coeffi-
cients of each meta-atom over different subcarriers are
coupled and cannot be independently changed. Besides,
RIS comes with a very large number of meta-atoms, mean-
ing that beamforming from RIS to UEs will require complex
optimization, and a large number of CSI be estimated
and available at the RIS. Note that, while RIS intends
to be an intelligent reflector, it is not expected to have
the computing power for those complex optimizations and
managing the CSI estimation process.

With a view to overcoming the abovementioned chal-
lenges, this section discusses what surface-wave aided RIS
and fluid antenna may offer. Fig. 16 indicates how MIMO,
RIS, and fluid antennas combine together to provide com-
munications from a BS to UEs via an RIS. In this example,
the direct path between the MIMO BS and the UEs is
severely blocked, and the RIS provides a strong reflected
path to reach the UEs. In particular, the following holds.

1) MIMO at the BS provides a focused signal beam
carrying high-speed multiuser data toward the RIS,
avoiding the obstacles in between the BS and the UEs.

2) The RIS can act as a reflector to reach the UEs. Instead
of complex optimization of the reflection coefficients
of the meta-atoms or unit cells, the random selection
of the reflection coefficients can be used so that the
RIS behaves like a large number of scatterers to cause
sufficient signal envelope fluctuations at fluid anten-
nas of the UEs and greatly liberate the bandwidth of
the RIS. FAMA is then applied at the UEs for multiple
accesses.
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3) The RIS can also take the incident radio waves and
let them glide along the surface before hopping off
to reach the intended UE. By doing so, radio waves
are inherently bound to the surface until they are
routed to a location close to the UE. Hence, the
signals arriving at the target UE would be strong, and
the potential interference in the space could also be
minimized. In addition, RIS is best suited to capture
the tangential signals coming onto the surface and
turn them into useful signals at the UEs.

In the following, we elaborate on the techniques of
RIS and fluid antennas and how they shine in mobile
communications.

A. Randomized RIS and FAMA

Multiple accesses in the downlink via RIS are more
challenging than that in the uplink where multiuser signals
can be separated by the massive MIMO at the BS. While
massive MIMO can most certainly use its superhigh spatial
resolution to provide directional, focused signals onto the
RIS, the finer separation of multiuser signals toward the
target UEs requires complex optimization of the reflection
coefficients of the meta-atoms on the RIS. Note that,
different from traditional multiuser MIMO beamforming,
the same set of reflection coefficients is used to direct the
radio signals of all the UEs. This, indeed, limits the ability
of RIS to resolve the UE signals in the spatial domain.
Therefore, recent interest is seen to shift more respon-
sibility to the UEs, and nonorthogonal multiple accesses
(NOMAs) emerge to be one possible solution [145], [146].
Scalability, however, can be a real problem as UEs usually
have limited processing capability, not to mention the com-
plexity associated with user pairing and coordinating all
the CSI for carrying out effective interference cancellation
at the receiving UEs.

With FAMA, multiuser communications can be achieved
by skimming through the fading envelopes observed in
the space of the fluid antenna at each UE and tuning
to operate at the position where the interference is in a
deep fade, without the need for complex coordination and
signal processing. Consider the case that an NT -antenna
BS communicates to NI + 1 fluid-antenna UEs via an RIS
with M reflecting elements. Then, the received signal at
the kth port of the fluid antenna at UE m can be written in
a standard FAMA form as

y
(m)
k = g

(m)
k sm + g̃

(m)
k + η

(m)
k (32)

in which sm denotes the information-bearing modulated
signal for UE m, η

(m)
k is the additive white Gaussian

noise (AWGN) at the kth port of UE m, and according
to [147]

g
(m)
k = h†

RIS-UE,(m,k)ΥH BS-RIS fm (33)

g̃
(m)
k = h†

RIS-UE,(m,k)ΥH BS-RIS

NI+1#
�=1
� �=m

f�s� (34)

where hRIS-UE,(m,k) ∈ C
M×1 is the channel vector from

the RIS to UE m at port k, HBS-RIS ∈ C
M×NT denotes

the channel matrix from the BS to the RIS, Υ denotes
a diagonal matrix containing the phase shifts of all the
meta-atoms, and f� ∈ C

NT ×1 is the precoding vector at the
BS for UE �. Note that g̃

(m)
k is the symbol-level aggregate

interference signal.
For FAMA to work, the only requirement is that g

(m)
k and

g̃
(m)
k should have independent channel envelopes, which

can be ensured by properly choosing the precoding vectors
{f�}. One sensible choice would be the singular value
decomposition (SVD) subspaces of HBS-RIS, which can not
only deliver strong signal beams from the BS to the RIS
but also provide sufficient independency of the multiuser
signals reaching the RIS. The burden to optimize Υ is
much reduced because the RIS mainly acts as a massive
scatterer, and if M is large, then both g

(m)
k and g̃

(m)
k

will be Gaussian distributed regardless of the choice of
Υ. This implies that a random choice of Υ is sufficient,
and the complexity of acquiring and coordinating the
CSI between the RIS and UEs, as well as optimizing Υ,
can be avoided, yet enabling massive multiple accesses
for the UEs if the number of ports at each UE is large
enough.

B. Exploiting Normal and Tangential
Radio Waves on RIS

As discussed in [56], RIS exploiting surface wave com-
munications can offer exciting opportunities to localize
mobile connections and considerably simplify interfer-
ence management. This advantage also comes with the
fact that the propagation characteristics on the surface
remain more or less the same over a wide bandwidth,
meaning that the optimized surface wave pathways for
the UEs work naturally even if multicarrier modulation,
such as OFDM, is used. The same cannot be said for
conventional RIS since multipath reacts differently at dif-
ferent frequencies, and yet, there is only one single Υ to
strengthen the links between the RIS and the UEs at all
frequencies.

A more natural reason to exploit surface wave commu-
nications is probably that radio waves coming from the BS
arrive at the RIS at a natural incident angle, which means
that they have normal and tangential components to the
surface. Therefore, the natural tangential component of
the radio waves makes the surface wave that can be guided
by the RIS with appropriate meta-atom designs. Note that
the whole idea of optimizing Υ for RIS is to reassemble
all the radio waves captured by the large surface aperture
and redirect them toward the UEs. This is evidently not
easy especially when interference is part of the signals
from the RIS to UEs. Beamforming from the RIS is also
limited by the phase-shifting range of the meta-atoms and
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its inability to independently control the amplitude of the
reflection coefficients. Though the normal component of
the radio waves naturally bounces off the surface like what
an RIS expects, collecting the tangential component and
keeping it on the surface will greatly improve the aperture
efficiency of the RIS to generate more useful signals to the
UEs.

In addition, with FAMA in mind, the choice of Υ does
not matter, and the meta-atoms can be solely optimized
to create surface wave pathways for routing the radio
signals before the signals are diffracted off the surface.
Remarkably, all is done without concerning how the mixed
signals are resolved at the UE side as this is taken care of
by the fluid antennas.

Most importantly, using surface wave communications
on RIS might be the only option for wideband com-
munications. According to Dai et al. [148], a well-
designed microstrip-like meta-atom at 4 GHz has only
about 500 MHz bandwidth where there is a maximum
of 1.25π phase shift range (much less than 2π), and
the amplitude fluctuation is less than 4 dB. Worse, at
4.5 GHz, the phase shift range falls to only π. This prac-
tically means that the promises of an ideally optimized
Υ are not realistic. The narrow operating bandwidth of
conventional RIS will be a major bottleneck for high-speed
communications from the BS to the UEs if reflection-based
RIS is to be relied on. By contrast, a surface wave platform
can be made to have a very stable performance over an
extremely wide bandwidth (e.g., 52 GHz in [101]). As
a consequence, the tangential component of the radio
waves (or surface waves) on the RIS may be the only
useful signals that are left to exploit in wideband com-
munications. Note also that the bandwidth of RIS can
be significantly increased if the amplitude fluctuation and
phase shift range of the meta-atoms do not matter, as
will be the case when RIS serves merely as a massive,
randomized scatterer for fluid antennas to exploit at the
UE side.

C. Scalability and Compatibility

As discussed above, the objective of RIS is to act as a
large aperture for capturing as many useful radio signals
as possible by serving as a massive RIS scatterer and
exploiting the surface waves, while fluid antennas at the
UEs are responsible for resolving the interference at the
UEs. Multiple RISs, thus, can coexist without the need for
careful planning, coordination, and optimization. This is
not the case if RIS is employed as a beamformer because
the generated interference needs to be coordinated. In
the RIS-FAMA paradigm, however, more RISs certainly
improve the system performance because they collect more
radio energy and the increase in the number of scattering
elements will help deepen the fade, providing more ups
and downs in the fading envelopes seen by fluid antennas.
Network scalability over the number of UEs is also high.
A desirable phenomenon is that the more the number of

coexisting UEs, the deeper the fade, suggesting that the
number of UEs does not adversely affect the interference
immunity of an FAMA UE though the overall interference
power, in general, tends to increase with the number of
coexisting UEs. In the same spirit, no coordination between
BSs is needed if an RIS is being used for serving edge-of-
cell UEs in multicell scenarios.

The above is possible because FAMA is entirely user-
centric and requires no coordination between BSs, RISs,
and UEs. The processing at an FAMA UE also has no impact
on coexisting UEs. The interference suppression capability
comes naturally from the fading phenomenon. Moreover,
the interference immunity comes without requiring any
side information of the interferers, which makes it particu-
larly appealing.

VI. C O N C L U S I O N
While MIMO has been instrumental to unlock the needed

bandwidth to take mobile communications to where we
are, this article serves to look beyond MIMO and dis-
cuss two emerging technologies that can be combined
with MIMO. The first part of this article introduced the
first technology, namely, RIS, which includes the conven-
tional reflection-based RIS as a special case (including
both passive and active/semiactive RIS). Different from
the literature, we also include the surface-wave enabled
RIS, which can serve as a propagation medium and a
reflector to enjoy much superior propagation efficiency,
reconfigurable pathways, and highly localized mobile con-
nections. We covered the basics of surface waves and
reviewed how the surface meta-atoms can be optimized
to meet various communication needs. The second part
then presented another key technology, fluid antennas
that represent a novel, position-and-shape changeable
antenna architecture for ultimate reconfigurability. We out-
lined the basic antenna architecture and reviewed two
relevant fluid antenna designs that are important for
beyond 5G systems. We also highlighted a few theoretical
results that revealed the immense diversity and capac-
ity gains possible for systems utilizing fluid antennas.
We concluded this article by contemplating the scenario
in which MIMO, RIS, and fluid antennas all combine
to deliver mobile communications and highlighted their
synergies.

In summary, we pointed out the following.

1) Multiuser MIMO at the BS can be most effective to
direct its signals to RISs to reach the target UEs.
The BS should be responsible for ensuring channel
independency among users for the signals coming
onto the RIS.

2) The use of FAMA eliminates the need of optimizing
the reflection coefficients of the meta-atoms while
benefiting from the large number of scattering ele-
ments on the RIS to produce the needed fading fluc-
tuations to be exploited by fluid antennas at the UEs
for multiple accesses.
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3) The union of RIS and FAMA removes any processing
and messaging requirements at the RIS for CSI acqui-
sition and managing multiuser detection at the UEs.

4) RIS using surface waves to capture the tangential
radio energy to the surface may be the only feasible
solution for wideband communications due to the
narrow bandwidth of the state-of-the-art RIS meta-
atom technology.

5) Surface waves can lead to superior propagation effi-
ciency and ease of interference management. The
optimization for surface wave pathways is also rela-
tively straightforward and requires only the location
information of the UEs. The technology for switching
between surface and space waves to connect the UEs
is already available.

6) The overall approach is compatible in multicell envi-
ronments and scales well with any number of RISs.
FAMA works well with any number of coexisting UEs
as long as the resolution of the fluid antennas is high
enough.

It is hoped that the opportunities discussed in this arti-
cle can spark further interest and research efforts in the
related areas, which can pave the way for 6G mobile
communications. �
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