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1 Introduction

Reconfigurable intelligent surface (RIS)—known also as intelligent reflecting surface
(IRS), and large intelligent surface (LIS)—is a programmable structure that can be used
to control the propagation of electromagnetic (EM) waves by changing the electric and
magnetic properties of the surface. In addition to the control of EM waves, RISs can be
used to sense the radio environment by integrating sensing capabilities into them. By
placing intelligent surfaces in the environment where wireless systems are operating, the
properties of the radio channels can be controlled at least partially.

The control of radio channels changes the conventional wireless system design para-
digm, in which the radio channel is seen as an uncontrollable entity that distorts the
transmitted signals. Therein the transmitter (TX) and the receiver (RX) are designed to
equalize the impact of the channel. Envisioned scenarios vary from cases where a single
RIS is placed on a wall to direct signals coming from a predetermined direction, e.g.,
base station, to the environment where almost all surfaces (walls, furniture, clothes, etc.)
are covered with a metasurface based RIS [1-4]. The introduction of intelligent surfaces
can improve the reliability and energy efficiency of wireless systems. They may allow
accurate localization of people and objects in environments where, for example, satel-

lite-based positioning systems do not work properly [5, 6]. In radio equipment design,
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intelligent surfaces realized with metasurfaces are anticipated to enable the realization of
low-complexity and energy efficient transceivers that require only a limited, ideally one,
active radio frequency (RF) chain [2, 3, 7].

Two approaches can be used to implement an RIS that control the impinging sig-
nals characteristics (e.g., reflection, refraction, absorption, focusing and polarization),
namely, conventional antenna arrays and metasurfaces. In a nutshell, metasurfaces are
electrically thin and dense two-dimensional arrays of structural elements possessing
desired properties granted by their constitutive elements. Elements are called meta-cells,
unit-cells or meta-atoms. The meta-cells size is much smaller than the signal’s wave-
length (A) typically, between 4/10 and 4/5 [8, 9]. In addition to the control of EM propa-
gation, metasurfaces can be used to realize complex operations such as data modulation
and mathematical operations and they have been demonstrated to be capable of storing
EM pulses for short time periods in the order of 15 ns [10, 11].

The RIS is mainly considered to be a beyond 5G technology operating at frequencies
from tens of gigahertzs (GHz) to terahertzs (THz). At these frequency bands, the signal
propagation is heavily attenuated and can be blocked completely by the obstacles in the
propagation environment. Hence, the channels between a multi-antenna TX and RX are
modeled as sparse channels and the direct link between the TX and RX is often assumed
to be completely blocked. In these cases, the ability to form beams with moderate sized
surfaces enables communication between the TX and RX.

2 Research method

This paper is a state-of-the art review on the application of the RIS below 10 GHz fre-
quency. At these frequencies the channel between the TX and RX is not in general com-
pletely blocked by the obstacles and the channel is not modeled as a sparse channel. This
means that the role of the RIS is not to enable the communication between the TX and
RX as at higher frequencies, but to increase the capacity, although in some cases the cov-
erage extension by directing the transmitted signal behind an obstacle such as a building
in urban environment or a hill in sub-urban/rural environment is applicable also at sub-
10 GHz frequencies. The purpose of this review is to explore the RIS implementation
options for the existing 5G networks operating at the 5G NR Frequency Range 1 (FR1),
but the survey is extended to frequencies up to 10 GHz.

3 Reflecting antenna arrays in RIS applications
3.1 Operation principle
Electrically tunable reflecting antenna arrays can be used to dynamically adjust
their radiation patterns [12]. Hence, within the context of RIS, antenna arrays can be
employed as reflecting structures. Specifically, a large number of low-cost and passive
antenna elements are employed, which operate as reflectors with no need for RF chains
as in the conventional multiple-input multiple-output (MIMO) systems using multiple
transmit and multiple receive antennas. To expound, Fig. 1 describes the operation of
an antenna array-based RIS, which relies on microstrip patch antennas. Note here that
other antenna types can also be used as RIS reflectors.

The structure in Fig. 1 consists of a dielectric substrate with relative permittiv-
ity €, placed on a metallic ground plane. Metallic patch elements are placed on the
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Fig. 1 Patch antenna array as a reflector

other side of the dielectric substrate. The inter-spacing distance between the metal
patches in the array of Fig. 1 is typically in the order of /2 (A= wavelength). A sin-
gle patch antenna element can be modeled as a cavity resonator. Such a model con-
sists of the patch, the dielectric directly below the patch, the ground plane as well
as the virtual vertical walls (vertical dashed lines) shown in Fig. 1 [13]. When elec-
tromagnetic energy, with frequency equal to the resonance frequency of the cav-
ity resonator, is coupled into the cavity, it starts to oscillate. This oscillating energy
is then radiated by the antenna element, i.e., the incident signal is reflected. If the
properties of all elements are the same, the reflection angle of the reflected waves is
equivalent to the incident angle of impinging waves. This is illustrated in Fig. 1 where
the incident signal s1(f,0;1) coming from direction 6;; at frequency fis reflected to
the specular direction 6, as a1s1(f,6,,1), where complex coefficient «; denotes the
effect of the patch antenna. Similarly, the other incoming signal s2(f, 8;2) from direc-
tion 6; , is reflected towards 6,2 as aas2(f, 0y2), which is different from the reflection
direction of s1(f,0;1). If the desired reflection angle is different from 6, 5, say 6, in
Fig. 1, then the phase responses of the individual elements should be changed so that
a282(f, 0r2) = sq4(f,6,4). This could be achieved by keeping the phase response of one
element, say, the one on the left in Fig. 1, unchanged and tune the phase response
of the other elements so that the aggregated waves reflecting on all the elements
propagates towards the desired direction. The phase response of an antenna ele-
ment changes, when its resonance frequency is changed. Hence, it can be controlled
by connecting a varactor between the metallic patch and the ground plate [14]. By
varying the bias voltage of the varactor, the reflection angle of the reflected wave can
be steered electrically. More specifically, when the phase response of an element is
changed, the reflection angles of all impinging waves are affected, such as the reflec-
tions of both s1(f,0;1) and s2(f,0;2) as can be seen in Fig. 1. This implies that the
incident waves coming from different directions cannot, in general, be reflected into a
common direction.

The model described above does not take into consideration the coupling effect
between the neighboring elements, because the cavity resonator model cannot
be used to model the coupling, but it provides a basic description of the reflection
behavior in planar antenna arrays. To determine the phase shift required to steer the
reflected EM wave toward a desired direction, consider the planar array model shown
in Fig. 2. The black dots shown in the figure indicate the positions of the elements,
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Fig. 2 Coordinate system for a reflect array

given that the element spacing d is equal over the x and y planes. When an EM wave
impinges a planar array from the direction defined with the angle between the z-axis
and the propagation direction of the wave (¢) and the propagation direction in x — y
plane (¢), the signal components on the x — y plane are

Xris (6, y) = f1£5 hps—ris (@, ¢)xps (¢, ) (1)

where xps (¢, @) is the signal sent by a transmitter, e.g., base station (BS), and received by
the planar array from (¢, ¢) direction, ips— ris(¢, ¢) is the channel between the base sta-
tion and array seen by the signal xgs, and vectors f; and f; are

f; =[1 ej/(dsinu ejKstinu ejK(Nfl)dsinu]T (2)

f2 =1 e]'/(dsinv ejKstinu . ej/c(N—l)dsinv]T (3)

where sin v = sin ¢ sin ¢ and sin # = sin ¢ cos ¢, and N and M are the numbers of ele-
ments in x and y directions, respectively. When (0,0,0) in Fig. 2 is selected as a reference
point, the relative phase shift at point (#, ) on the planar array is

Y (n,m) = k(nd sin ¢ cos ¢ + md sin ¢ sin @) (4)

where k = 27 /. In order to reflect the signal towards the (¢;, ¢, ) direction, the required
relative phases of the elements are

Y (n,m) = k(nd sin ¢, cos ¢, + md sin @, sin ¢,) (5)
This means that the phase of the element at point (#, ) must be changed by

Y (n, m) =nd(sin ¢, cos ¢, — sin ¢ cos @) )

~+ md(sin ¢, sin ¢, — sin @ sin ¢)
The equations above assume that the phase shifts can be controlled continuously.
A recent theoretical study has shown that as the number of elements increases, the
number of required distinct phase values is reduced [15]. Furthermore, as the number
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of elements approaches infinity, only two phase values are needed (1-bit control). For
instance, with 300 elements the phase control with 2-bits (4 phase values) reduces the
performance by 10% compared with the case where phase is controlled continuously,
i.e., not with discrete steps. Additionally, when the number of elements in the array is
further reduced to three, three bits are needed translating to eight phase shifts values,
given that the reduction in performance from continuous phase control case does not
exceed 10% [15].

3.2 Antenna array based RIS in wireless systems

In the RIS aided systems and algorithm development, the elements in the RIS are typi-
cally modeled to operate independently of each other, i.e., with no mutual coupling
between the elements of the RIS. This means that those theoretical results and algo-
rithms are applicable to antenna array-based reflectors. In addition, in many cases, the
reflectors are simply modeled as linear arrays. For performance studies, the array geom-
etry has a negligible impact on the reflection behavior of the RIS. However, the array
geometry needs to be considered to apply the algorithms for two-dimensional arrays.

Alternating optimization is used in [16] to find the optimal phase values for the RIS
elements and the transmit covariance matrix to maximize the channel capacity of an
antenna array based RIS assisted MIMO link. In the numerical examples in [16], a RIS
with 20 elements increased the achievable rate performance by 38.8% in a MIMO-
OFDM link under frequency-selective channel condition. The use of antenna array
based RIS in orthogonal and non-orthogonal multiple access schemes is studied in [17]
wherein the capacity and rate regions for both schemes are characterized. Numerical
examples show the performance gains achieved by deploying a RIS, e.g, in a two user
non-orthogonal multi access scheme the gain in the common average rate is 12 dB. In
order to achieve such high gains, a real-time RIS control link is assumed. It is also shown
that for practical systems, the phase control resolution in the RIS can be as low as two
bits (four phase values for the RIS elements).

The antenna array based model is used in [15] for determining the effect of the phase
control resolution on the RIS-assisted links. In [18], a uniform rectangular antenna array
model is used in an optimal joint beamforming design for a BS and RIS in a single-cell
multi-user network. The RIS in [18] can be switched between two modes. It can be used
either for channel estimation or as a steerable beamforming reflector. In a single-user
case, the results showed that the signal-to-noise ratio (SNR) increases quadratically with
the number of reflecting elements of the RIS. In the multi-user case, it was demonstrated
that interference suppression with an RIS can be jointly designed with the access point
(AP) transmit beamforming for improving the performance of all users in the system.
Furthermore, the wireless network performance can be improved in terms of energy
consumption, coverage as well as achievable rate as compared to the conventional sys-
tems without using the RIS [18].

In [19], Huang et. al design an antenna array-based RIS system for transmit power allo-
cation as well as for phase shift control single-cell multi-user systems, in which a multi-
antenna base station serves single antenna receivers. The methods proposed in [19] are
capable of improving the energy efficiency by three-fold in comparison to the conven-
tional multi-antenna amplify-and-forward relaying. In [20], RIS is used to enhance the
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communications from a single antenna base station to single-antenna users located
within the vicinity of the RIS. The flexibility of joint resource allocation is accomplished
by allowing the RIS reflection coefficients to be dynamically tuned over different time
slots to create time-varying channels to each user.

In [21], RIS is used as a reflector to enhance the communication link with the aid of
beamforming. Additionally, it employs spatial modulation for sending its private data
to the receiver. The data sent by RIS is used to control the reflecting elements using the
ON and OFF states, where the phase shifts of the elements in the ON state are used for
steering the reflected signal. The employed beam steering improves the average SNR at
the receiver by up to 9 dB, when average 50% of elements are in active state (RIS size
32 x 32 elements). Furthermore, a two-step approach is utilized for retrieving the
information transmitted from both the transmitter and RIS. The proposed techniques
provide a trade-off between the attainable beamforming gain of the reflected signal and
the achievable information rate of RIS data.

In [22], the steering of the reflected signal from an intelligent surface is used to
enhance the signals for transmission pairs, while canceling the interference from other
transmitters. This study also reports measured results as well as the theoretical analysis
of the potential gain of the proposed system. The intelligent surface used relies on an
(6 x 8)-element array of controllable patch elements, which are controlled with the aid
of varactors. In the measurements, the RIS is used for suppressing the interference. It
is shown that the maximum achieved interference suppression reaches around 30 dB,
however, in a very narrow bandwidth. For instance, the —20 dB bandwidth is less than 5
MHz and the —10 dB bandwidth is less than 10 MHz. The results show that the control-
lable surface can be used for interference mitigation.

The array design in [20] is based on a reflector array described in [12]. More specifi-
cally, the reflect array designed and implemented in [12] consists of 70 elements that
operate at 5.8 GHz. The array is capable of steering the incident beam angle between
— 50° to +50° from the array normal with 5° steps. The total signal loss in the system
is 7.4 dB, which is caused by the feed efficiency. Particularly, the loss due to element
absorption, phase error and element factor are reported to be 1.8 dB, 0.8 dB and 0.8 dB,
respectively.

A RIS prototype with 256 elements has been published in [23]. The phase shifts of the
RIS elements in [23] are controlled with two-bits and it achieves a 23 dBi antenna gain at
2.3 GHz. The physical size of the RIS prototype is 0.8 m x 0.8 m. The —1 dB bandwidth
is 350 MHz and the beam can be scanned from 0° to 60° from the broadside of the RIS.

Many of the articles considering the algorithms to control the RIS use the MIMO
type processing [18, 19, 21], where the channel is first estimated, and the beam steering
and the radio resource management is based on the estimated channel state informa-
tion. A different approach is proposed in [24], where no channel estimation is needed to
control the reflection. Therein the reflecting surface used 3200-elements antenna array
with an area of array 6 m2. The control of the array is implemented with a majority vot-
ing algorithm. In the training phase, the array is randomly configured to states where
some of the elements reflect the incident signal and others do not. The receiver reports
the received power at different stages of the training to the network. After K measure-
ments, the median of the received power is calculated. Specifically, if the received power
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is above the median more often when element i has been active than when it has been
switched off, the element i is voted to be on. Otherwise it is voted to be off. The training
of the surface requires no changes to the signal processing in the transceivers. Further-
more, the received power level is reported with the received signal strength indicator
(RSSI), which is commonly available in essentially all wireless communication systems.
The RSSI information is reported to the control unit of the reflecting surface. In the test
scenarios, the receiver is kept at the same position close to the surface, while the posi-
tion of the transmitter is altered. The SNR gain in these experiments spans from 3.8 to
20 dB with a median of 9.5 dB.

4 Metasurfaces in RIS applications

4.1 Metasurface

In antenna array based RIS, the structure of the radio surface is fixed, which imposes
a limited control on the RIS. However, metasurfaces, which are electrically thin and
dense two-dimensional arrays of structural elements possessing the desired proper-
ties granted by their constitutive elements, allow a more flexible control on the oper-
ation of RIS. More specifically, the metasurface can be designed as a cluster of basic
elements (colored elements in the top part of Fig. 3), where the operation of a single
element is designed based on the requirements set on the operation of RIS. Alterna-
tively, it can be designed as a collection of sub-areas, as depicted in the bottom part
of Fig. 3. Hence, the granularity of the control spans from hundreds or thousands
controllable elements (depending on the metasurface size) to the case where a whole
RIS is a single area with one controllable state, e.g., surface reflects or absorbs the
incoming wave. The signal reflected by a meta-surface can also be described with
(1)—(6) assuming that the elements of the metasurface have been fixed, or in the case
of controllable metasurface, after the state of the controllable elements have been
changed. However, in a metasurface, the dimensions and spacing between the ele-
mentary elements (called unit cells, meta cells, meta atoms, etc.) are much smaller
than the wavelength of the EM wave to be controlled (typically between 4/10 and
2/5) [8, 9]. This means that in the design phase, a metasurface cannot be modeled as
an antenna array, but instead the analysis and design of metasurfaces can be based
on the concept of polarizability.

By distributing unit cells with different polarizations, the reflection and refraction
can be realized to other directions according to the generalized Snell’s law defined
by (7). The polarizability of a unit cell can be controlled by the cell’s size and shape
as well as by its inter-spacing distance from neighboring unit cells. This approach is
used in the design of fixed metasurfaces. A more detailed description of the connec-
tion between the polarizabilities of unit cells and the desired directions of refrac-
tion and can be found in [25]. A controllable metasurface can be implemented with
identical unit cells distributed evenly on the surface, where their polarizability can
be controlled. This can be realized by connecting the meta cells (metal patches
in Fig. 5) to each other or to the ground with a varactor in the same manner as in

antenna array-based RIS.
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Fig. 3 Metasurface as a cluster of basic elements or as a collection of sub-areas

4.2 Reflection and refraction in metasurfaces

The Snell’s law relates the incident angle with the angle of refraction, i.e., the change in
the EM propagation direction (see Fig. 4b), at the boundary of two dielectric materials
and it can be written as

Uy sin 0y = v1 sinH; (7)

where, 6; is the incident angle and 6; is the angle of refraction, while v; and v, are the
refractive indices of the materials where the EM wave is arriving to the boundary
between the two materials (material 1) and the material where the EM is propagating
after the refraction (material 2), respectively. In the case of reflection, the reflection
angle (6,) from the same boundary is the same as the incident angle, i.e., 6, = 6;. The
above states that the angles of the reflection and refraction depend only on the material
properties at both sides of the boundary between the materials and the incident angle
of the EM wave. The boundary between the two materials does not allow to steer the

Page 8 of 18
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EM waves to any other directions. However, when an appropriately designed thin sheet
is placed between the two materials, it is possible to control the behavior of the EM
waves above and below the sheet more freely [25-29]. The engineered thin sheets with
designed reflective, refractive and absorption properties are called metasurfaces.

A metasurface is shown in Fig. 4a in the x — y — z coordinate systems. It can be
designed to reflect the impinging EM wave. The reflecting wave then propagates in
the same medium where it propagated before the reflection, but the propagation
direction has changed. The EM wave arriving from the direction defined by the x
and z coordinates is shown in Fig. 4b. The relation between the reflection and inci-
dence angles in the case of metasurfaces can be written as

a¢r (x, y» 0)

v1(sinf; — cosb,) = 3
x

(8)
where ¢, (x, 7, 0) is the phase of the reflection coefficient at point (x, y, 0). If the propaga-
tion direction of EM is defined in the y — x plane, the partial derivative in (8) is calcu-
lated with the respect to y. Other directions can be calculated as the superposition of
these two.

When metasurfaces are used to implement an RIS, the design goal in addition to
control the direction of reflection, is to maximize the reflected power to the desired
direction.
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4.3 Controllable metasurfaces

Often used structure to implement a configurable of tunable metasurface is the mush-
room structure portrayed in Fig. 5. It consists of rectangular small metal patches placed
close to each other on a thin dielectric substrate. At the other side of the substrate is
the ground plane. The patches of Fig. 5 are connected to the ground plane by vias going
through the dielectric substrate.

Metasurfaces and similar electrically thin structures have been used for a long time
to control the propagation of EM waves. In communication applications, these designs
have been used especially in antenna designs. Most of the metasurfaces are fixed. They
are designed to steer the EM wave coming from a known direction to the predetermined
directions. A comprehensive review of metasurfaces can be found in [3]. It covers the
applications and technologies of metasurfaces from microwave to optical frequencies.

In metasurface based RIS applications, the properties of the metasurface must be con-
trollable. The incident field must be directed to directions where the receiving nodes
are in order to improve the performance of a communication or positioning system. A
review of the state-of-the-art on controllable metasurfaces is presented in this section.
The implementations described below represent the typical published designs. The fre-
quency range of interest in this survey is 2-10 GHz.

The programmability or tunability of metasurface based RISs requires the integration
of active elements with the unit cells of the metasurfaces. Controlling the microwave
frequencies can be realized with the aid of varactors. A common implementation tech-
nique of varactors uses p-i-n diodes as in [30]. At higher frequencies (terahertz to optical
frequencies) tunability can be realized with, e.g., transparent conductive oxides, ferro-
electric materials, liquid crystal, graphene and phase change materials [31]. Graphene
has also been used to implement a tunable absorber working at 3.41-4.55 GHz in [32].
Since the considered application is RIS and the frequency range in interest in this work
is below 10 GHz, these are not considered here.

A metasurface for electrically controlled beam steering was introduced in [30]. The
structure of the metasurface consists of small square metal patches on a dielectric sub-
strate. Patches are connected to the ground plate using a via. This kind of structure
is commonly called a mushroom structure and it is illustrated in Fig. 5. Each patch is
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connected to its adjacent patches by a varactor. By changing their control voltages, the
resonant frequency of the unit cells (patches with vias) can be varied. By adjusting the
resonant frequency of the unit cells, the phase of the reflection coefficient at different
points on the metasurface can be controlled. This allows to create the required phase
gradient to steer the reflected EM wave. The reflection can be controlled in two dimen-
sions (both azimuth and elevation planes). The designed metasurface in [30], is operat-
ing at 3.5 to 5.0 GHz frequency and is able to steer the incident beam over £40° from the
surface normal. The reported main beam width and gain are 15° and 14 dBi, respectively.
Maximum sidelobes are —10 dB below the maximum gain of the radiation pattern and
the bandwidth is about 8% at 4.5 GHz (~ 360 MHz).

The control of the reflection in [30] is based on analog signal processing, the reflection
direction is changed by changing the bias voltages of the varactors. The reflection from
a metasurface can be controlled also digitally. A digitally controllable structure based
on the similar mushroom structure as in [30] has been considered in [33]. The varactor
is connected between the metal patch and the ground plate in [33] and not between the
patches as in [30]. The varactor bias line design allows the beam steering only in one
dimension. The control is implemented with a field programmable array (FPGA), var-
actors can be programmed to be in two states, “ON” or “OFF”. The implementation in
[33] is designed for 10 GHz center frequency. The maximum diode switching speed is 5
MHz. The control voltage is used to change the operating frequency around the center
frequency as well as the reflection direction, i.e., beams pointing into different directions
are at different frequencies. The range of the beam steering control is between 45° and
50°.

Metasurface controlled by an FPGA is considered also in [34]. By changing the state
of the diode between “0” and “1’, the reflection coefficient of the unit cell is changed
between 0° and 180°. By properly selecting the control bit pattern on the surface, the
reflection can be directed to desired directions. The prototype consists of 30 x 30 unit
cells.

An FPGA controlled reflective metasurface is described also in [35]. The control of the
surface is implemented by switching the diode “ON” or “OFF” as in [33, 34]. The imple-
mented metasurface consists of an array of 20 x 20 unit cells. The operating frequency
is 3.5 GHz. The same unit cell structure is used also in [36]. Instead of controlling the
bias voltage digitally, the control is realized with light. By changing the intensity of the
light illuminating the surface, the bias voltages of the varactors can be switched “ON”
or “OFF” with photodiodes. The control of the metasurface by switching the varactor
diodes “ON” or “OFF” is used also in [37]. The metasurface can be used for generating
multi-ple beams or twin-beam scanning in the low frequency band around 6 GHz while
dynamic beam-scanning in high frequency band at 9.8 GHz.

In [38], the varactors are used to tune the operating frequency of the metasurface
between 4.1. and 6.6 GHz. Varactors are used only for the frequency tuning, not to
direct the reflection.

A metasurface based on a more complex unit cell is described in [39]. The structure
consists of a parallel LC resonant circuit and small metallic loops. Varactors integrated
into the unit cell allow the dynamic tuning of the surface impedance of the surface. The
design in [39] is used to control the refraction, i.e., the EM wave traveling through the
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surface, and not the reflection. The implemented prototype operates at 3 GHz frequency.
The transmittivity of the surface can be tuned from 0 to 1 when the phase of the EM
wave is kept unaltered, or the phase of the transmission can be tuned by 360° while
the transmittivity is kept constant. In [39], the control of the refraction angle itself is
not demonstrated. But if different areas (unit cells) of the surface are programmed to
induce different phase shifts of the EM wave, the refraction direction can, in principle,
be controlled.

In [40], unit cells are realized with two twisted square split ring resonators to imple-
ment a tunable chiral metasurface. The surface is designed to act as a lens capable to
steer the EM wave propagating through it and its operating frequency range is 8—10
GHz. About 80% of the incident power is transmitted through the surface. The tuning of
the surface is done with varactors.

The application discussed in [41] is an antenna array design. The results illustrate the
ability of a metasurface to steer the EM wave propagating through it (microwave lens).
The scanning range of an antenna array is increased from [— 36°, 38°] to [— 56°, 60°]
with the usage of the metasurface design but the gain in main lobe direction is reduced
due to losses in the metasurface. The transmittivity of the surface is above 0.8 from 9
GHz to 10 GHz. The unit cell in [41] is based on a sandwich structure, where the top and
bottom layers are co-centric combinations of square ring and circular patches.

The design in [42] is used to implement an absorber around 3.6 GHz frequency. It is
not directly applicable to be used in RIS applications, but is included here because of its
control circuitry design. In most of the tunable/controllable metasurface designs below
10 GHz, the tuning is implemented with lumped components (varactors). The tuning is
accomplished by changing the bias voltage of the varactors. The unit cell designed with
metal-oxide-semiconductor field-effect transistors in [42] enables the control of not only
the capacitance but both the real and imaginary part (resistance and reactance) of the
loading impedance.

The tunability of the metasurface in [43] is proposed to be implemented using mixed
signal integrated circuit embedded in the unit cell. The IC connects two metal patches
of the unit cell to enable the control of unit cell resistance and reactance. This offers the
local control over the surface resulting in the control of the reflection properties. The
operation of the concept is verified by a design operating at 5 GHz frequency. The per-
formance of the design is studied with simulations. The IC proposed for the tuning it not
designed but its operation is modeled as a continuously tunable, lumped complex tun-
able impedance.

4.4 Metasurface based RIS in wireless systems

The scenario used in [9] and [44] is an indoor wireless communication environment
in which the interior walls of the building are fully covered with metasurfaces. Users
inside the building require different services simultaneously, some of the users want to
have optimal connectivity, others may require protection from eavesdropping and some
users are interested in wireless power transfer. In addition, interference and unauthor-
ized connection from outside the building are blocked by the system. The main parts
of [9] and [44] describe a general framework for software interface architecture for the
control of the envisioned system. The metasurfaces are assumed to be almost ideal, i.e., it
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is assumed that metasurfaces do not exhibit any major limitations regarding the electro-
magnetic functionalities that they can support.

In [45, 46], interior wall of a building is assumed to be covered by a surface whose EM
properties can be switched between two states. In one state, the EM wave can propagate
through the wall, in the other state the wall attenuates the EM wave propagating from
one room to the next through the wall. This can be used to decrease the interference
between local networks operating in adjacent rooms or to deny access to the local net-
work from outside the room. The system model in [45, 46] is much simpler than the one
in [44], but it is also more realistic in the sense that it does not require ideal configurable
surface. In the simulation case, it is assumed that when the signal is allowed to propagate
through the wall it is attenuated by 2 dB and when the wall is configured to attenuate the
signal, the attenuation is 25 dB.

According a Press Release [47], NTT DOCOMO has demonstrated the control of EM
propagation through a window using a metasurface operating at 28 GHz. Although this
test was conducted at a frequency range above our focus, it has been included, because
it is the first test of metasurface based RIS application published by one of the major
operators.

A different kind of application of a metasurface in wireless communications is demon-
strated in [48]. The reflecting metasurface is used for data modulation. In the proposed
transmitter architecture, a feed antenna transmits a carrier wave to the metasurface. The
reflection coefficient of the metasurface is controlled with the transmitted baseband data
signal resulting in a modulated signal at the radio frequency. The center frequency in the
test has been 4 GHz and QPSK is used for the data modulation. The achieved data rate
is 2.048 Mbps with a single carrier modulation. The benefit of using the metasurface as
a transmitter is that the up-conversion based on mixers used in conventional transmit-
ters is omitted. The disadvantage is the power loss. In [48], the conventional transmitter
requires 5 dB less power than the one based on the metasurface modulator.

5 Results and discussion
The potential use cases and the benefits of the RIS at frequencies below 10 GHz are still
not fully known. The results from prototypes reviewed in this survey indicate that a RIS
can be used to control the EM propagation also at this frequency range. An EM wave
is attenuated, when it reflects from floors, walls, and ceilings. The reflection attenua-
tion of typical construction materials is in the order of 7-10 dB. This implies that there
are typically few dominant directions where the signal arrives from at any point. This is
also visible in typical measurement-based channel models, e.g., in 5G channel models
[49]. Although the dominant channel direction below 10 GHz is not as clear as at higher
frequencies (tens or hundreds GHz), a RIS has potential to extend the coverage and
increase the channel capacity. However, channel measurements for RIS assisted systems
operating at the sub-gigahertz frequency range are needed to verify the potential gains.
Intelligent radio surfaces below 10 GHz frequency can be implemented with antenna
arrays or metasurfaces. The electromagnetic theories and models for the analysis and
design for both options are well known and commercial simulation tools for modeling
are available. The exact theoretical model for a large complex structure can, in principle,
be formed, but in practical work the design is done with design and simulation tools.
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This is evident also in publications reporting the designed, simulated, and implemented
metasurfaces. Design with simulation tools can be efficient, but the development of
control algorithms for metasurface based RIS necessitates models for the metasurface
operation. The properties of the metasurfaces, e.g. the surface impedance, depends on
the polarization and the angle-of-arrival (both azimuth and elevation) of the impinging
electromagnetic wave. Further, the unit-cells of the metasurface are mutually coupled to
their neighbouring cells. Accurate models for these effects are not yet available for con-
trol algorithm development.

Unit cells used for the reconfigurable metasurfaces below 10 GHz frequency are
mostly based on simple geometrical shapes such as rectangular patches, H-shape, and
rectangular rings. The sizes of the implemented surfaces are in the order of 30 x 30 unit
cells (about 30 cm x 30 cm). The materials used are the same as those used in printed
circuit boards at microwave frequencies. More exotic materials and complex unit cell
structures are used at higher frequencies, terahertz and optical frequencies. The reflec-
tivity and transmittivity of the prototypes are below 0.9 (10% or more loss). The tuning is
implemented typically with varactors. In published antenna array model based algorithm
designs, the elements of the arrays are assumed to operate independently (no mutual
coupling between elements) and the phase control is assumed to be implemented in the
same manner as in the antenna arrays. While in the conventional antenna array cases the
phase of the transmitted (or received) signal can be controlled with phase shifting cir-
cuits, in reflect arrays the phase shift must be done by changing the physical properties
of the elements, namely, the resonance frequency. If the number of elements in a reflect
array is large, the control of RIS can be realized by switching the phase response of the
elements between distinct values, i.e., the phase control does not need to be continuous.
The unit-cells are close to each other in metasurfaces, which means that they cannot be
assumed to operate independently. In addition, the number of controllable elements can
be much higher than in the reflect array based designs. In the published demonstrations
of controllable metasurfaces, the operation of unit-cells has had two states. In some
cases, the allowable unit-cell states are ON or OFF. In other cases, the unit-cell reflection
angle has had two distinct values. The details of the algorithms have not been published.

In addition to the theoretical works, some tests and demonstrations of metasurface
based intelligent radio surfaces in wireless systems have been published. The most com-
plete demonstrations are probably the ones performed by NTT DOCOMO in Japan.
Unfortunately, only press releases with restricted information content on these were
found. Other published tests show that it is possible to improve the performance of a
wireless system by using the controllable reflecting surfaces, but the available informa-
tion is insufficient to assess the gain in practical scenarios with complete wireless sys-
tems based on the published results so far.

Commercial products based on the metasurfaces are mainly transmit/receive anten-
nas. Some of the companies have commercial-off-the-shelf antenna products, but these
companies are mainly design houses offering design services for metasurface based
products. The feasibility of using fixed reflecting surfaces to improve the coverage and
service quality of wireless communication has been already demonstrated, especially by
the experiments by DOCOMO in Japan. Theoretical studies have already showed that
surfaces with controllable properties can further enhance the performance of wireless
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Table 1 Comparison of metasurface and reflectarray based RIS

Relectarray Metasurface

Operation well-known, relatively easy to model Difficult to model controllable surfaces

Simple to manufacture Potentially more advanced functions

Simple control Mutual coupling of meta-cells complicates the control
Readily available technology Reconfigurable metasurfaces still in research phase

systems. New, improved services, such as accurate positioning and improved infor-
mation security, have been envisioned and some initial published studies support this
assumption. However, to fully understand the benefits the intelligent radio surfaces can
bring, more extensive investigations on the possible use cases needs to be done.

Controllable surfaces can be implemented with conventional reflect arrays, but meta-
surface based structures can offer more extensive options for the control. The opera-
tion of fixed metasurfaces is known and some controllable or tunable metasurfaces have
been designed and implemented. Published controllable metasurfaces are relatively
small and their electromagnetic properties (reflection efficiency, beam width, steering
range and accuracy, etc.) have not yet been thoroughly studied. The research on the con-
trol of the intelligent surfaces, i.e., system architecture and algorithms, is in early stages.
Algorithms published so far apply techniques used in the MIMO systems. While this
approach can provide good results with relatively small antenna array based surfaces,
the efficient control of large reflect arrays may require new approaches. The large num-
bers of controllable elements and their strong mutual coupling in metasurfaces require
deviation from the MIMO processing-based approach. The efficient control of metasur-
face based intelligent surfaces is largely an open problem. The comparison of a reflectar-
ray and a metasurface as a RIS implementation technology is summarized in Table 1.
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