
This is a peer-reviewed, final published version of the following document, ©IEEE 2022 and is 
licensed under Creative Commons: Attribution 4.0 license:

Araghi, Ali, Khalily, Mohsen, Safaei, Mahmood ORCID 
logoORCID: https://orcid.org/0000-0002-3924-6927, Bagheri, 
Amirasood, Singh, Vikrant, Wang, Fan and Tafazoll, Rahim 
(2022) Reconfigurable Intelligent Surface (RIS) in the Sub-6 
GHz Band: Design, Implementation, and Real-World 
Demonstration. IEEE Access, 10. pp. 2646-2655. 
doi:10.1109/ACCESS.2022.314027 

Official URL: https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=9668918
DOI: http://dx.doi.org/10.1109/ACCESS.2022.314027
EPrint URI: https://eprints.glos.ac.uk/id/eprint/10684

Disclaimer 

The University of Gloucestershire has obtained warranties from all depositors as to their title in 
the material deposited and as to their right to deposit such material.  

The University of Gloucestershire makes no representation or warranties of commercial utility, 
title, or fitness for a particular purpose or any other warranty, express or implied in respect of 
any material deposited.  

The University of Gloucestershire makes no representation that the use of the materials will not
infringe any patent, copyright, trademark or other property or proprietary rights.  

The University of Gloucestershire accepts no liability for any infringement of intellectual 
property rights in any material deposited but will remove such material from public view 
pending investigation in the event of an allegation of any such infringement. 

PLEASE SCROLL DOWN FOR TEXT.



Received November 12, 2021, accepted December 31, 2021, date of publication January 4, 2022, date of current version January 7, 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3140278

Reconfigurable Intelligent Surface (RIS) in the
Sub-6 GHz Band: Design, Implementation,
and Real-World Demonstration
ALI ARAGHI 1, (Graduate Student Member, IEEE),
MOHSEN KHALILY 1, (Senior Member, IEEE), MAHMOOD SAFAEI 1,
AMIRMASOOD BAGHERI 1, VIKRANT SINGH 1, (Graduate Student Member, IEEE),
FAN WANG 2, AND RAHIM TAFAZOLLI 1, (Senior Member, IEEE)
1Institute for Communication Systems (ICS), Home of the 5G and 6G Innovation Centres (5GIC and 6GIC), University of Surrey, Guildford GU2 7XH, U.K.
2Shanghai Huawei Technologies Company Ltd., Shanghai 201206, China

Corresponding author: Mohsen Khalily (m.khalily@surrey.ac.uk)

ABSTRACT Here, we first aim to explain practical considerations to design and implement a reconfigurable
intelligent surface (RIS) in the sub-6 GHz band and then, to demonstrate its real-world performance. The
wave manipulation procedure is explored with a discussion on relevant electromagnetic (EM) concepts and
backgrounds. Based on that, the RIS is designed and fabricated to operate at the center frequency of 3.5 GHz.
The surface is composed of 2430 unit cells where the engineered reflecting response is obtained by governing
the microscopic characteristics of the conductive patches printed on each unit cell. To achieve this goal, the
patches are not only geometrically customized to properly reflect the local waves, but also are equipped with
specific varactor diodes to be able to reconfigure their response when it is required. An equivalent circuit
model is presented to analytically evaluate the unit cell’s performance with a method to measure the unit
cell’s characteristics from the macroscopic response of the RIS. The patches are printed on six standard-size
substrates which then placed together to make a relatively big aperture with approximate planar dimensions
of 120× 120 cm2. Themanufactured RIS possesses a control unit with a custom-built system that can control
the response of the reflecting surface by regulating the performance of the varactor diode on each printed
patch across the structure. Furthermore, with an introduction of our test-bed system, the functionality of the
developed RIS in an indoor real-world scenario is assessed. Finally, we showcase the capability of the RIS
in hand to reconfigure itself in order to anomalously reflect the incoming EM waves toward the direction of
interest in which a receiver could be experiencing poor coverage.

INDEX TERMS Reconfigurable intelligent surface, electromagnetic wave control, anomalous reflection,
periodic structures, 5G and 6G wireless networks, test-bed.

I. INTRODUCTION
Wireless communication engineers envision a fully con-
nected world where there is a seamless wireless connectivity
for Everyone and Everything. Current 5G and future 6G
wireless networks will be required to fulfil an ever-increasing
demand for connectivity at an unprecedented scale. This will
require all future generations of wireless networks to be
smart, intelligent and efficient.

Traditionally, all the dynamic and adaptive features of
a typical mobile network are controlled either by the base
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station or the user equipment, while the wireless propagation
environment remains unaware of various communications
processes going through it. The existing mobile network
operators face a significant challenge of not only ensuring
seamless connectivity in harsh propagation environments but
of supporting an ever-increasing number of mobile users,
which sometimes, are unevenly distributed in a network.
Though large-scale antenna systems can fulfil some of these
requirements but having several large obstacles like buildings
and trees along with multipath can degrade the quality of
the received signal severely at certain locations. Relay nodes,
which have conventionally been used to mitigate some of
these problems, result in an increased power consumption and
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certain effects on the signal to noise ratio that are undesirable
but inevitable. A considerable amount of research has been
done to address these challenges, however, it remains an open
topic of research and evaluation among the industrial and
academic fraternity to design and evaluate technologies that
can impart some level of intelligence to the otherwise passive
radio propagation environment. Reconfigurable Intelligent
Surface (RISs) [1], also referred to as Intelligent reflecting
surfaces (IRS) [2], Large Intelligent Surface (LIS) [3],
or Hypersurfaces [4], are a promising technology that
can address the aforementioned challenges by sensing the
environment, recycling the existing radio waves and enabling
non-line-of-sight (NLoS) communications. RIS can achieve
this by manipulating those electromagnetic (EM) waves
which are impinging on it and redirect them to the desired
angle with a relatively low power consumption. From the
cellular communication points of view, this means a huge
saving in resources as operators will not need to invest time
and money to install new BSs for coverage provisioning on
network’s blind spots.

RISs are typically composed of a metasurface sheet [5]
backed by a control unit. The metasurface is a subgroup
of periodic structures [6] where the smallest geometry that
is repeated in a fashion is called unit cell. Each unit cell
contains a (a number of) conductive printed patch(es), known
as scatterer(s), where the size of each scatterer is a small
proportion of the wavelength of the operating frequency.
The macroscopic effect of these scatterers defines a specific
impedance surface [7] and by controlling this impedance
surface, the reflected wave from the metasurface sheet can
be manipulated. Each individual scatterer or a cluster of
them can be tuned in such a way that the whole surface can
reconstruct EM waves with desired characteristics. In order
to reconfigure the response of the structure, each scatterer
must be equipped with a component (which is commonly
placed on it) that can be tuned electronically. The control unit
is responsible for governing the performance of this tunable
component. In EM-engineering, the response tunability can
be obtained via different approaches such as by using of
the liquid crystals [8], graphene [9], microelectromechanical
systems (MEMS), PIN diodes [10], or varactor diodes [11].

A substantial amount of research has been conducted
regarding the theoretical modelling of the RIS which of them,
some recently published are [12]–[16], but when it comes
to an actual implementation, there are very few test-bed
systems that have been realized so far to evaluate the realistic
functionality of a RIS. In [17], a couple of reflecting surface
prototypes are introduced; one for 2.3 GHz and the other for
28.5 GHz. On each unit cell, there are five PIN diodes which
makes the manufacturing process relatively complex where
a capacitor and an inductor are employed to bias each PIN
diode. With this combination, authors were able to modify
the tilt angle out of their designed reflecting sheet. In their
test-bed system, the transmitter (Tx) is placed close to the
reflecting surface’s aperture which makes the structure more
similar to a reflectarray rather than a RIS. In a realistic mobile

network, the base station is typically quite far away from the
reflecting surface.

In [18], the Tx is placed at a distance of around 80λ0 far
from the surface where λ0 is the free space wavelength at
the operating frequency. This relatively far distance makes
the structure more compatible with the concept of RIS. The
element response is regulated via four switching states due to
the presence of four hardcoded delay-lines. This prototype is
operating at f = 5 GHz.

A programmable surface is presented in [19], operating
at around f = 11 GHz with reconfigurable polarization
response and focusing beam. Each unit cell contains a
PIN diode and a biasing circuit. In order to obtain various
responses out of the surface, the distance between Tx and the
surface is adjustable. In line with this, when the structure is
aimed tomake a focused beam, the Tx should be located close
to the surface aperture to enable it to reflect the waves to the
desired focal point. On the other hand, a relatively farther Tx
makes the dynamic polarization response.

Although the authors of [20] did not call their design a
RIS or something similar (as this work dates back to the time
when this concept was not introduced to telecommunication
systems), but their prototype is one of the most fundamental
structures related to the topic in hand. With four varactor
diodes attaching at four sides of a square-patch scatterer in
each unit cell, a tunable impedance surface is obtained, which
is forming a beam-reconfigurable reflectarray that operates
at 3.5 GHz. After this work, several researches have been
carried out on beam-scanning reflectarrays which are listed
in [21].

A couple of varactor diodes are employed in [22], [23]
on each unit cell to obtain a programmable surface with the
operating frequency of f = 4.25 GHz and a dual-polarized
structure respectively. In both structures, the Tx is adjusted
close to the reflecting surface with the receiver (Rx) at
relatively farther distance. So, these structures also resemble
a reconfigurable reflectarray in practice. Note that although
the traditional reflectarrays [24] and the RISs share many
EMbackgrounds, there are some considerable conceptual and
technical differences between them which are explained in
Section II-A.
In this paper, a RIS structure is proposed with a relatively

straightforward manufacturing process. With the operating
frequency of f = 3.5 GHz, the Tx is located more than
350λ0 away from the surface while the response of the
RIS is altered dynamically. We focus on RIS performance
in a real-world scenario and present the corresponding key
design considerations. Practicable EM wave manipulation
is explored by using of the designed and implemented RIS
to demonstrate its substantial effect on a wireless link.
Specifically, an experimental case study is presented where
the Rx is located on the blind-spot of the Tx so that
the receiving signal cannot be decoded properly without
introducing the RIS to the link.

The remainder of this paper is organized as follows. The
next section begins with EM concepts and backgrounds on
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FIGURE 1. The reflection phenomenon; (a) specular reflection from a
conventional reflector, (b) engineered reflection from a reconfigurable
intelligent surface (RIS) where the reflection direction is inclined toward
the desired angle.

the RIS. Then, we detail practical design considerations to
implement a RIS; and based on the discussed considerations,
a RIS is designed and introduced. After that, we demonstrate
the real-word performance of the developed RIS in an indoor
scenario and the paper will be concluded in the final section.

II. WAVE MANIPULATION BY THE RIS
In this section, we begin with a discussion on the EM-based
concepts of the RIS and present the design procedure and
considerations. Then, a RIS is proposed and implemented
with the operating frequency of f = 3.5 GHz.

A. EM CONCEPT AND DESIGN GUIDELINE
When a wavepacket impinges an interface, it reflects based
on the Snell’s law of reflection on the plane of incidence.
This means the relative angle between the plane formed
by a unit vector normal to the reflecting interface and the
vector in the direction of incidence (θi) is kept constant for
both incoming and outgoing rays so that θi = θr where
the subscript r indicates the reflected rays. A RIS provides
this opportunity to break this phenomenon and incline
the reflecting waves to the direction of interest, making
θi 6= θr . This concept is the so-called engineered reflection
(or anomalous reflection) which is schematically illustrated
in Fig. 1. To deliver this kind of reflection, the reflection
phase must be linearly dependent on the corresponding
coordinate along the surface interface. This can be fulfilled
by using the principle of the ‘‘generalized Snell’s law’’ [25]
or the ‘‘holographic technique’’ [26]. Here in this work,
we apply the first technique to regulate the EM-response of
the structure.

In order to further elaborate, let us assume a planar
wavefront incidences on an electrically large but smooth plate
at the angle of θi. This leads to forming surface-guided waves
along the projection of the wave vector to the plate which
is denoted by xt . These surface waves are characterized by
the ratio between the tangential components of the local
electric and magnetic fields. This corresponding ratio is
known as surface impedance ηs toward the direction of the

bounded-travelling waves. The local reflection coefficient at
the interface is given by 0 = ηs−η0

ηs+η0
where η0 is the free space

wave impedance of the incident plane wave. The surface
impedance is purely imaginary and can be formulated as

ηs = j
η0

cos θi
cot

(
8r

2

)
, (1)

where 8r = (sin θi − sin θr )k0xt with k0 being the free space
wave number.

Using a RIS, it is possible to manipulate the ηs in a way
that for a given values of θi and θr , Eq. (1) becomes valid so
that the anomalous reflection happens and the reconstructed
beam forms toward the angle of interest.

Considering the method discussed in [27], it is possible to
represent the generalized law formulation as below:

nr sin θr − ni sin θi =
1
k0

dψ(x)
dx

, (2)

with nr and ni indicating the refractive indexes of the
surrounding medium (vacuum in our case) and dψ(x)/dx
specifies the phase variation across the x axis where the
phase is progressed on the plate. Eq. (2) offers a more
straightforward process to derive the phase distribution on a
given plate with a known θi and a desired θr and consequently
to synthesis the RIS.

It must be noted that the RIS is conceptually different
from traditional beamformers [28] in several ways. The
most distinguished one is that there is no RF-chain like it
is applied in phased arrays [29]. Therefore, the structure
is completely on its own in terms of aiming the reflected
wave vectors. Based on this concept, RISs are considered as
RF-chain-free wireless systems. In electromagnetic theory,
a sole EM-aperture can do the beam-forming (without getting
assisted by several RF-chains) provided that its physical
profile contains a periodicity. In periodic structures, the space
domain repetition of a pattern in/on the body of the structure
can be expanded to a Fourier series. The spatial Fourier
expansion in this regard is known as Floquet spatial harmonic
expansion [6]. This is an expansion from spatial properties
of structure to wave vector which means controlling the
periodicity will regulate the direction of waves, introducing
the concept of beam-forming. As the smallest repeating
geometry is the unit cell, the periodicity of the structure
can indeed be controlled by characterizing the unit cell.
There are two common approaches to realize the performance
of a unit cell with periodic boundary conditions; the first
approach is based on analysing the dispersion diagram [30]
and the second one is to find out the reflection/transmission
characteristics of a wave illuminating the unit cell [31].
To design a reflecting structures, the second approach is
mostly used.

RISs are also sometimes compared with reconfigurable
reflectarray antennas but the way in which RISs handle the
EM-wavefront in a wireless network makes them different.
In the reflectarrays, the initial source of EM-waves, which
is usually a horn antenna, referred to as the feeder, is kept
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relatively close to the reflecting aperture. This is done in such
a way that the phase center of the feeder is approximately
located at the focal point of the equivalent curved reflector
which is a counterpart of the reflectarray [32]. Considering
the radiation pattern and the relative position of the feeder
to the reflecting surface, the aperture efficiency is mainly
defined based on two factors i.e. illumination and the spill
over efficiencies [33]. Thus, it is possible to adjust the feeder
in order to make the aperture reach its maximum possible
efficiency so that the reflected beam is formed properly.
However, in the case of RIS, this initial source of EM-waves is
located far from the reflecting aperture and therefore offers no
flexibility to be included into the design procedure. Another
important point to be noted is regarding the power-flux-
density. When the reflecting aperture is far from the source,
it will collect a small portion of the EM-wave’s energy to
manipulate with and to redirect it toward the direction of
interest. Under this circumstance, forming a well-shaped
reflected beam will be a much more challenging task as
compared to that of a conventional reflectarry as there is no
specific control on the aperture efficiency. To address this,
the reflecting surface can have a substrate with a relatively
high permitivity and thickness as it will help the structure
to capture the impinging space waves into the substrate
more strongly in order to form a better aperture which will
ultimately influence the unit cell design procedure. There are
three factors that characterize the unit cell performance: the
substrate’s permitivity, thickness, and the geometry of the
printed patch. Since there are some limitations on the first
two factors for a RIS, as explained earlier, the geometry of
the printed patch plays an important role in obtaining a proper
response from the unit cell.

With the above-mentioned backgrounds on the RIS,
we aim to design a structure which can make the reflected
beam and tilt it to the angle of interest at the operating
frequency of 3.5 GHz. To achieve this goal, the following
pre-considerations must be taken into account:
• The fidelity of a reflecting surface’s response is directly
linked to its size, the larger the surface, the better
the performance. At f = 3.5 GHz, the free space
wavelength is around λ0 = 8.5 cm; as a result,
the surface must be big enough to contain several
wavelengths.

• The response of the surface must be reconfigurable. This
response is regulated by the unit cell properties which
means that the unit cell must have a tunable element.

• Other than the above-mentioned substrate’s require-
ments, it must not have a high dielectric loss to prevent
the amplitude of the local reflections to drop severely.

Among the electronic components that can bring the
tunability [8]–[11], the varactor diodes can offer a continuous
variation of surface response as the states of scatterer on each
unit cell can vary continuously. Moreover, considering the
environmental changes that happens in cellular networks, the
innate characteristics of varactor diodes will almost undergo
no alternation comparing to other aforementioned options

FIGURE 2. (a) The RIS prototype containing the reflecting surface and the
control unit (b) the designed unit cell, (c) the manufactured portable
controller.

presented in Section I. As a result, we use varactor diodes
to enable the surface to modify its response.

B. IMPLEMENTATION
Having the pointed pre-considerations in mind, the design
procedure is as below:

Based on our studies, a reflecting surface with dimensions
of around 120× 120 cm2 (the exact size is Lx × Ly = 1140×
1116 mm2) can provide a proper response at f = 3.5 GHz.
The assembled prototype is presented in Fig. 2 (a) with a
zoomed-in view of the unit cell in Fig. 2 (b). As the designed
surface has a very large printed area and it is quite difficult
to find a PCB prototyping machine that can accept such a
big laminate, the surface is divided into six tiles (Tile 1 is
highlighted in Fig. 2 (a)) with each tile being carefully aligned
side by side to form the complete reflecting surface.

This RIS is containing the designed reflecting surface and
the developed control unit, with a portable controller (see
Fig. 2 (c)) which is designed and implemented to have a
remote connection with the control unit viaWiFi. The control
unit is responsible for tailoring the response of the surface.
The unit cell consists of a conducting scatterer composed
of two D-shape patches, connecting to each other by a
surface mount tuning varactor diode with model number of
SMV2202-040LF. The geometrical parameters of the unit
cell are wp = 7.13, wi = 4, lu = 12.7, lp = 8.99 mm
which are set to optimize the phase and amplitude range of
the reflected waves. With a relatively low reverse voltage,
the mentioned diode can provide a specific high capacitance
ratio which makes it an appropriate candidate to regulate the
phase response of the unit cell. Without having this diode on
the scatterer, the reflected wave’s vector defines a specific
constant phase in comparison with that of incident waves.
However, by altering the reactance value of the varactor
diode, a manipulated phase is added to this constant phase
which leads to a tailored range of phase without modifying
the physical properties of the scatterer.
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The reflecting surface comprises of 2430 scatterers; their
macroscopic interaction defines the surface response. The
DC voltage to the two D-shape patches in each scatterer is
regulated via the control unit resulting in a voltage difference
of VD across each diode. The diodes are configured in reverse
bias mode where VD governs the capacitance value of the
diodes which is denoted by CV .

The unit cells are printed on an F4BT450 substrate with a
thickness of h = 1.524 mm and εr = 4.5, backed by a copper
ground plane. This material is a micro dispersed ceramic
PTFE composite with a woven fibreglass reinforcement
procedures. The substrate’s permitivity is high enough to
properly construct the reflected beamwhile it is more durable
comparingwithmost of other laminates in themarket with the
same value of permitivity.

The proposed unit cell can be modeled by the equivalent
circuit of Fig. 3 (a) where ζ0 and ζd (=ζ0/

√
εr ) are

representing the characteristic impedance of free space and
dielectric slab respectively with the scatterer impedance
denoted by ZS . In order to obtain a wider perspective on
the performance of the designed unit cell (see Fig. 2 (b)),
it is possible to split ZS in two series impedance of ZP and
ZD to refer to the printed patch’s and the varactor diode’s
impedance respectively [34], [35]. Under this circumstance,
ZP = RP + jXP is governed by the printed layout geometry
of the unit cell. With the diode operating at reverse bias, ZD
can be estimated by the circuit presented in Fig. 3 (b) with
RD = 3 �, LD = 0.45 nH, and CD = 0.075 pF [36].
The input impedance (Zin) of the grounded dielectric slab at
normal incidence is:

Zin = j
ζ0
√
εr

tan
(
k0
√
εrh
)
. (3)

Recording the reflection coefficient (S11) at the reference
plane Ref (see Fig. 3 (a)) makes it possible to read ZS as
below:

ZS = ζ0Zin
1+ S11

Zin(1− S11)− ζ0(1+ S11)
. (4)

Note that Eq. (4) is derived from transmission line
theory [37]. Considering Fig. 3 (a), Eq. (4) can lead to
calculating ZP as long as ZD = 0. Hence, by making the
diode out of function in a full-wave simulator (here we use
CST Studio Suite R©), it is possible to read the corresponding
S11 and then apply it to Eq. (4) with Zin = j42.75 � (derived
by Eq. (3)). This results in characterizing ZP with RP =
3.27 � and CP = 45.46 pF at f = 3.5 GHz as the equiv-
alent lumped elements of the proposed unit cell’s printed
layout.

The corresponding circuit in the advanced design sys-
tem (ADS) simulator software is shown in Fig. 3 (c) with
ζd = ζ0/

√
εr = 177.72 � and slab’s electrical length of

EL = h/λd = 13.58◦ (λd is the wavelength in the dielectric
slab).

For different capacitance values of the varactor diode, with
the range of CV = 0.5 − 2 pF, the unit cell response is
presented in Fig. 4 at f = 3.5 GHz. This figure shows

FIGURE 3. (a) Equivalent circuit model of the proposed unit cell,
(b) varactor diode model in reverse bias, (c) the corresponding circuit in
the ADS environment.

the simulated results of CST Studio Suite R© alongside with
that of ADS software (of the derived circuit presented in
Fig. 3 (c)), as well as the measured data. The results show
that the designed unit cell can cover the required variation
of phase with a relatively low reflection loss throughout the
entire range of capacitance variation. To measure the unit
cell response, one approach is to fabricate a cell and attach
it into a waveguide to read the phase shift and loss of the
reflected waves [38]. In this approach, the periodic boundary
condition that is applied in the simulation software cannot
be imitated in the measurement setup. Here in our work,
we use the test setup proposed in Fig. 5 (a) to read the
macroscopic response of the surface which can provide us
the characteristics of the unit cell. As the first step, a horn
antenna illuminates the RIS when it is switched off and the
scattered waves are captured by a vector network analyzer
(VNA). In this situation, the VNA is calibrated so that the
effects of the environment and the switched-off RIS are
cancelled. Then, a constant value of CV (for example 0.5 pF)
is applied to all unit cells across the surface.1 In this case,
the VNA shows deviation from the calibrated signal in both
amplitude and phase which indeed represents the influence
of the applied CV on the surface. After that, CV of all cells
are set to the next desirable value and the above-mentioned
procedure is repeated to read the response accordingly. The
corresponding diffraction geometry is presented in Fig. 5 (b)
with the Huygens-Fresnel diffraction integral at a distance r

1The procedure of converting CV to VD and applying that to the surface
is explained in Section III-B.
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FIGURE 4. Unit cell response versus different capacitance values of the
varactor diode (CV ) at f = 3.5 GHz.

as below:

−→
E (x0, y0, z0) =

1
jλ0

∫ Ly
2

−Ly
2

∫ Lx
2

−Lx
2

−→
E (x, y, 0)

ejk0r

r
z
r
dxdy, (5)

where
−→
E (x0, y0, z0) is the E-filed value at the observation

point with the aperture on the z = 0 plane. Based on
Eq. (5), at a constant location of (x0, y0, z0), the phase and
amplitude of E-filed would vary provided that a filament of
−→
E (x, y, 0) on the aperture varies. As a result, with the unit
cell of dimensions 1x × 1y as the smallest building block
of the reflective aperture, it is expected that the macroscopic
response of the surface will be in line with the unit cell
response; this statement is in agreement with the measured
curves presented in Fig. 4.

Note that in order to anomalously tilt the reflected beam
toward the desired angle, the control unit calculates the
required 1ψ(x)/1x (1x is the unit cell length across the x
axis) using Eq. (2) and then set the proper voltage difference
on each unit cell (to generate the required CV ). More
technical details on this procedure are discussed later on
Section III.

III. PERFORMANCE EVALUATION AND PROOF OF
CONCEPT
In this section, we first explore how to control the macro-
scopic response of the surface based on the properties of
the proposed unit cell. After that, the designed control unit
is presented from the functional points of view. Finally,
we demonstrate a real-word performance of the designed RIS
in a test-bed where the Tx is located more than 350λ0 (at
the operating frequency) away from the reflecting surface as
this was the maximum distance that we could measure in our
testing environment.

The demonstration replicates a scenario where the Rx
lies in a coverage blind spot with insufficient coverage
and therefore the receiving signal cannot be demodulated
properly. But when the RIS is introduced to the scenario and

FIGURE 5. (a) Test setup to measure the unit cell response form the
macroscopic performance of the RIS, (b) diffraction geometry.

is configured to reflect the beam to the angle of interest,
a strong-enough signal is captured by the Rx.

This study shows that such entities can be used in 5G
as well as future 6G networks for ensuring an enhanced
coverage footprint and a seamless connectivity to the users.

A. REGULATING THE MACROSCOPIC RESPONSE OF THE
SURFACE
As mentioned before, the macroscopic response of the
surface is regulated by properly determining the microscopic
performance of the unit cells. To achieve this goal, one can
consider the following procedure:
• First, the relative reflection angle (θr ) needs to be set as
an input data for the control unit.

• Then, with a Tx located far from the surface and by
considering the angle of incidence θi (normal to the
RIS aperture in our study), the phase distribution can be
calculated across each cluster of scatterers using Eq. (2).

• Subsequently, it is required to map the calculated phase
distribution to the corresponding CV values by using the
unit cell response shown in Fig. 4.

• Thereafter, the derived CV values must be set in
full-wave simulators such as Ansys HFSS or CST Studio
Suite R© by modifying the reactance value of a lumped
element, attached to the scatterer to mimic the effect of
diode.

• Finally, the whole surface must be simulated, and the
radar cross-section (RCS) pattern of the surface should
be studied as the surface response for different cases
of θr .

Here, we use CST Studio Suite R© to simulate the structure.
The required phase distribution is derived by Eq. (2) and
presented in Fig. 6 (a)-(c) for three case studies of θr =
{15◦, 30◦, 45◦} respectively. The corresponding simulated
RCSs are shown in Fig. 6 (d)-(f) which demonstrate that
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FIGURE 6. The required phase distribution across the surface for three cases of (a) θr = 15◦, (b) θr = 30◦, (c) θr = 45◦, and the
respective simulated RCS surface response (d-f).

FIGURE 7. Control unit’s main subsections.

the designed surface can properly incline the reflected beam
toward the direction of interest.

B. CONTROL UNIT
To actualize the designed RIS, it is required to convert
the calculated capacitance values of CV to specific voltage
difference values of VD across the SMV2202-040LF diodes
by considering the respective characteristics of the diode
on its datasheet [36]. This data set of VD must be loaded
as a look-up table in the control unit for each angle of
reflection. Then, VD is quantized to 4096 levels by a
sequence of 12 bits in a signed-fixed-point format. This
quantized data is transferred to a 96-channel digital to analog
converter (DAC) with model number of DAC60096 [39]
via an ATMega32 microcontroller using synchronous serial
peripheral interface (SPI) protocol. The DAC provides
±10.5v unbuffered, bipolar voltage outputs. Hence, a set
of operational amplifiers (OpAmps) with model number of
OPAx277 are used to achieve a buffered voltage. These
OpAmps provide a high common-mode rejection, ultra-low
offset drift and voltage, power supply rejection, quad output,
and a relatively wide swing of output voltage. The produced
buffered VD would then be applied to bias the diodes in
order to reconfigure the response of the whole surface. The
schematic view of the control unit’s main subsections is
presented in Fig. 7.

C. TEST-BED SETUP AND EXPERIMENTAL RESULTS
To validate the performance of the developed RIS, a mea-
surement campaign was conducted to emulate a real-world
blockage scenario. The measurement was performed across
two rooms where there was no LoS between the Tx and
the Rx.

FIGURE 8. (a) The measurement campaign, (b) test setup in Room#1, and
(c) test setup in Room#2.

Fig. 8 shows the respective environmental setup. The Tx
system was fixed in Room#1 with a horn antenna at 1.6 m
above the ground. This antenna was beamed to Room#2 in
such a way that Room#2 was partially under coverage.
The RIS was in Room#2 under the coverage area of the
Tx. The Rx system, with a horn antenna like that of Tx,
was kept in Room#2 where there was not a sufficient level
of coverage. We employed a software-defined-radio (SDR)
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FIGURE 9. Received signal at the SDR demodulator in two cases of
(a) switched-off RIS and (b) configured RIS.

system to stream a video signal over the carrier frequency
of 3.5 GHz using QPSK modulation with a forward error
correction (FEC) rate of 7/8. It is worth noting that the use of
a directional antenna can minimize the scattering effects from
the surrounding environment to make sure that the received
signals are predominantly reflected beams from the RIS and
not from the potential multipath signals.

At the Rx side, without the RIS, the signal level was lower
than the minimum required sensitivity level for the video
stream to be decoded. The designed RIS was then introduced
into the scenario such that the surface can ‘‘see’’ the Tx. Then,
the RIS configures itself in order to direct the reflected waves
toward the Rx at a specific angle. As a result, the Rx was able
to receive the signal with a strength high enough to decode
the video successfully.

Fig. 9 shows the received signal characteristics at the SDR
demodulator when the RIS is switched-off and when the RIS
is configured for the case of θr = 45◦.

In order to analyze the received power pattern of the
reflected beams in the measurement scenario, the received
power was recorded at steps of 5◦ for a constant transmit
power. The relative angle between the surface aperture and
Rx was changed from 10◦ to 90◦ while the radial distance
between the surface and Rx was kept constant. The relative
angle has been precisely tuned by using a laser meter along
with the angle measurement tool. Based on the measurements
conducted for the prototype RIS, three cases of θr =
{15◦, 30◦, 45◦} are being presented in Fig. 10 to show the
measured normalized received power. It can be seen from
this figure that the surface has the capability to generate
a desired response for different respective configurations.
During the measurement campaign, it was observed that
though the reflected beams are dominant, there are some
occasional strong components caused by the objects in
our indoor environment especially at θ = 30◦. The
impact of this can be seen in the measurements for all
configurations of the RIS, as shown in Fig. 10, including
for θr of 15◦ and 45◦ and even when the surface is in the
off-state.

FIGURE 10. Measured normalized received power (dB) for different
configurations of the proposed reflecting surface.

It is worth mentioning that when the surface reconfigures
itself corresponding to a specific direction of interest, the
signal level at the receiver side was observed to be enhanced
by more than 15 dB comparing to the case when the surface
is powered off.

IV. CONCLUSION
The ever-increasing demand for seamless connectivity is a
major factor that is driving the evolution of a new ecosystem
in wireless communications. As part of the current 5G and
future 6G wireless networks, several new technologies are
expected to be introduced for this new paradigm. RIS is
one among such technologies that can be a game-changer
in ensuring coverage provisioning for future wireless net-
works. In this article, we present a realistic evaluation of
this technology along with a real-world demonstration to
showcase how this technology can provide connectivity
at coverage blind-spots. The proposed RIS consists of a
reflecting surface comprising of the designed unit cell and
a controlling system to reconfigure the system’s response at
the operating frequency of 3.5 GHz. The reflecting surface
is made up of 2430 conducting scatterers, with a diode
mounted on each one of them. The controlling system
governs the DC voltage difference across the diodes so
that the desired macroscopic responses can be obtained for
each configuration. An equivalent circuit model is derived
to provide a perspective on the unit cell’s performance.
Furthermore, a method is proposed to measure the unit
cell characteristics using the macroscopic response of the
reflecting surface. The fabricated structure can incline the
reflected beam toward the direction of interest, based on
the principles of the generalized Snell’s law. Three cases
of reflection angle, i.e. 15◦, 30◦, and 45◦ are presented and
experimental results are discussed in detail.
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