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ABSTRACT In this paper, a mathematical model is proposed to govern the phase distribution on a
reconfigurable intelligent surface (RIS) for anomalously reflecting the beam towards the directions of
interest. To this end, two operational modes are defined with respect to the reflected pattern. In the first
mode, the RIS is configured to form multi-reflected beams toward the directions of interest capable of being
controlled independently. The second mode is when the RIS provides a wide reflected beam. Regarding
to each mode, a cost function is derived and then, in order to enhance the reflected pattern characteristics,
a genetic algorithm (GA) is employed to the model as optimization method. To validate the practicality of the
method, the proposed model is applied to a fabricated RIS to assess its performance in a real-world outdoor
scenario. In the first mode, an asymmetric dual-beam reflected pattern is obtained and tested with tilt angles
of 8y = 60° and #; = 135°. Furthermore, a wide-reflected beam is generated in the second mode with
half-power beamwidth of 6gppw = 30° and tilt angle of 8) = 75°. At both modes, the measured data are
well aligned with the simulated results.

INDEX TERMS Reconfigurable intelligent surface (RIS), mathematical modeling, genetic algorithm (GA),

beam forming, test-bed.

I. INTRODUCTION

Wireless communication is envisioned to be a fully connected
world where there is a seamless connectivity for everyone and
everything. The fifth-generation (5G) and the future sixth-
generation (6G) communication networks would be required
to meet such an ever-increasing demand for consistent con-
nectivity. In this case, access to smart and efficient infrastruc-
tures for future generations of wireless networks would be
inevitable.

In conventional cellular communications, controlling the
adaptive features of the network are performed by either the
base station (BS) or the user terminal equipments. This results
in a propagation environment being unaware of various pro-
cesses going through it. Accordingly, seamless connectivity,
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especially in a highly congested environment, is one of the
major challenges of the current mobile network operators [1].

In urban environments, large obstacles such as buildings,
trees and walls along with the multi-path fading typically
degrade the quality of service (QoS). To encounter these
issues, while relay nodes might be employed as a solution,
it leads to high power consumption of the whole network.
In spite of several researches devoted to address aforemen-
tioned challenges, it still seems to remain as an open topic.
Hence, a meaningful collaboration has been started between
industrial and academic sections to bring some level of intelli-
gence in combination of the passive radio propagation. One of
the most promising technologies for solving aforementioned
problem is the reconfigurable intelligent surface (RIS) being
able to recycle the existing radio waves, enable NLoS com-
munications and sense the environment [2]. RIS is capable
of manipulating the impinging electromagnetic (EM) waves
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and redirecting them to the desired angle while the power
consumption would be relatively low compared to the relay-
ing networks [3]. Therefore, to solve the coverage problem in
current 5G and 6G wireless communications, RIS will play
an important role.

RISs are typically composed of a metasurface sheet [4], [5]
supported by a control unit. To be specific, the metasurface
consists of a subgroup of periodic structures [6] embodied
by repeating the so-called unit cells as the smallest pixel
of the structure. Each unit cell usually possesses a conduc-
tive printed patch, referred to as scatterer, whose size is a
small proportion of the operating wavelength. The interac-
tion between such scatterers in a macroscopic scale makes
a specific pattern to provide a desired phase distribution on
the surface. By altering the phase distribution on the surface,
the reflected wave from the metasurface sheet can be manip-
ulated. In other words, each individual scatterer, or a cluster
of them, can be characterised in such a way that the whole
surface reconstructs the EM waves with desired properties.
In order to reconfigure the response of the structure, each
scatterer must be equipped with some components, e. g., PIN
diode, varactor diode, MEMS and etc., which can be tuned
electronically. The control unit is responsible for governing
the performance of these tunable components. Having a con-
trol over the phase shift of each unit cell makes it theoretically
possible to not only direct the reflected beam to the angle(s)
of interest, but also shape it to a specific form.

Different approaches have been applied to regulate the
phase distribution for generating multi-beam or contoured-
beam EM-apertures [7], [8], [9], [10], [11]. In this respect,
most of the presented methods are based on optimization
algorithms [7], [8] or the superposition method [9], [11].
However, to the best of our knowledge, there have been no
counterpart cases of research for RISs.

In order to have a more general solution, it is preferred to
not only govern the beam’s tilt angle, but also have control
over the shape of the constructed beam. In case of RIS, this
can provide us with an opportunity to incline the reflected
beam towards the desired angle and consequently reshape it
based on the coverage spot’s requirements. For instance, the
conventional base stations (BS) in cellular networks generate
fan-beam radiation pattern to provide a relatively wide cov-
erage footprint on the ground. This stems from the fact that
users are more likely to be distributed over the azimuth plane
in the body coordinates of the BS antenna and not over the
elevation plane. The same scenario might be imagined for the
case of RIS-aided cellular networks where the reflected beam
is required to get a wider beamwidth in the azimuth plane to
cover more users. Another probable scenario would be the
case in which the impinging waves are required to be reflected
toward more than one direction. In this article, we introduce
an original mathematical model to shape the reflected beam
in a RIS prototype.

Proposed approach, provides a phase distribution over RIS
capable of shaping the reflection pattern as multi- or wide-
beam patterns. Achieved patterns are aligned toward desired
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directions while in previous studies about RISs, only single
beam steering scenarios have been considered [12], [13].
In a recent study [14], [15], a phase only method has been
considered to provide multi-beam solution in order to address
the coverage issue in practical scenarios. Considering single
beam structures, same phase incremental steps regardless
of the initial phase values can result in same far field pat-
terns, if there was no variation in the amplitude response
of unit-cell. Although the amplitude response variation of
the unit-cells is inevitable and neglecting that degrades the
parameters of reflection pattern beside the aperture efficiency
of the structure. Accordingly, two operational modes are
defined where in the first mode, the RIS is set to make a
multi-beam reflection whereas the second mode would be
defined when the RIS generates a wide reflected beam toward
the direction of interest. In both cases, the mentioned ampli-
tude behavior is considered.

Proposed cost functions for optimization technique are
used in the genetic algorithm (GA) to find out the optimum
suitable configurations of RIS. This optimization method has
been previously used for beam steering in RISs which use PIN
diodes and GA has shown its capabilities in providing real
time solutions although other fast techniques are also appli-
cable [16], [17]. In most of the previously phase assignation
to RISs, only discrete phase responses are assumed for unit-
cells [15], [17], [18]. In this regard, should be mentioned that
neglecting the amplitude variation causes errors in shaping
the desired reflection pattern [12], [18]. In this manuscript,
the inter-relation of reflection coefficient and the imposed
phase from the unit-cells is considered. This inter-relation is
used for steering the beam efficiently in one hand, and on the
other hand to improve the side lobe level of the overall beam.
This feature is mostly neglected in previous studies [14], [15].

The rest of paper is organized as follows; in the next
section, an expression is proposed to estimate the unit cell
response. This forms the fundamental structure of our math-
ematical model. After that, the model is presented in details
and then, in order to show its practicality, a dual-beam reflec-
tion pattern as an example of the first mode is obtained
with independent control over the tilt angle of each beam.
A tilted wide-beam reflection pattern is also generated using
the model to validate the functionality of the second mode.
Finally, we apply the presented model to a manufactured RIS
which is our previous work [19] to assess the performance of
the structure in a real-world scenario.

II. UNIT CELL'S ANALYTICAL EXPRESSION

The unit cell physical properties must be designed in a way
that can properly manipulate the phase and amplitude of the
reflected waves. Unit cells can be modeled by the equivalent
circuit of Fig.1a, i. e., a RIS prototype [19] presented for the
sake of illustration only, consisting a series of lumped RLC-
elements. In general, by tuning the value of the capacitance
C, the resonance frequency can be tailored in such a way to
properly emulate the phase and amplitude response of the cor-
responding unit cells. The transmission line being terminated

VOLUME 11, 2023



A. Bagheri et al.: Mathematical Model and Real-World Demonstration of Multi-Beam and Wide-Beam RIS

IEEE Access

Amplitude(v)
0.5
==—Reflection Amplitude| - 100

------ Tuning Parameter
== Reflection Angle

Amplitude(dB)
)
Angle(degree)

2.5 )
Angle(V) <=

Y V2 0 vs 2 v
Tuning parameter

(b)
FIGURE 1. Unit cell attribute (a) Circuit model of the RIS unit cell. m and n
represents the indices of unit cell. (b) unit cell response.

in a short circuit imitates the substrate characteristics. The cir-
cuit response can be an inspiration to propose a mathematical
formula to express the unit cell performance. The obtained
expression should be in line with a conventional resonating
RLC circuit (Fig.1a). The tunability is usually obtained by
applying a variable voltage (v) on each unit cell capable of
being translated to reflection coefficient I'(v). In order to
guarantee that the RIS have an appropriate performance, the
following constraints should be met:

R{/T(v)} ~ 2m, (D
IT(v)| > — 3dB, 2)

where R[e] denotes the dynamic range of I'(v) while v sweeps
over all its possible values. The amplitude of the reflecting
waves from unit cells is proposed to be modeled as follows:

v —vo)?

Tl =1—( —Ag)exp(— 752 ), 3)
o
where o represents the standard deviation while Ap and
vo stands for the minimum reflection coefficient and its corre-
sponding voltage, respectively. As shown in (3), the gaussian
function might severely vary in the interval of [vy — 20, vo +
207] being able to mimic the resonating trend of unit cells.
For the sake of simplicity, vo can be assumed zero but o

is dependant on the unit cell geometry. Taking the second
constraint into account, should be lower than 1 — —.
V2

oV2m
The phase response of the unit cell versus tuning parameter
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can be expressed as follows
/(T(W) = gtanh(v —0) + b, (4)

where a represents the obtainable phase range and b is the
corresponding offset. In theory, a is preferred to be 2 which
is not always achievable in practice [20]; It is shown that
having a phase range of more than 300 degree is enough for
beam steering [21].

Considering Fig.1b, Z(I'(v)) and |I"(v)| are two dependent
functions so that altering Z(I'(v)) would change |T'(v)| as
well. In some specific cases, this dependence can negatively
affect the beamforming procedure [22] which would degrade
the performance of reflected beam. This constraint affects
the efficiency and also beam-width of the produced reflec-
tion pattern for any assignation to the RIS [18]. Addition-
ally, it might seem that this limitation can only degrade the
output of the design while in this manuscript is has been
proposed and verified experimentally that a proper use of this
response of unit-cells can also improve the overall features
of the achievable output pattern. In this paper, we utilize
this inter-related property between Z(I'(v)) and |I"(v)| to not
only reshape the reflected beam but also reduce the SLL
of the constructed beam. According to Fig.2, two states are
defined (States 1& 2) where both are designed to concentrate
the beam toward the angle of interest as they both possess
similar phase progressions, i.e., A@1, Apo, Ap3. As shown
in Fig.2, mentioned different phase assignations while hav-
ing same phase variation over RIS, does not provide same
reflection pattern because of their respective amplitude vari-
ation. It should be mentioned that by changing the volt-
age and therefore assigning an amplitude(coefficient) to the
local reflected beam, the phase response is also determined.
Therefore, affects the efficiency and also beam-width of the
produced reflection pattern for any assignation to the RIS.
In this manuscript the respective amplitude/phase variation,
has been used to improve the reflection pattern of RISs.
Our proposed method is also verified experimentally and
proposes that a proper use of this response from unit-cells
can also improve the overall features of the achievable output
pattern.

The main idea of this paper is to find counterpart zones on
the phase curve where the phase progression remains almost
constant as the amplitude characteristics are being optimized.
To do so, we should first set the initial values of the phase
shifts.

IlIl. PROPOSED MATHEMATICAL MODEL

Taking the aforementioned concept into account, the required
mathematical models are derived in this section to find the
proper phase assignation over the aperture. We first explain
the multi-beam operating mode with an example of gener-
ating a dual asymmetric reflected beams to showcase the
practicality of the model. After that the second operating
mode is described in details and a wide reflected beam is
constructed.
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FIGURE 2. Conceptual description of the proposed optimization method.

A. FIRST OPERATING MODE: MULTI-BEAM FORMULATION
In several cases, it is desired to conduct the reflected wave
from RISs in two, three or even more separate directions
which are typically directed toward the blind spots. To this
end, the following information should be known at the begin-
ning of the procedure:

« Angles of blind spots with respect to the RIS.

« RIS gain toward each blind spot or sub-beam.

« Side-lobe level of the reflection pattern.

According to Eq.3 and Eq.4, by using the tuning parameter
(v), an ordered pair of (|'(v)|, Z(I'(v))) can be determined.
The applied voltage to the RIS makes a two dimensional
matrix which can be reshaped into a one dimensional vector
of V.= {vi,v2, ..., vn,} with N, denoting the total number

of unit cells. Hence, the ordered pairs (|F(\7)|, AF(V)) are
determined so that the reflection pattern of RIS (G(9|\7))

can be calculated. Utilizing the reflection pattern, following
attributes can be extracted

éo, AU QAM,1 Estimated angles of

maximum

gain where M is the number

ATm(9|\7) 2 of beams,

805 --.,8u—1 Estimated maximum gain at
blind spot(s) direction(s),

3g SLL,

&)

in which that S:g is the minimum value of the calculated vector
8g(i) = g — g fori € [0,1,...,M — 1] while g stands
for the side-lobe gain. For a given G(6|V') and by considering
Eq. (5), other input parameters of the cost function (") are
5, g, and 8g which are expressed as

6 = [60, 61, ...,60m—1], The desired tilt angles
g=1[80,81,--.,8m—1], Gain at the desired angles
ég, Desired SLL

(6)

In Eq. (5), 6 varies from O to 7 covering the front hemisphere
of the RIS. With U(xy, x») as a uniform random distribution
between x] and x», initial configuration of unit cells in RIS is
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assigned as follows

Vi ~ UViin, Vimax) forallme {1,2,3,...,N,}, (1)

in which v, is the random initial tuning parameter, i. e., the
voltage of varactors, and V,,;, and V.4, denote the minimum
and maximum voltages respectively. With I';, as the reflection
coefficient of n™ unit cell, Eq. (3) and Eq. (4) result in

[D(V) = {LT1 (1)), LT2()). ..., LT, 8, )} (8)
(V)| = (IT10v0)], [T202)], - [Ty, ()1} C))

where |F(17)| and Z(F(V)) are the amplitude and phase vec-
tors of RIS. The unit cell reflected pattern (P,) can be defined

as follows
()
Goexp| ———
( 204ppw )

20

P,(Go, 0, ouppw) = 10 (10)

where ogppw is the half power beam wisith (HPBW) and
Gy is the peak gain. To practically apply V to the RIS, it is
required to use a digital logic such as digital to analogue
converter (DAC). The corresponding quantized values are
calculated by

V= {voaclvm) = voacml) = min(lv, = Voac D}
forne1,2,...,N, (11)

in which \74 is the quantized voltage values of all unit cells,
vpac(n) is the n'h quantized voltage, and Vpuc is a set of all
possible voltages that DAC can provide in practice.

The far-field reflected pattern (cpg) of the surface can be
well approximated by

Nll
Cpar(0) = 201og( > (PuGo. 6. onpsw)
m=1
x exp( (0. B, LTu(vm) — LT'1(v1), (m — 1))
x |Fm(vm)|)), (12)

with B and d being the free-space wave-number and the size
of unit cells, respectively. Also, ¥ can be calculated by

V(9. B.§j,d) = Bd cos ¢ 1§, (13)

where &; is the phase difference between the first and the j-th
unit cell.

With reference to Eq. (12), a set of relative extremes and
their corresponding angles can be extracted from the con-
structed pattern. Therefore, in order to generate M beams, the
first M + 1 relative extremes and their corresponding angles
have been selected.

Regarding the defined parameters such as the angle of
relative extrema, their corresponding gain and SLL, the cost
function f(.) is proposed as follows:

™@6,3, 88, GOIV))
= Wa(0 — 610 — 6)T
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FIGURE 4. Beam specifications.

in which W,, W}, and W, are weighing parameters to achieve
the optimum result. In Eq. (14), Euclidean distance between
the ideal goal and current situation are measured with respect
to different attributes of the willing pattern. First, second, and
third component in the right hand side of Eq. (14) implies
the accuracy of the generated beam tilt angle, obtained gains
and the achieved SLL, respectively. Second term in Eq. (14),
provides the possibility of controlling the gain of the beams
separately.

Fig. 3 illustrates a dual-beam reflection scenario toward the
blind spots in an urban area.

B. SECOND OPERATING MODE: WIDE-BEAM
FORMULATION

Beam specifications are presented in Fig. 4 for beam config-
urations of single and wide reflected patterns. As the single
beam is transformed into the wide beam, the obtainable gain
will be dropped with a ripple occurring at the main beam
region. Thus, a transient region is defined between the main
beam and side lobes, determining the sharpness of the con-
structed beam.

The maximum achievable beam width is directly affected
by the required gain, i. e., the wider the beam the lower the
gain. Driven by the fact that a beam is generally defined by
its 3dB-HPBW, the maximum acceptable ripple level is set to
be 3dB.

The wide-beam pattern can be expressed by 6 as the center
angle of the main beam, §6y as the beamwidth, o as the ripple,
and &g as the SLL. These parameters should be extracted
from G(9|V) for any arrangement of V. The corresponding
attribute function for a wide beam configuration of RIS can
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FIGURE 5. Wide-beam reflection scenario.

be written as follows

6o: Angle of maximum gain
. o ~ 86p ~ &6
AT"(61V)S 16 =STDIGO|V)): 6 € 16— o+ "]
3G; G—Gy
15)

where G and Gy denote the average gain of main beam and
the maximum gain at the side lobe region, respectively. Also,
STD[G(@lV)] represents the standard deviation of G(9|V)

inside the main beam, i. e., 0 € [90 -5 90 + —]) Input

parameters of the cost function (f wby are 6y, 86, o, G(9|V)
The front hemisphere of the RIS is divided into three sec-
tions referred to as main beam region, side-lobe region and
transient region (see Fig. 4). the main beam region is defined
as

690 590
B=16—— b+ "] (16)
and side lobe region is written as follows
S=10.71— 16— 2~ 2 0+ 21 27 (7
= , T _——_——
L R

where A is the width of transient region. In this way, the
corresponding cost function (f"?) is proposed as

260, 860, 0, GOIV))
= Wa(G — g0)* + Wp(6)*
+ We(lo — 60)* + Wa(8g — 8G)? (18)

which measures a weighed Euclidean distance between the
current scenario and the desired state. A wide beam reflection
scenario is shown in Fig. 5 for illustration purpose only.

In the following section, the proposed cost functions (f”*
and f"?) are utilized in the optimization algorithm to achieve
an optimum V that determines ordered pairs of assignation,
i. e., phase/amplitude, for the unit cells.

IV. OPTIMIZATION METHOD FOR MULTI- AND
WIDE-BEAM ALGORITHM

Genetic Algorithm (GA) is not a new concept in telecom-
munication research specifically in electromagnetic domain.
One of the most trending research in electromagnetic field
is designing array antennas and solving various complex
multi-variable problems with GA. There have been several
studies on GA-based algorithm for planner array synthesis
and reducing the SLL of array antenna. There are some
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FIGURE 6. (a) The derived phase distribution over the aperture for a
dual-beam scenario (6 = 60, 6; = 135 and g = 13dB) (b) The
corresponding reflection pattern.

extensive comparison study between GA and other opti-
mization algorithms such as particle swarm to show which
algorithms has Superior performance for complex synthe-
sis [23]. Authors in [24] presented a comparison between
amplitude-phase and phase-only synthesis in array antenna
implies that that the amplitude-phase synthesis would outper-
forms the phase-only synthesis in terms of reducing side lobe
levels. Shaping the beam pattern or beam-forming in array
antenna is another issue researchers use hybrid methods to
overcome.

GA concept is based on Darwin’s theory which is a
population-based algorithm. Each solution in GA corre-
sponds to a gene and every parameter represent a chromo-
some and then combination of the multiple chromosomes
makes a population. GA uses cost (fitness) function for
any individual to evaluate their fitness. Randomness with a
specific mechanism would be the best solution to improve
and optimize a poor solution. Therefore, by comparing cur-
rent state and the target using cost function, this operator
can conduct the genes toward the best solution. One of the
common issues in optimization algorithm is non-global opti-
mum which means algorithm will stop to search for a better
solution when it gets stuck into a local optimum. In order
to avoid local optimum, GA selects poor solution with a
probability as well. This mechanism can help GA to retrieve
the good solution with other solutions if it is trapped in local
optimum. GA is a stochastic algorithm. As a consequence,
reliability in stochastic algorithms would be very crucial.
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FIGURE 7. The derived phase distribution over the aperture for a wide
beam scenario (9 = 75, 569 = 30 and §g = 10dB) (b) The corresponding
reflection pattern.

GA reliability and ability to estimate the optimum solution
for a specific problem, are derived from maintaining the
best solutions in each generation and using them to improve
other solutions as well. Hence, the population turn into better
solution generation by generation. GA benefits from two
mechanisms called crossover and mutation. The crossover
refers to swapping between two parents gen or gens and
mutation is changing gens in each chromosome randomly.
Mutation helps the diversity of each individual solution and
increasing exploration behavior of the algorithm. Despite all
of the good features that GA optimizer as an evolutionary
technique can provide, it convergence speed might be slow
in blind investigation for optimum parameters. In this regard,
using look up tables can improve the speed of convergence.
It relies on the similarity of the phase assignation of two states
which their features like number of beams is same in one hand
and on other hand the directions of their maximum reflection
are close. Therefore, better initial population can improve the
speed of convergence notably. Nevertheless, proposed cost
functions can be used in any other optimization technique.

In this study the initial number of chromosomes is 1000.
In addition, “mutation gaussian” and ‘‘crossover scattered”’
are selected as mutation algorithm and crossover algorithm,
respectively.

By applying GA to Eq. (14) for the case of 6] = 60,
6, = 135, and g = 13dB, the required phase distribution
is derived as presented in Fig. 6a with the corresponding
beam as shown in Fig. 6b. To obtain a wide beam reflection
pattern with specifications of 6y = 75, §6p = 30 and g =
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10dB, Eq. (18) is utilized in the GA which results in phase
distribution of Fig 7a over the aperture with the constructed
beam as shown in Fig. 7b.

V. RESULTS, DISCUSSIONS, AND PROOF OF CONCEPT

In this section, we explore how the proposed method can
make a reflected beam out of the IRS. For this purpose,
we first present the simulation results for two scenarios of
two-asymmetric reflected beams and wide-reflected beam.
The macroscopic response of the surface is controlled based
on the properties of the developed unit cell which is explained
in detail in [19]. The status of each unit cell is regulated by the
proposed optimization algorithm. After that, we demonstrate
a real-word performance of the designed IRS in a test-bed
where the Tx is located 50 m away from the reflecting surface
in an outdoor environment.

The demonstration replicates a scenario where the Rx
receives no powerful signal from the Tx without employ-
ing the IRS in the environment. However, once the IRS is
introduced to the scenario and is configured to reflect the
beam to the angle of interest, a strong-enough signal would
be captured by the Rx. This study shows that such entities can
be used in 5G as well as future 6G networks to reshape the
reflected beam in a desired form for ensuring an enhanced
coverage footprint and a seamless connectivity to the users.

A. SIMULATING THE MACROSCOPIC RESPONSE OF THE
SURFACE

The macroscopic response of the surface is governed by
determining the microscopic performance of the unit cells.
To this end, here we propose the following procedure.

« First, the properties of the reflection beam needs to be set
as the input of the optimization algorithm, i. e., the rel-
ative reflection angles in case of multi-beam reflection
and beam-width in case of wide-beam reflection.

o Then, with a Tx located far from the surface and by
considering the angle of incidence (normal to the IRS
aperture in our study), the phase distribution is calcu-
lated across each cluster of scatterers using the proposed
algorithm.

« Subsequently, by considering this data, it is possible to
map the calculated phase distribution to capacitances
values by using the unit cell response plot shown in
Fig. 4 of [19].

o Thereafter, the derived capacitances must be set in
full-wave simulators such as Ansys HFSS or CST Studio
SuiteB. by modifying the reactance value of a lumped
element, attached to the scatterer for mimicing 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 scenarios
of reflected beam.

Further to using CST Studio SuiteB. for simulating the struc-
ture, the outcome is presented in Fig. 8 (a) and (b) for two
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FIGURE 8. The simulated RCS of the surface. (a) two-asymmetric reflected
beams, (b) wide reflected beam.
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FIGURE 9. (a) Measurement campaign, (b) and (c) the dual-beam
scenario, (d) the wide-beam scenario.

case studies of two-asymmetric reflected beams and wide
reflected beam, respectively. These results demonstrate that
the proposed algorithm can properly reshape the reflected
beam toward the direction of interest.

To realize the designed RIS, it is required to convert the
calculated capacitance values to specific voltage difference
values across the SMV2202-040LF diodes by considering the
respective characteristics of the diode on its datasheet. This
data must be loaded as a look-up table in the control unit for
each state of reflection. The corresponding values of biasing
voltages would then be recalled in order to reconfigure the
response of the whole surface. The control unit consists of
an ARM microcontroller as the processing unit, a digital to
analogue converter (DAC) for converting the look-up table,
a set of operational amplifiers (Op-Amps) as the buffering
system and a power supply unit.

B. TEST-BED SETUP AND EXPERIMENTAL RESULTS

In order to validate the proposed algorithm in a real-word
scenario, an outdoor measurement campaign was conducted
to examine the response of the developed IRS as shown in
Fig. 9 (a).

For this purpose, two highly directive horn antennas with
gain of more than 20 dBi was employed at both Tx and
Rx sides. As a result of high directivity, the radiated waves
toward directions other than the main beam are extremely
weakened. This enables us to minimize the leakage from the
side-lobes of the Tx to the Rx aperture by controlling the Tx
power, so that the Rx received no detectable signal without
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applying the RIS to the measurement campaign. Moreover,
the use of a directional antenna would minimize the scattering
effects from the surrounding environment to assure that the
received signals are predominantly the reflected beams from
the RIS and not from the potential multipath signals. The Tx
antenna was fixed 50 m far from the RIS along its normal axis,
1.6 m above the ground to illuminate the surface at 3.5 GHz.
The Rx antenna was connected to a spectrum analyzer to
record the received signal at the operating frequency.

At the Rx side, in the RIS-free case, the received signal
was nothing except the environmental noise. The designed
RIS was then introduced into the scenario. After that, the
IRS configures itself in order to direct the reflected waves
toward the Rx at a specific angle of 6 (see Fig. 9 (a)). As a
consequence, a strong enough signal can be received at the Rx
side. In order to derive the pattern of reflection, the received
power was recorded at steps of 5° for a constant transmit
power during the measurement procedure. The relative angle
between the surface aperture and the Rx was changed from
10° to 90° while the radial distance between the surface
and the Rx remained constant. The relative angle has been
precisely tuned by using a laser meter along with the angle
measurement tool. In the next stage, two scenarios were stud-
ied: first, the RIS was set to make two asymmetrical beams
at 6,, = (—15°,35°). The constructed reflection pattern is
presented in Fig. 9 (b) and (c) in this case which shows that
the surface is able to properly conduct the beam toward the
direction of interest. It is worth noting that while the surface
reconfigures itself corresponding to a specific direction of
interest, the signal level at the receiver side is observed to be
enhanced by more than 10 dB compared to the case when
the surface is powered off. in second second scenario, the
RIS was set to generate a widebeam reflection pattern with
3 dB beamwidth of 30° at the tilt angle of 6,, = 30°. The
corresponding measured data for this scenario is presented in
Fig. 9 (d), showing the real-world practicality of the devel-
oped algorithm.

VI. CONCLUSION

RISs are introduced as a part of 5G and future 6G wireless
networks. RISs play an crucial rule in potential technologies
ensuring the coverage of wireless networks. In this paper,
we proposed two mathematical models to form the reflected
beam in two different operation modes. Utilizing the pro-
posed mathematical models, proper phase distribution on
the surface is achieved to amend the reflected beam into
multi-beam and wide-beam as the first and second modes
of the RIS respectively. In this paper, by considering the full
response of unit-cells in RISs (amplitude and phase) beams
are directed toward desired angles efficiently in one hand and
on the other hand their side lobe level is also optimized using
the local amplitude responses of the structure. For the sake of
fully leveraging reflection pattern characteristic, a GA algo-
rithm is applied to the proposed mathematical model. In order
to evaluate the feasibility of the proposed construction, the
devised model is expanded to a fabricated RIS.
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